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Abstract

:

Hypoplastic left heart syndrome (HLHS) is a severe congenital heart disease (CHD) affecting 1 in 5000 newborns. We constructed the interactome of 74 HLHS-associated genes identified from a large-scale mouse mutagenesis screen, augmenting it with 408 novel protein–protein interactions (PPIs) using our High-Precision Protein–Protein Interaction Prediction (HiPPIP) model. The interactome is available on a webserver with advanced search capabilities. A total of 364 genes including 73 novel interactors were differentially regulated in tissue/iPSC-derived cardiomyocytes of HLHS patients. Novel PPIs facilitated the identification of TOR signaling and endoplasmic reticulum stress modules. We found that 60.5% of the interactome consisted of housekeeping genes that may harbor large-effect mutations and drive HLHS etiology but show limited transmission. Network proximity of diabetes, Alzheimer’s disease, and liver carcinoma-associated genes to HLHS genes suggested a mechanistic basis for their comorbidity with HLHS. Interactome genes showed tissue-specificity for sites of extracardiac anomalies (placenta, liver and brain). The HLHS interactome shared significant overlaps with the interactomes of ciliopathy- and microcephaly-associated genes, with the shared genes enriched for genes involved in intellectual disability and/or developmental delay, and neuronal death pathways, respectively. This supported the increased burden of ciliopathy variants and prevalence of neurological abnormalities observed among HLHS patients with developmental delay and microcephaly, respectively.
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1. Introduction


Hypoplastic left heart syndrome (HLHS) is a severe form of congenital heart disease (CHD), which is one of the most common birth defects affecting ~1% of live births and a major driver of infant mortality resulting from congenital defects [1]. CHD constitutes structural abnormalities that can affect any cardiac structure including the atria, ventricles, aorta, and pulmonary artery or the valves connecting these chambers. Examples of CHD include atrial and ventricular septal defects, conotruncal defects affecting the ventricular septum and the outflow tract, complex CHD involving disturbance of left–right patterning (e.g., transposition of the great arteries), and valvular defects including inflow (mitral and tricuspid) and outflow (aortic/pulmonic) valves.



CHD classified as left ventricular outflow tract obstructive (LVOTO) lesions comprise a constellation of structural heart defects involving obstruction of flow from the left ventricle (LV). Clinical studies have provided strong evidence of a shared genetic etiology for LVOTO lesions, such as hypoplastic left heart syndrome (HLHS), bicuspid aortic valve (BAV) and coarctation (CoA) [1]. HLHS is a complex CHD, constituting ~1.4 to 3.8% of the CHD cases and estimated to affect 1 in 5000 newborns [2]. It is characterized by underdevelopment of the structures on the left side of the heart, namely, atresia or critical stenosis of the mitral or aortic valves and hypoplasia of the left ventricle, ascending aorta and aortic arch [2]. Until ~30 years ago, infants born with this condition would have died within the first few weeks of life; 23% of the deaths occurring in the first week of life due to cardiac abnormalities have been attributed to HLHS [2,3]. The incidence of HLHS during the fetal stage could be higher. Currently, surgical palliative techniques and improved post-operative care have significantly improved survival, with ~60–70% HLHS neonates surviving for at least 5 years following repair [4,5,6]. Mortality, however, is highest in the first year of life, with 30% of the infants dying or requiring heart transplant before turning one year old. Nevertheless, 90% of those surviving to one year will survive long-term up to 18 years old and beyond [7].



Brain comorbidities such as corpus callosum agenesis, holoprosencephaly, microcephaly and white matter injury have been identified in HLHS neonates, and cognitive, motor and behavioral adverse outcomes such as attention-deficit hyperactivity disorder, learning disabilities, and global developmental delay have been noted among HLHS survivors [8,9]. Given the high mortality and comorbidities associated with HLHS, there is a critical need to investigate the molecular mechanism(s) of disease pathogenesis in HLHS, as only then can therapies be developed to improve outcomes.



In humans, a genetic etiology for HLHS is demonstrated by high familial aggregation of HLHS with other LVOTO defects. Thus, using a statistical framework to calculate genetic effect size, >0.9 heritability was observed for HLHS and >0.7% for HLHS associated with other cardiovascular malformations (p-value < 1 × 10−5) [10]. HLHS is also shown to have a complex multigenic etiology, with clinical studies suggesting a digenic etiology being the most likely [11]. Supporting such complex genetics, a large-scale mutagenesis screen in mice for mutations causing CHD recovered eight mutant lines with HLHS. None shared any genes in common, and none showed Mendelian pattern of inheritance. Together, these findings indicated HLHS has a multigenic etiology and is genetically heterogeneous. Interestingly, the recovery of the HLHS causing mutations in one HLHS mouse line, Ohia, confirmed a digenic etiology with mutations in two genes, Sap130 and Pcdha9, shown to cause HLHS [12]. Further supporting a multigenic etiology is the finding that five of the eight HLHS mutant mouse lines had two or more genes in 10 of 14 human chromosome linkage intervals associated with HLHS, with significant enrichment observed when two or more of the mouse HLHS-associated genes were interrogated across these linkage intervals (OR 322.5; CI 24.9–4177.2; p = 5.6 × 10−10) [13].



CHD-associated de novo mutations in histone-modifying genes such as KMT2D, CHD7, KDM5A, KDM5B, WDR5, RNF20, UBE2B and USP44 were identified in an exome sequencing study conducted with 60 HLHS cases and 264 controls by the Pediatric Cardiac Genomics Consortium (PCGC) [14]. Genome sequencing studies and genome-wide screening by comparative genomic hybridization have identified HLHS-associated variants in cardiomyopathy-associated genes such as MYBPC3, RYR2 and MYH6 [15], as well as genes associated with mechanotransduction in cardiomyocytes such as VASP and TLN2 [16]. Other genes implicated in HLHS included RBFOX2, which mediates RNA metabolism [17], the cardiac transcription factor PROX1 [18], the endocytic receptor LRP2 [19], and the transcriptional regulator POGZ found in patients with HLHS and developmental delay [20]. However, despite the recovery of genes associated with HLHS, an integrative approach to elucidate their functional consequences is still lacking.



In the current study, we examined HLHS within the mechanistic framework of the protein–protein interaction (PPI) network or protein ‘interactome’. Proteins fuel the cellular machinery, and their interactions reflect the functions that they subserve. This can be informative of disease mechanisms and may also help uncover higher-order relationships in the genetic architecture of complex disorders [21,22,23]. However, only ~145,000 PPIs (25%) out of the estimated ~600,000 PPIs estimated to exist are known from public repositories such as HPRD [24] and BioGRID [25]. Detecting these PPIs using experimental techniques such as the yeast two-hybrid system and co-immunoprecipitation is prohibitively time consuming and expensive. Hence, we have developed a machine learning computational method to predict PPIs called HiPPIP (High-Precision Protein–Protein Interaction Prediction). HiPPIP computes features of protein pairs such as cellular localization, molecular function, biological process membership, genomic location of the gene and gene expression in microarray experiments, and classifies the pairwise features as interacting or non-interacting based on a random forest model [21]. This method has been validated as accurate by computational evaluations [21] and experimental validations [21,26,27]. The novel PPIs predicted using HiPPIP have yielded discoveries with translational impact, including identifying the central role of cilia in CHD [12,21,28]. Here we constructed an ‘HLHS interactome’ with over 400 novel PPIs predicted by HiPPIP and over 1400 known PPIs. We further developed a web resource with the novel PPIs on Wiki-HLHS, an interactive webserver for exploring novel interactions relevant to HLHS proteins or pathways of interest. We demonstrate the utility of the HLHS interactome for discovering higher-order genetic architecture of HLHS based on network analysis, functional enrichment, and transcriptome analyses.




2. Materials and Methods


2.1. Compilation of HLHS-Associated Genes and Prediction of Novel Interactions


A list of 74 HLHS-associated genes was compiled from HLHS mutant mice, specifically, from 8 independent mouse lines recovered from a large-scale mouse mutagenesis screen [12,28]. This includes all homozygous mutations identified in the 8 HLHS mouse lines and heterozygous mutations also found in the HLHS human linkage intervals. Novel PPIs of the proteins encoded by these genes were predicted using the HiPPIP model that we described in our earlier work [21]. Each HLHS protein (say N1) was paired with each of the other human proteins say, (M1, M2,…, Mn), and each pair was evaluated with the HiPPIP model. The predicted interactions of each of the HLHS proteins were extracted (namely, the pairs whose score is >0.5, a threshold which through computational evaluations and experimental validations was revealed to indicate interacting partners with high confidence). The interactome figures were created using Cytoscape [29].




2.2. Identification of Network Modules


Network modules among the HLHS proteins and their interactors were identified using Netbox [30]. Netbox reports modularity and a scaled modularity score, as compared with the modularity observed in 1000 random permutations of the subnetwork. Scaled modularity refers to the standard deviation difference between the observed subnetwork and the mean modularity of the random networks [31].




2.3. Functional Enrichment Analysis


Pathway associations of genes in the HLHS interactome were computed using Ingenuity Pathway Analysis (IPA) [32]. Statistical significance of the overlaps between genes in the HLHS interactome and pathways in the Ingenuity Knowledge Base (IKB) was computed with Fisher’s exact test based on hypergeometric distribution. Biological process, cellular component and molecular function (Gene Ontology [33]), pathway (Reactome [34]), disease (OMIM [35] and DisGeNET [36]) and transcription factor target (MSigDB [37]) enrichments were computed using WebGestalt [38]. WebGestalt computes the distribution of genes belonging to a particular functional category in the input list and compares it with the background distribution of genes belonging to this functional category among all the genes that belongs to any functional category in the database selected by the user. Statistical significance of functional category enrichment is computed using Fisher’s exact test and corrected using the Benjamini–Hochberg method for multiple test adjustment. Annotations with FDR-corrected p-value < 0.05 were considered significant.




2.4. Gene Expression Enrichment Analysis


The enrichment of the HLHS interactome in genes expressed in specific tissues was computed using RNA-sequencing data from 53 postnatal human tissues extracted from GTEx [39]. Two gene sets were compiled for the analysis. The first set contained genes showing high or medium expression (transcripts per million (TPM) ≥ 9) in 53 tissues, provided that they were not housekeeping genes, i.e., genes detected in all the tissues with transcripts per million ≥ 1, as identified in the Human Protein Atlas [40]. The second set contained all the genes that showed high or medium expression in the 53 tissues, irrespective of whether they were housekeeping genes or not. TPM is a metric for quantifying gene expression; it directly measures the relative abundance of transcripts. GMT files served as inputs for the gene over-representation analysis (GSEA) that was conducted based on hypergeometric distribution. Tissue-specificity of the genes in the HLHS interactome was checked using TissueEnrich [41]. The analysis was based on tissue-specific genes compiled from GTEx [39], Human Protein Atlas [40], and Mouse ENCODE [42]. This included ‘tissue-enriched genes’ with at least 5-fold higher mRNA levels in a particular tissue compared to all the other tissues, ‘group-enriched genes’ with at least 5-fold higher mRNA levels in a group of 2–7 tissues, and ‘tissue-enhanced genes’ with at least 5-fold higher mRNA levels in a particular tissue compared to average levels in all tissues.




2.5. Network Overlap Analysis


Statistical significance of the overlaps between genes in the HLHS interactome and in the SARS-CoV-2-modulated host protein interactome, the ciliary interactome, the ciliopathy interactome and the microcephaly interactome was computed based on hypergeometric test.





3. Results


We compiled a list of 74 genes associated with HLHS that were previously identified from eight independent mouse lines with HLHS [12,28]. The protein interactome of these HLHS-associated genes (or ‘HLHS candidate genes’) were assembled by collecting the known protein–protein interactions (PPIs) from the Human Protein Reference Database (HPRD) [24] and the Biological General Repository for Interaction Datasets (BioGRID) [25]. Additionally, we predicted novel PPIs by applying the HiPPIP algorithm, described in our earlier work [21], which is a machine learning algorithm that computes features of protein pairs, such as whether they are co-expressed, or have common biological process or molecular functional annotations, are within the same gene neighborhood, etc., and classifies the feature vector as interacting or non-interacting, using a random forest model. In a recent study, other state-of-the-art algorithms for PPI prediction were extensively evaluated and it was found that none of them reached the superior performance achieved by HiPPIP [43]. Further, seventeen novel PPIs predicted by HiPPIP in relation to other diseases were tested through experimental methods by different research groups, and all those tested were shown to be true PPIs ([21,27] and some unpublished results). Thus, we assembled the HLHS interactome with 1496 previously known PPIs (blue edges in Figure 1) and 408 novel computationally predicted PPIs (red edges in Figure 1), which altogether connected 72 of the 74 HLHS-associated genes with 1248 known interactors and 377 novel interactors (Figure 1 and Supplementary Data File S1). Among the 74 genes, only WFDC11 and XKR9 had neither known nor novel PPIs. HiPPIP predicted 644 PPIs of which 236 PPIs were previously known, leaving 408 PPIs to be considered as novel PPIs of the HLHS candidate genes; thus, of the 1496 known PPIs in this interactome, 236 (15.8%) were also predicted by HiPPIP, while 1260 (84.2%) were not (which is as expected, because each method, whether computational or biotechnology based, discovers some of the true PPIs in the interactome, but not all). Four genes identified to be associated with HLHS in independent studies [15,17,18,20] were retrieved as known interactors of our HLHS candidate genes (shown in bold): EP300-PROX1, TSC1-POGZ, HNRNPAB-RBFOX2 and PSEN1-RYR2.



3.1. Wiki-HLHS: A Webserver of HLHS PPIs


To accelerate biomedical discovery, we made the HLHS interactome publicly accessible with the construction of a web application called Wiki-HLHS (http://severus.dbmi.pitt.edu/wiki-HLHS, accessed on 7 January 2022). This webserver has advanced search capabilities, and for each pair of PPIs, there are side-by-side comprehensive Gene Ontology (GO) annotations, and annotations related to diseases, drugs and pathways. Here, a user can query for results such as “show me PPIs where one protein is involved in HLHS and the other is involved in microcephaly”, and then see the results with the functional details of the two proteins side-by-side. This pairwise retrieval of PPIs and their biomedical associations is a unique feature of this web application not available in any other PPI web database. The PPIs and their annotations are also indexed in major search engines such as Google and Bing. A user can browse the genes in the HLHS interactome using list view of HLHS-associated genes. Novel PPIs are shown in a different color in search results.




3.2. Identification of Network Modules from the HLHS Interactome


We identified network modules in the HLHS interactome using Netbox [30], starting with the HLHS genes as core genes and adding nodes from the human interactome. The number of edges of node to core genes is statistically significant compared to its degree of interactions in the human interactome. It includes all edges between these nodes and the core genes and identifies highly interconnected modules in this network. Netbox connected 143 proteins (48 HLHS candidate genes and 95 linker proteins) into 19 modules, of which 11 modules had 4 or more nodes each (Supplementary Data File S2). Three modules had statistically significant enrichment of GO biological process terms: TOR signaling (p-value = 6.97 × 10−4, odds ratio = 27.79), response to endoplasmic reticulum (ER) stress (p-value = 2.00 × 10−3, odds ratio = 55.26) and intracellular receptor signaling pathway (p-value = 9.44 × 10−14, odds ratio = 20.58) (Figure 2). The novel PPIs facilitated the identification of two functional modules that may be critical to HLHS pathology, namely, TOR signaling and ER stress [44,45].




3.3. Functional Enrichment for Human Diseases in the HLHS Interactome


We compiled the list of pathways for proteins in the HLHS interactome that are associated with the Ingenuity Pathway Analysis suite [32]. Selected pathways that are significantly associated with HLHS are shown in Figure 3 (complete list in Supplementary Data File S3). The Gene Ontology (GO) terms and diseases from OMIM and DisGeNET that are significantly associated with the HLHS interactome at p-value < 0.05 are shown in Supplementary Data Files S4–S8. Examination of OMIM-related genes (Figure 4A; Supplementary Data File S7) showed enrichment associated with non-insulin-dependent diabetes mellitus (p-value = 1.44 × 10−7, odds ratio = 14.49) and insulin-dependent diabetes mellitus (p-value = 0.02, odds ratio = 15.57) in the HLHS interactome, indicating a mechanistic link between HLHS and disease processes related to energy metabolism. Nine diabetes-associated genes that had direct interactions with ten HLHS candidates were responsible for this enrichment, including the novel interaction of the diabetes-associated IRS1 with the HLHS candidate NRDC (Figure 5A; Supplementary Data File S7). Supporting this association, 8.5% of infants born to diabetic mothers have been shown to have congenital heart defects including HLHS, double-outlet right ventricle, truncus arteriosus, transposition of the great arteries and ventricular septal defects [46]. Interestingly, also significantly enriched are genes associated with Alzheimer’s disease (AD) (p-value = 1.84 × 10−5, odds ratio = 21.23) (Figure 4A; Supplementary Data File S7), with five genes associated with AD exhibiting direct interactions with nine HLHS candidate genes (Figure 5B), supporting a recent study showing increased risk of dementia among patients with congenital heart disease [47]. Finally, examination for enrichment in DisGeNET showed marked enrichment for many different types of cancer, with mammary neoplasms, adenocarcinoma and liver carcinoma being the top three diseases recovered from DisGeNET (Figure 4B; Supplementary Data File S8).



A previous autopsy study showed 43% of HLHS patients have hepatic necrosis [48], and more recent studies have indicated a high incidence of hepatocellular carcinoma among patients having had the Fontan procedure, a third stage surgical palliation that all HLHS patients must undergo [49]. A total of 67 genes associated with liver carcinoma exhibited direct interactions with 28 HLHS candidate genes, including 7 novel interactions (listed in the format HLHS candidate gene-liver carcinoma-associated gene: NRDC-IRS1, RPS6KA1-CXCL12, NIF3L1-CXCL12, STT3B-GNMT, ZAN-TFPI2, COL15A1-PDGFB and MFSD6-STAT1). We noted that of the top ten diseases recovered from DisGeNET, the top nine are cancer related, but the tenth is “insulin resistance”, further supporting a link between HLHS and diabetes.




3.4. GO Biological Process Enrichment and Overlap with HLHS Transcriptome Datasets


Among GO biological processes (Supplementary Data File S4), the most significantly enriched in the HLHS interactome was covalent chromatin modification (p-value < 1 × 10−15, odds ratio = 2.41). This observation was corroborated by the finding that the most significantly enriched GO subcellular locations included transcription factor complex (p-value < 1 × 10−6, odds ratio = 3.14) and nuclear chromatin (p-value < 1 × 10−6, odds ratio = 2.82), and among the molecular functions (Supplementary Data File S6), DNA-binding transcription activator activity, RNA polymerase II-specific (p-value < 1 × 10−14, odds ratio = 3.33) and transcription coactivator activity (p-value < 1 × 10−14, odds ratio = 3.38). Motivated by the enrichment of transcriptional regulatory processes in our interactome and several previous studies suggesting transcriptomic changes associated with HLHS [19,50,51], we further investigated the overlap of the HLHS interactome with four HLHS-related transcriptomic datasets. We studied whether the genes in the HLHS interactome were differentially expressed or alternatively spliced in four different RNA-seq datasets comprising either tissues or cardiomyocytes derived from induced pluripotent stem cells (iPSCs) (Supplementary Data File S9).



Our analysis identified 73 novel interactors (19%) (Table 1) and overall 364 genes (21%) in the HLHS interactome that had one or more transcriptomic association (Supplementary Data File S9). Each of these four RNA-seq datasets showed considerable, albeit statistically non-significant, overlap with the interactome. The datasets include differential expression in cardiomyocytes differentiated from iPSCs of five HLHS patients versus two controls (GSE92447 [51]), yielding 131 genes present in the interactome (odds ratio = 1.09), HLHS-right ventricle versus control-left ventricle/control-right ventricle (GSE23959 [50]), yielding seven genes in the interactome (odds ratio = 2.43), iPSC-derived cardiomyocytes at 25 days from one HLHS proband versus parents yielding 131 genes (odds ratio = 1.01) [19], and genes affected by alternative splicing in HLHS-right ventricle versus control-right ventricle/control-left ventricle (GSE23959 [50]), yielding 136 overlapping genes (odds ratio = 1.02). Though these overlaps are not statistically significant at the systems level, the individual genes and their transcriptomic evidence may provide biologically relevant information about the etiology of HLHS. We did not observe statistically significant overlaps between HLHS transcriptomic data and the HLHS interactome, despite examining all the available RNA-seq datasets. This could be attributed to the tendency of iPSC-derived cell lines to exhibit donor-specific gene expression patterns [52] and sample sizes (in these transcriptomic studies) that are not large enough to capture the genetic heterogeneity of HLHS [53]. Additionally, transcriptomic, proteomic and phenotypic equivalences between these external datasets and the murine-derived gene set used for interactome construction should be interpreted cautiously, unless the biological levels are comprehensively characterized and a clear equivalence of factors is demonstrated in both the species [54]. Nevertheless, it has been shown that the HLHS mouse lines (from which the gene set used for interactome construction was identified) had mutations in two or more genes in 10 of 14 human chromosome intervals associated with HLHS and left ventricle outflow obstruction [12]. In addition, essential features that characterize HLHS, such as hypoplasia of the left ventricle, aorta, and mitral valve, were confirmed in the recovered mouse mutant lines [12].



We studied the tissue-specific expression of the HLHS interactome genes using RNA-seq data of 53 postnatal human tissues obtained from GTEx [39], with and without the inclusion of housekeeping genes from the Human Protein Atlas [40]. An expression of more than nine transcripts per million (TPM) is considered high/medium expression. A total of 9634 genes detected in all the tissues with TPM ≥ 1 were considered as housekeeping genes. Statistical significance of the enrichment was computed using Fisher’s exact test and corrected using the Benjamini–Hochberg multiple test adjustment. Compared to when housekeeping genes were excluded, as shown in Figure 6A, the HLHS interactome genes were significantly enriched in several tissues (Figure 6B)—including in heart-related tissues such as the atrial appendage, coronary artery, aorta and the left ventricle—when housekeeping genes were included in the analysis. This could indicate that a large number of genes in the HLHS interactome were housekeeping genes. In line with this, we found that 60.5% (1028 genes) of the interactome was comprised of housekeeping genes, a highly statistically significant over-enrichment (p-value = 2.03 × 10−10) of 1.14-fold compared to expectations (906 genes). We also noted that the left ventricle showed a lower statistical significance of enrichment compared with the other three heart-related tissues (atrial appendage, coronary artery and aorta).



We further employed the TissueEnrich tool to examine the tissue-specificity of the genes in the HLHS interactome based on expression data from GTEx [39], Human Protein Atlas [40] and Mouse ENCODE [42] (Figure 7A–C). Genes with an expression level greater than 1 TPM (transcripts per million) and relative expression at least 5-fold higher in a particular tissue (tissue-enriched) or a group of two to seven tissues (group-enriched) were considered [55]. As expected from an interactome showing an over-enrichment of housekeeping genes, the HLHS interactome did not show any statistically significant tissue-specific enrichment. However, it was noteworthy that six tissues—placenta, skin, liver, lung, brain and testis—showed large overlaps with the HLHS interactome according to data from at least two of the databases and appeared among their lists of top ten tissues (in terms of the number of tissue-specific genes found in the interactome, and not the statistical significance of this overlap) (Figure 7A–C). Ten HLHS candidates had novel PPIs with eleven heart-specific proteins across the three databases (HLHS candidates are shown in bold): NFRKB-OPCML, NEUROD4-IL23A, TSC1-PAEP, OIT3-PLA2G12B, CDH16-CDH5, SLC12A5-JPH2, SLC12A5-MYL9, DSC2-FHOD3, GALE-PLA2G5, PLS3-NRSN1 and TSPAN15-ADAMDEC1.




3.5. HLHS and Developmental Delay


Cilia are dynamic projections on cellular surfaces, which detect a wide variety of cues from the environment and transduce signals into the cell to regulate physiological and developmental processes. A genetic screen for recessive CHD-associated mutations had highlighted the role of cilia-transduced cell signaling in CHD [28]. Thirty-four of the sixty-one CHD-associated genes recovered in this screen were cilia-related. To examine for possible ciliary connection to HLHS, we computed the overlap of the HLHS interactome with the interactome of ciliary proteins containing a total of 1665 proteins and 1776 PPIs [56]. The interactomes shared a highly statistically significant overlap (p-value = 3.97 × 10−25) of 284 genes, and 30% of the overlapping genes were differentially expressed or were affected by alternative splicing in at least one of the four HLHS RNA-seq datasets described in the previous section [19,50,51]. The Reactome pathways gene expression, SUMOylation and cell cycle were enriched among the shared genes by 2.4-fold, 6.4-fold and 3.4-fold, respectively.



Next, we collected a list of 187 genes that have been implicated in 35 ciliopathies from Reiter et al. [57], and assembled its interactome containing 2486 proteins and 3022 interactions. We found that 28% of the HLHS interactome overlapped with 19% of the ciliopathy interactome (473 genes), a highly statistically significant overlap (p-value = 1.18 × 10−58) with an enrichment ratio of 2-fold compared to expectations (234 genes) (Figure 8 and Supplementary Data File S10). We also found that 67 HLHS-associated genes, 157 ciliopathy-associated genes and 3 genes associated with both (CCDC65, KIAA0586 and DNAH1) were connected via 841 intermediate interactors. Eight direct known interactions were found between HLHS candidates and ciliopathy-associated genes (HLHS candidates are shown in bold): TSC22D1-UNC119, RPTOR-CILK1, MFSD6-TMEM237, EP300-CRX, CTNNA3-CRX, CTNNA3-FAM161A, NIF3L1-NME7 and TSC1-GLIS2, and one direct novel interaction, RPTOR-CCDC40. We identified the top 30 GO biological processes that were significantly associated with the HLHS and the ciliopathy interactomes and computed the number of genes that were exclusively found in the HLHS/ciliopathy interactomes or shared between the two interactomes in each of these processes (Supplementary Figures S1 and S2). Regulation of DNA-binding transcription factor activity was enriched 4-fold among the shared genes between the two interactomes (p-value = 3.96 × 10−12). Speculating that transcription factor (TF) activity could be a major factor in the crosstalk between HLHS and ciliopathy, we sought to identify the TFs whose target genes were significantly enriched among the genes shared by the HLHS and ciliopathy interactomes. The enrichment analysis was performed using WebGestalt [38] and based on curated TF-target gene sets in MSigDB [37]. The targets of CREBP1 and ALX4 showed significant over-enrichment (p-values of 2.57 × 10−4 and 1.18 × 10−3) of 8.68-fold and 38.85-fold (five genes and two genes) compared to expectations. The targets of CREBP1 found from among the genes shared between the HLHS and ciliopathy interactomes were EP300, PRNP, SMAD3, SUMO1 and TBX6, while the targets of ALX4 were JUN and TCF7L2.



HLHS patients having developmental delay as a comorbidity have been shown to have a higher burden of ciliopathy variants compared to HLHS patients without developmental delay, with a summative C-score of 4.05 versus 2.02 (p-value of the observed difference < 0.01). Summative C-score is a standardized value used to assess the level of gene disruption in a condition; in this specific study, the C-score of 4.07 was identified as a threshold at which 50% of pathogenic variants and 3% of benign variants were retained [58]. This prompted us to compare the enrichment of genes implicated in developmental delay in the HLHS and ciliopathy interactomes, and specifically among the genes uniquely found in the HLHS/ciliopathy interactomes and those shared between the HLHS and ciliopathy interactomes. A total of 703 genes harboring loss-of-function and missense variants linked to intellectual disability and/or developmental delay (ID/DD) were collected from the Developmental Brain Disorder Gene Database [59]. These ID/DD genes showed an overlap of higher significance with the HLHS interactome (p-value = 3.77 × 10−8, odds ratio = 1.67) compared with the ciliopathy interactome (p-value = 7.61 × 10−3, odds ratio = 1.23). Additionally, significant enrichment for ID/DD was shown by genes uniquely found in the HLHS interactome (p-value = 7.16 × 10−6, odds ratio = 1.65) and genes shared by the HLHS and ciliopathy interactomes (p-value = 1.93 × 10−3, odds ratio = 1.73) (Figure 8), but not by the genes uniquely found in the ciliopathy interactome. The HLHS candidate KIAA0586 was associated with ciliopathy as well as ID/DD. Eight other HLHS candidates were linked to ID/DD (i.e., they also harbored ID/DD-associated variants), namely, TSC1, KDM3B, CEP192, TRAPPC2L, EP300, CTNNA3, KCNQ3 and AP3B2. We identified 19 novel PPIs of HLHS candidates with ID/DD genes (HLHS candidates are shown in bold): SERPINB7-OGDH, SERPINB7-PIGN, NOMO1-NDE1, NOMO1-KCNA1, NCOA1-PPP1CB, FER-HSD17B4, CKAP4-POLR3B, AMT-IMPDH2, RPS6KA1-ASCC3, STT3B-SMARCC1, DSC2-ITSN1, AGAP1-SLC19A3, OXNAD1-SLC6A1, MFSD6-HIBCH, KAT8-PRRT2, HNRNPAB-SYNCRIP, NIF3L1-ABI2, PLS3-CUL4B and CCR1-CTNNB1.



These results implicate the cilium as a potential focal point for examining HLHS etiology and its comorbid relationships with ciliopathy, intellectual disability and developmental delay.




3.6. HLHS and Microcephaly


Severe neurological outcomes such as seizure activity, ischemia, and hemorrhage in HLHS patients are more prevalent with neonatal microcephaly than without (43% versus 4%, p-value = 0.02); the prevalence is 33% in HLHS patients with fetal microcephaly (p-value = 0.06) [60]. This prompted us to examine their interconnections. A total of 84 genes associated with microcephaly were collected from the MONARCH database [61] and the microcephaly interactome containing 1867 proteins and 2081 interactions was assembled. Sixty-two HLHS candidates were connected to 77 microcephaly genes via 652 intermediate interactors. Five direct known interactions were found between HLHS candidates and microcephaly-associated genes (HLHS candidates are shown in bold): TSC1-POGZ, TSC1-CDK6, CTNNBL1-STAMBP, TRAPPC2L-TRAPPC6B and TSC22D1-QARS1. We found that 24% of the HLHS interactome overlapped with 22% of the microcephaly interactome (405 genes), a highly statistically significant overlap (p-value = 2.39 × 10−65) with an enrichment ratio of 2.31-fold compared to expectations (176 genes) (Figure 9 and Supplementary Data File S11). We identified the top 30 GO biological processes that were significantly associated with the HLHS and the microcephaly interactomes and computed the number of genes that were exclusively found in the HLHS/microcephaly interactomes or shared between the two interactomes in each of these processes (Supplementary Figures S3 and S4). Neuron death was enriched 4-fold (32 genes) among the genes common to the HLHS and microcephaly interactomes (p-value = 5.13 × 10−10). It was also interesting to note that neuron death, neurodegeneration and other related processes and diseases appeared as enriched terms in the HLHS interactome across several functional categories. We extracted a total of 95 genes from the HLHS interactome belonging to these categories, specifically, 5 genes linked to Alzheimer’s disease (OMIM ID: 104300), 4 genes in late-onset Parkinson’s disease (OMIM ID: 168600), 5 genes linked to neurofibrillary degeneration (DisGeNET ID: C0085400), 17 genes in neurodegenerative disorders (DisGeNET ID: C0524851) and 79 genes linked to neuron death (GO ID: 0070997). Two pathways showed high statistical significance and enrichment ratio among these 95 genes, namely, constitutive signaling by AKT1 E17K in cancer (p-value = 5.94 × 10−7, odds ratio = 32.83) and intrinsic pathway for apoptosis (p-value = 6.94 × 10−7, odds ratio = 21.32 folds). A total of 10 novel interactors of HLHS candidates were found among these 95 genes (ITSN1, RHOA, NQO1, CTNNB1, TRAF2, MAP3K5, PRPH, UBQLN2, UNC5B and FUS). Five of these novel interactors (ITSN1, RHOA, TRAF2, CTNNB1 and UNC5B) seemed to be involved in death receptor signaling/apoptosis, axon guidance/EPH-Ephrin signaling and/or developmental biology, and their novel PPIs with HLHS candidates were as follows (HLHS candidates are shown in bold): DSC2-ITSN1, AMT-RHOA, CCR1-CTNNB1, TSC1-TRAF2 and OIT3-UNC5B.



Genes in the HLHS interactome linked to neuronal death processes may serve as potential candidates for examining the genetic basis of microcephaly in HLHS patients and the increased prevalence of poor neurological outcomes in these patients. The intriguing link between neurodegenerative processes and HLHS is another result that warrants closer inspection especially in light of the recent finding that adults with congenital heart disease show an increased risk of dementia and early onset dementia, particularly amongst patients with complex lesions [47].





4. Discussion


In this study, we adopted a protein interactome analysis approach to study HLHS-associated genes. The interactome analysis framework postulates that diseases develop when PPIs are perturbed by genetic mutations or aberrant expression of genes/proteins, ultimately leading to disrupted cellular functions [62]. Extensive interconnectivity and intraconnectivity of the network components in the PPI network suggest that the effects of such perturbations may spread to other proteins, encoded by genes that do not harbor any disease-associated alterations, through the network of their interactions, posing deeper implications for disease development [62]. In this study, we assembled the HLHS interactome by supplementing previously known protein PPIs with computationally predicted PPIs, which are deemed accurate, and provided valuable insights into etiology through network and enrichment analysis.



We made the PPIs, including the novel PPIs, available on a searchable webserver to enable biologists to study the PPI of their interest (http://severus.dbmi.pitt.edu/wiki-HLHS, accessed on 7 January 2022). Our website provides advanced search capabilities, which allows a user to ask questions that will help generate testable hypotheses around individual PPIs. The full text of the PPIs and their annotations will also be indexed in internet search engines, so that biologists searching in Google, Bing, etc., will find this content. System-level analysis of the interactome with transcriptomic or proteomic data may help to identify its functional landscape. Investigation of individual PPIs will accelerate the understanding of disease biology by several years.



More than 60% of the HLHS interactome, including 51% (38) of the HLHS-associated genes (or ‘core genes’ used for interactome construction), was composed of genes that are constitutively expressed in all the tissues (i.e., housekeeping genes). It has been reported that none of the HLHS-associated mutations harbored by the core genes were shared among the HLHS mutant mouse lines [12]. The preponderance of housekeeping genes among the core genes as well as the HLHS interactome as a whole could explain this genetic heterogeneity. The transmission of mutations in housekeeping genes may be stymied due to their roles in sustaining essential cellular functions, whose perturbation may result in lethality or reduction in reproductive fitness [1]. Although mutations in housekeeping genes are expected to give rise to phenotypes that affect multiple tissues, it is possible that they give rise to cardiac-restricted phenotypes due to complex regulatory influences stemming from epigenetic, epistatic and protein interactions. Further interactome-based investigations driven by this observation (i.e., the enrichment of housekeeping genes in the HLHS interactome) such as those examining vulnerability to network perturbations, and compensatory mechanisms counteracting them, may provide interesting insights.



The HLHS interactome did not show statistically significant enrichment for specific expression in any tissues, as can be expected from the over-enrichment of housekeeping genes in the interactome. However, three out of the six tissues that contained the greatest number of tissue-specific interactome genes have also been documented as sites of extracardiac anomalies in HLHS, namely, the placenta, liver and brain. Specifically, placental abnormalities have been noted in pregnancies that involved fetal HLHS [63]. Increased occurrence of hepatic necrosis has been noted among patients with infantile coarctation of the aorta and HLHS compared with patients having other cardiac defects (38% versus 6%) [64]. The prevalence of brain abnormalities among HLHS neonates and survivors is well-documented [8,9]. The total number of tissue-elevated genes was highly variable among the six tissues that showed the largest overlaps with the HLHS interactome. For example, 2709, 1987, 981, 593, 288 and 197 tissue-elevated genes were found in these tissues, i.e., brain, testis, liver, skin, placenta and lung, respectively, according to the Human Protein Atlas data [40]. Tissues showing a relatively lower number of tissue-elevated genes such as the placenta and lung, as well as those with a higher number of tissue-elevated genes such as the brain, testis, liver and skin, showed overlaps with HLHS interactome. Hence, the overlaps may not have been skewed in relation to the total number of tissue-elevated genes in the tissues. Nevertheless, these statistically non-significant results, which are derived from transcriptomic analysis of the human orthologs of mouse genes, must be interpreted with caution (and after further analysis) in the context of HLHS.



We showed that the interactome of ciliopathy-associated genes shared a significant overlap with the HLHS interactome and that transcription regulation may be over-enriched among these common genes. The targets of transcription factors CREBP1 and ALX4 were identified to be significantly enriched among the shared genes. CREBP1 (also known as ATF2) has been shown to regulate the expression of five genes, namely, EP300 (an HLHS-associated gene sharing a direct interaction with the ciliopathy gene CRX), SUMO1 (a shared interactor having a novel PPI with the ciliopathy-associated gene MAK and a known PPI with the HLHS-associated gene NCOA1) and three known shared interactors of HLHS and ciliopathy genes (PRNP, SMAD3 and TBX6). ATF2 is involved in cardiomyocyte differentiation [65]. Future studies could concentrate on the role played by ATF2 and its targets in the shared etiology of ciliopathies and HLHS.



We also showed the preferential enrichment of genes involved in intellectual disability and/or developmental delay (ID/DD) among genes unique to the HLHS interactome and genes shared between the HLHS and ciliopathy interactomes (in comparison with genes unique to the ciliopathy interactome). This finding was in line with the observation of increased ciliopathy variant burden among HLHS patients with developmental delay [58]. Additionally, we provided a list of 19 direct novel PPIs between HLHS-associated and ID/DD genes that may be biochemically validated. For example, OGDH is an ID/DD gene that is critical to the tricarboxylic acid cycle and found in the mitochondrial matrix. Loss of OGDH has been shown to lead to neurodegeneration [66]. This gene shows high expression in the left ventricle and in brain regions such as the olfactory bulb, hippocampus, cerebellum and pons [67]. This evidence supports OGDH as a potential candidate for future studies on the comorbidity of HLHS and ID/DD.



We predicted five direct novel PPIs between HLHS- and microcephaly-associated genes. In addition, genes associated with HLHS and microcephaly share several common interactors that are significantly enriched for neuronal death pathways. This suggests a mechanistic basis for their comorbidity and the increased prevalence of neurological abnormalities among HLHS patients with microcephaly [60]. The over-representation of neurodegenerative disease-associated genes and processes in the HLHS interactome should be investigated, with a focus on the potentially pleiotropic roles of the AKT1-mediated pathways and the intrinsic apoptotic pathway in HLHS and neurodegeneration. The ten direct PPIs between HLHS- and diabetes-associated genes can be used to examine their joint genetic basis and the increased risk of developing HLHS seen among infants born to diabetic mothers [46].



We studied the associations of ciliopathy and microcephaly to the HLHS interactome (on a case-by-case basis) because of their specific relevance to HLHS, namely, (a) increased burden of ciliopathy variants among HLHS patients with developmental delay [58] and (b) increased prevalence of neurological abnormalities among HLHS patients with microcephaly [60]. Further studies may be required to systematically compare the associations of all the phenotypes relevant to HLHS. Nevertheless, we constructed the interactomes of two other disorders that are comorbid with HLHS, namely, chronic kidney disease [68] and cardiovascular disease [69], and compared their overlaps with that exhibited by ciliopathy and microcephaly interactomes. The interactomes of 12 expert-curated chronic kidney disease (CKD)-associated genes and 43 cardiovascular disease (CVD)-associated genes compiled from DisGeNET (with a gene–disease association score > 0.2) showed statistically significant overlaps with the HLHS interactomes (p-values of 6.97 × 10−6 and 5.47 × 10−30). However, fewer genes were shared by the HLHS interactome with CKD (33 genes) and CVD (179 genes) interactomes in comparison with the ciliopathy (473 genes) and microcephaly (405 genes) interactomes. In summary, our study provides evidence for the utility of the HLHS interactome in investigating various HLHS comorbidities and the functional consequences of the genes harboring HLHS-associated mutations. These results will directly inform and catalyze future investigations on the molecular basis of HLHS and biomedical studies seeking to improve clinical interventions in HLHS.




5. Conclusions


Knowledge on the exact mechanistic basis of HLHS is limited despite a steady increase in the generation of CHD- and HLHS-related data. In this scenario, the HLHS interactome will serve as a functional landscape to integrate and analyze publicly available HLHS-related multi-omics data and generate new hypotheses that will allow biologists to prioritize pathways and drugs for experimental testing and the developmental of new avenues for therapeutic interventions. To facilitate analysis by both computational and biomedical scientists, the HLHS interactome is being released via an interactive webserver called Wiki-HLHS.
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Figure 1. Hypoplastic left heart syndrome (HLHS) protein–protein interactome: Network view of the HLHS interactome is shown as a graph, where genes are shown as nodes and protein–protein interactions (PPIs) as edges connecting the nodes. HLHS-associated genes are shown as dark blue square-shaped nodes, novel interactors and known interactors as red and light blue colored circular nodes, respectively. Red edges are the novel interactions, whereas blue edges are known interactions. 
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Figure 2. Modules identified from the hypoplastic left heart syndrome (HLHS) interactome: Three modules that were enriched in specific GO biological processes are shown. Within each module, nodes with bold italicized labels depict genes with at least one transcriptomic evidence relevant to HLHS. HLHS-associated genes are shown as square-shaped nodes and novel interactors and known interactors are shown as circular nodes. Red edges are the novel interactions, whereas blue edges are known interactions. 
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Figure 3. Pathways associated with the hypoplastic left heart syndrome (HLHS) interactome: The number of proteins from the HLHS interactome that are involved in the top 30 pathways most significantly associated with the interactome are shown. 
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Figure 4. Diseases associated with the hypoplastic left heart syndrome (HLHS) interactome: The number of genes from the HLHS interactome that are involved in the top 10 (A) OMIM diseases and (B) DisGeNET diseases most significantly associated with the interactome are shown. 
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Figure 5. Network proximity of other disease-associated genes to genes associated with hypoplastic left heart syndrome (HLHS): Dark blue square-shaped nodes are HLHS-associated genes and green square-shaped nodes are diabetes-associated genes in (A) and Alzheimer’s disease-associated genes in (B). Light blue nodes are known interactors and red nodes are novel interactors. Red edges are the novel interactions, whereas blue edges are known interactions. 
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Figure 6. Tissue enrichment of the genes in the hypoplastic left heart syndrome (HLHS) interactome: The tissue enrichment patterns of the HLHS interactome were identified using the gene expression profiles of 53 postnatal human tissues extracted from GTEx. Enrichment was assessed by considering (A) any gene that showed high/medium expression in the tissues (transcripts per million (TPM) ≥ 9) and (B) any gene that showed high/medium expression in the tissues, except for housekeeping genes (detected in all the tissues with TPM ≥ 1). Statistical significance of tissue enrichment was computed using Fisher’s exact test and corrected using the Benjamini–Hochberg method for multiple test adjustment. It can be observed that the HLHS interactome genes showed a higher statistical significance of enrichment in several tissues (including the heart-related tissues shown as red data points) when housekeeping genes were considered as shown in (B) compared to when housekeeping genes were excluded as shown in (A), indicating that housekeeping genes could be over-represented in the interactome. 
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Figure 7. Tissue-specificity of hypoplastic left heart syndrome (HLHS) interactome genes: The graphs show the number of genes from the interactome that exhibit tissue-specificity according to data from (A) GTEx, (B) Human Protein Atlas and (C) mouse ENCODE. The genes show at least 5-fold higher expression in a tissue (‘tissue-enriched’) or a group of 2–7 tissues compared to all the other tissues (‘group-enriched’). 
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Figure 8. A partial network view of novel protein–protein interactions (PPIs) interconnecting hypoplastic left heart syndrome (HLHS) genes with ciliopathy-associated genes: Genes are shown as nodes and PPIs as edges. As the integrated HLHS and ciliopathy interactome is very large, only a partial view incorporating genes that are associated with intellectual disability and/or developmental delay (ID/DD) and the novel interactors of HLHS-associated genes/ciliopathy-associated genes are shown. Legend—square-shaped dark blue nodes: HLHS-associated genes; square-shaped green nodes: ciliopathy-associated genes; nodes with bold and italicized labels: ID/DD-associated genes; red nodes/edges: novel interactors/interactions; light blue nodes/edges: known interactors/interactions. 
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Figure 9. A partial network view of novel protein–protein interactions (PPIs) interconnecting hypoplastic left heart syndrome (HLHS) genes with microcephaly-associated genes: Genes are shown as nodes and PPIs as edges. As the integrated HLHS and microcephaly interactome is very large, only a partial view incorporating genes that are involved in neuronal death processes and the novel interactors of HLHS-associated genes/microcephaly-associated genes are shown. Legend—square-shaped dark blue nodes: HLHS-associated genes; square-shaped green nodes: microcephaly-associated genes; nodes with bold and italicized labels: genes involved in neuron death; red nodes/edges: novel interactors/interactions; light blue nodes/edges: known interactors/interactions. 
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Table 1. Novel interactors in the hypoplastic left heart syndrome (HLHS) interactome with biological evidence related to HLHS: The table shows those novel interactors of HLHS-associated genes that have 2 or more HLHS-related biological evidence associated with them. The complete list of biological evidence for all the genes in the interactome can be found in Data File S9.
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	Gene
	Differentially Expressed in Cardiomyocytes from iPSCS of 5 HLHS Patients Versus 2 Controls (GSE92447)
	Differentially Expressed in HLHS-Right Ventricle Versus Control-Left Ventricle/Control-Right Ventricle (GSE23959)
	Affected by Alternative Splicing in HLHS-Right Ventricle Versus Control-Right Ventricle/Control-Left Ventricle (GSE23959)
	Differentially Expressed in 25 Days old iPSC-Derived Cardiomyocytes from 1 HLHS Proband Versus Parents
	Total Count





	DBN1
	✓
	
	✓
	✓
	3



	MYL9
	
	✓
	
	✓
	2



	ASCC3
	
	
	✓
	✓
	2



	CDH5
	✓
	
	
	✓
	2



	CKB
	✓
	
	
	✓
	2



	GART
	✓
	
	✓
	
	2



	PWP1
	
	
	✓
	✓
	2



	TFPI2
	✓
	
	
	✓
	2



	THBS1
	✓
	
	
	✓
	2
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