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Abstract

Over 50% of patients with 22q11.2 deletion syndrome (DS) have a conotruncal or related cardiac 

defect (CTRD). We hypothesized that similar genetic variants, developmental pathways and 

biological functions, contribute to disease risk for CTRD in patients without a 22q11.2 deletion 

(ND-CTRD) and with a 22q11.2 deletion (DS-CTRD). To test this hypothesis, we performed rare 

CNV (rCNV)-based analyses on 630 ND-CTRD cases and 602 DS-CTRD cases with comparable 

cardiac lesions separately and jointly. First, we detected a collection of heart development related 

pathways from Gene Ontology and Mammalian Phenotype Ontology analysis. We then 

constructed gene regulation networks using unique genes collected from the rCNVs found in the 
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ND-CTRD and DS-CTRD cohorts. These gene networks were clustered and their predicted 

functions were examined. We further investigated expression patterns of those unique genes using 

publicly available mouse embryo microarray expression data from single-cell embryos to fully 

developed hearts. By these bioinformatics approaches, we identified a commonly shared gene 

expression pattern in both the ND-CTRD and DS-CTRD cohorts. Computational analysis of gene 

functions characterized with this expression pattern revealed a collection of significantly enriched 

terms related to cardiovascular development. By our combined analysis of rCNVs in the ND-

CTRD and DS-CTRD cohorts, a group of statistically significant shared pathways, biological 

functions, and gene expression patterns were identified that can be tested in future studies for their 

biological relevance.
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1 | INTRODUCTION

Congenital heart defects (CHDs) are the leading cause of birth defect-related deaths in 

newborns and are estimated to affect 35,000 live births each year in the United States 

(Hoffman & Kaplan, 2002; Reller, Strickland, Riehle-Colarusso, Mahle, & Correa, 2008). 

The spectrum of defects varies from simple to complex heart malformations. They can be 

diagnosed as an isolated finding or as part of a collection of findings, such as in the 22q11.2 

deletion syndrome (22q11.2DS). The etiology of CHDs is complex, resulting from both 

genetic and epigenetic factors. In addition to known pathogenic CNVs such as the 22q11.2 

deletion, numerous studies report putatively disease-related, rare CNVs (rCNVs) in 

approximately 10% of patients with CHDs (Andersen, Troelsen, & Larsen, 2014; Lalani & 

Belmont, 2014). While most studies reported a similar prevalence of de novo and/or 

inherited rCNVs within the CHD population, with rare exception, each study reports 

enrichment of different putative-disease-related rCNVs (Soemedi et al., 2012; Xie et al., 

2017). Given the limited study cohort size in each report and the observed heterogeneity of 

rCNVs, the mechanisms by which these rCNVs might increase risk of disease is challenging 

for any single study to identify and not necessarily replicated by another. For example, in our 

recent studies on cases with CHDs without a recognized genetic cause, we observed a 

significantly increased burden of rCNVs among patients with CHDs (White et al., 2014; Xie 

et al., 2017). With rare exception, our particular list of individual CNVs demonstrated little 

overlap with those in other reports. It is unclear how rCNVs or their gene content influences 

the etiology of CHDs in spite of extensive analysis. Moreover, it is unclear whether the same 

CNVs exert an influence on the risk of CHDs in the patient with or without a recognizable 

genomic alternation.

The 22q11.2DS (velo-cardio-facial syndrome; DiGeorge syndrome, VCFS/DGS; MIM 

#192430; 188400) is the most common rCNV syndrome. It affects approximately one in 

2,000–4,000 newborns each year (McDonald-McGinn et al., 2015). The vast majority of 

patients with 22q11.2DS carry the typical 3 million base pair (3 Mb) deletion located 
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between low copy repeats A-D in the 22q11.2 region. Phenotypic findings in patients with 

22q11.2DS are highly variable including CTRDs, which are reported in 60–75% of patients. 

We refer to the 22q11.2DS cases with CTRDs as DS-CTRDs. The cardiac phenotypes range 

from major intracardiac malformations such as tetralogy of Fallot to minor aortic arch 

anomalies, such as an isolated right-sided aortic arch or abnormal origin of the subclavian 

arteries. The etiology of CTRD phenotypic variability is currently unknown. It has been 

suggested that common and rare CNVs influence the risk for CTRDs (Mlynarski et al., 

2015, 2016). Our recent studies suggested that a duplication of a commonly occurring CNV 

harboring the glucose transporter gene, SLC2A3, (solute carrier family 2 member 3), may 

serve as a genetic modifier in approximately 8–10% of patients with 22q11.2DS (Mlynarski 

et al., 2015). When we examined rCNVs in the same cohort, we did not identify any genes, 

networks, or functions significantly enriched within DS-CTRD cases compared with 

22q11.2DS patients without CTRD, even though functions such as the WNT pathway were 

suggested.

Separately, we also previously studied a distinct CTRD patient cohort without 22q11.2DS 

for rCNVs. We refer to this cohort of cases as ND-CTRD. A burden of rCNVs was detected 

in ND-CTRD. Functional and pathway analyses revealed enrichment of terms involved in 

heart development. We were interested to test whether the rCNVs, functional pathways, or 

gene networks were shared between the CTRDs cases without a 22q11.2 deletion (ND-

CTRD) or with a 22q11.2 deletion (DS-CTRD).

In the present study, we used the existing ND-CTRD and DS-CTRD cohorts to test the 

hypothesis that genes or gene networks associated with the CTRD phenotype were shared. 

Given their comparable cardiac phenotypes, and the possibility that the same genetic factors 

could contribute to disease risk for CTRD, we combined the data from the two cohorts in 

order to enhance our power to detect any likely etiologic disease-associated genes and/or 

functional networks. We first confirmed the putative pathogenic rCNVs in each of the CTRD 

cohorts. We then used the combined gene-lists within rCNVs in both cohorts to identify 

shared gene-based features (pathways, functions, and gene regulation networks) that were 

statistically enriched.

2 | METHODS

2.1 | Study cohorts and array genotyping

The Children’s Hospital of Philadelphia (CHOP) Institutional Review Board approved this 

study. Subjects were diagnosed with CHDs in a clinical setting in a uniform manner at 

CHOP’s Cardiac Center (ND-CTRD; cohorts 1 and 2) (Xie et al., 2017). Subjects with 

clinically defined genetic syndromes were excluded from the ND-CTRD cohort. Subjects 

with 22q11.2DS were identified within the 22q and You Center at CHOP and other centers 

(DS-CTRD) (Mlynarski et al., 2016; Xie et al., 2017). Reports from echocardiograms, 

cardiac catheterizations, cardiac magnetic resonance imaging, and cardiac operative notes 

were reviewed to record cardiac and aortic arch anomalies. Parents were recruited when 

available and when they agreed to consent for this study.
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The overall work flow and details about each study cohort are described in Figure 1. A 

detailed description of the ND-CTRD cohort’s patient cardiac phenotypic information, 

genotyping procedures, and the quality control procedure and metrics used in vetting the 

cohort have been described previously (Xie et al., 2017). All cases were screened for a 

22q11.2 deletion by fluorescence in situ hybridization, MLPA or microarray analysis. 

Additionally, we only selected ND-CTRD patients carrying CTRDs typically present in the 

22q11.2DS cohort, namely, tetralogy of Fallot, truncus arteriosus, interrupted aortic arch 

type B, ventricular septal defects (specifically conoventricular, posterior malalignment, and 

conoseptal hypoplasia types), and isolated aortic arch anomalies that we refer to as CTRDs. 

We used a previously described healthy population as controls for the ND-CTRD cohort 

(Xie et al., 2017).

We grouped our ND-CTRD cases and controls into two mutually exclusive cohorts as 

described in (Xie et al., 2017). ND-CTRD cohort 1 included all cases and controls 

(Healthy_CHOP) genotyped using the early Illumina array technologies (Illumina 

Infinium™ II HumanHap550 v1, Illumina Infinium™ II HumanHap550 v3, or Illumina 

BeadChip 610 array). We corrected differences in SNP probe content among all three SNP 

array versions used in cohort 1 by limiting our analysis to the subset of SNPs shared by all 

three genotyping arrays (535, 606 SNPs) as described before (Xie et al., 2017). ND-CTRD 

cohort 2 included cases (Illumina HumanOmni2.5–8v1) and Healthy_AREDS samples 

(Illumina HumanOmni2.5–4) genotyped on later arrays. For the 2.5M arrays, the subset of 

common SNPs (n = 2,332,518) between the two platforms was used to predict CNV regions 

in genotyped samples as described in Xie et al. (2017). The two cohorts were evaluated 

separately and then aggregately.

Description of phenotypes in DS-CTRD subjects and the distribution of 22q11.2 deletion 

sizes were previously reported (Mlynarski et al., 2015). 22q11.2 deletions of DS-CTRD 

subjects were confirmed by fluorescence in situ hybridization or multiplex ligation-

dependent probe amplification (MLPA). The genotyping procedure and quality control 

criteria of those DS-CTRD subjects were as previously described in Mlynarski et al. (2015, 

2016).

2.2 | CNV detection and quality control

CNV detection and quality control methods have been described previously (Mlynarski et 

al., 2015; Xie et al., 2017). In brief, both CNV Workshop (Gai et al., 2010) and PennCNV 

(Wang et al., 2007) were used to define CNV regions. To reduce type I error of CNV 

detection, based on our previous effort detecting and validating CNVs (Mlynarski et al., 

2015; Xie et al., 2017), deletions spanning <5 consecutive SNPs and duplications with <10 

consecutive SNPs in the ND-CTRD cohort 1 were excluded. Due to higher probe density, 

density in the Illumina 2.5M array and Affymetrix 1.8M array, which contain 3–4 times 

more SNPs across the human genome as compared with earlier Illumina arrays, higher 

thresholds for ND-CTRD cohort 2 and DS-CTRD were used to remove deletions spanning 

<10 SNPs and duplications spanning <20 SNPs. In the ND-CTRD cohorts, deletions 

spanning <10 Kbps and duplications spanning <20 Kbps were removed. DS-CTRD cases 

with deletions nested within the typical 3 Mbps 22q11.2 deletion were also removed from 
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any further analysis as we only examined CNVs outside the typical 22q11.2DS deletion 

region in the DS-CTRD cohort as described in Mlynarski et al. (2015, 2016).

Additional exclusion criteria included CNVs with >50% overlap with centromere, telomere, 

and immunoglobulin variable regions and CNVs with SNP densities <1 SNP/30 Kbps as 

described in Hasin et al. (2008), Hellemans, Mortier, De Paepe, Speleman, and 

Vandesompele (2007), and Young et al. (2008). All olfactory receptor genes were removed 

from further analysis. Samples detected with a total CNV burden ≥3 standard deviations 

from the cohort mean were removed (Pankratz et al., 2011).

Large CNVs were defined as those whose length fell within the 20th vigintile of CNVs 

observed in the corresponding control cohorts. Predicted CNVs were annotated using the 

coordinates of RefSeq genes and their corresponding official gene symbol, as represented in 

the UCSC Genome/Table Browser (genome.ucsc.edu).

2.3 | Rare CNV definition

CNVs were considered as equivalent if CNVs were the same type (deletions or duplications) 

and their genomic regions reciprocally overlapped for greater than 60% of their length as 

described in Mlynarski et al. (2016), White et al. (2014), and Xie et al. (2017)). To minimize 

the artifacts introduced by different genotyping technologies, we compared CNVs detected 

in our cases directly with CNVs detected in matched controls using the same or similar 

genotyping arrays to estimate case CNV occurrence frequency in controls. We adopted our 

previous definition of rare CNVs (rCNV) for the ND-CTRD as those CNVs being observed 

in no more than one healthy control subject (estimated as <0.1% in healthy CHOP controls 

as well as within Healthy_AREDS), and defined unique CNVs as those not observed in the 

control cohort (White et al., 2014; Xie et al., 2017). Similarly, we adopted our previous 

definition of rCNVs for the DS-CTRD cohort as CNVs found in <0.1% of a previously 

published control population, and defined unique CNVs as those not observed in this 

previously published control population (dbVar accession nstd100; Coe et al., 2014) as 

described in Mlynarski et al. (2016).

2.4 | Gene and functional analysis

The significance and details of analytical approaches to identify genes and their known 

function in CNVs has been described previously (Elia et al., 2010; Silversides et al., 2012; 

Xie et al., 2017). As copy number variation of amplification and deletion events may impact 

phenotypic outcome through different mechanisms, they were considered both separately 

and aggregately at each locus for global CNV and gene analyses. For the DS-CTRD cohorts, 

we disregarded the gene content within the hemizygous 22q11.2 deletion from all DS-CTRD 

cases and controls as they all carry the same deletion. We associated gene content of rCNVs 

with gene ontology (GO) terms and Mammalian Phenotype Ontology. GO annotations were 

downloaded from Ensembl. org (huseast.ensembl.org/index.html) using the BioMart data-

mining tool. Mammalian Phenotype Ontology (MPO) term annotations were obtained from 

the Mammalian Genome Informatics resource (MGI) (www.informatics.jax.org). The GO 

and MPO terms were expanded as described previously (Xie et al., 2017). For each 

functional term (GO and MPO), we directly compared the frequency of occurrence between 
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cases and controls using Fisher’s exact test (two-tailed). The Benjamini–Hochberg False 

Discovery Rate (BH-FDR) method was used on all gene or functional terms evaluated to 

reduce family-wise type I error. We only reported functions if their nominal p values were 

<.05 in the combined ND-CTRD cohort (i.e., merging the ND-CTRD cohort 1 and ND-

CTRD cohort 2) as well as the DS-CTRD when each cohort was considered individually and 

the False Discovery Rates (FDR) were <0.05 when evaluated in the combined CTRD 

cohorts (i.e., combined ND-CTRD cohort 1, ND-CTRD cohort 2, and the DS-CTRD 

cohort).

2.5 | Gene network construction

We used the ReactomeFIViz application (version 6.1) within Cytoscape (version 3.6) 

(f1000research.com/articles/3-146/v2) (Wu, Dawson, Duong, Haw, & Stein, 2014) to 

construct a network among genes uniquely detected in rCNVs in cases from the ND-CTRD 

cohorts and the DS-CTRD cohort as compared with their respective controls, separately and 

aggregately, as previously described (Mlynarski et al., 2016; Xie et al., 2017). We applied 

the ReactomeFIViz “Gene Set / Mutation Analysis” function following the protocol 

described in the ReactomeFIViz user guide with all default parameters. The resulting gene 

interaction networks were grouped into different “modules” using ReactomeFIViz’s built-in 

“cluster FI network” function. Within each module, the “Analyze module functions” tool 

was used to measure pathway enrichment. Only pathways with FDR <0.05 were reported.

2.6 | Mouse embryo homolog gene expression analysis

A total of 74 Affymetrix Mouse Genome 430 2.0 expression arrays from nine studies were 

downloaded through NCBI/GEO (https://www.ncbi.nlm.nih.gov/geo/): C1_EB: single-cell 

embryo; C2_EB: two-cell embryo (Vassena, Han, Gao, & Latham, 2007); E1.5_EB: E1.5 

embryo; E2.5_EB: E2.5 embryo; E3.5_EB: E3.5 embryo (Maekawa, Yamamoto, Kohno, 

Takeichi, & Nishida, 2007); E9.5_AVC: E9.5 atrioventricular canal (Rivera-Feliciano et al., 

2006); E10.5_WH: E10.5 whole heart; E11.5_WH: E11.5 whole heart; E12.5_Vc: E12.5 

ventricles; E12.5_ACH: E12.5 atrial chamber of heart; E13.5_Vc: E13.5 ventricles; 

E13.5_ACH: E13.5 atrial chamber of heart; E14.5_Vc: E14.5 ventricles; E14.5_ACH: E14.5 

atrial chamber of heart; E16.5_Vc: E16.5 ventricles; E16.5_ACH: E16.5 atrial chamber of 

heart; E18.5_Vc: E18.5 ventricles; E18.5_ACH: E18.5 atrial chamber of heart (Schinke, Jay, 

Brown, & Izumo, 2004); E17.5_Mc: E17.5 myocardium (Trivedi et al., 2007); PN_WH: 

Post Natal whole heart (Dufour et al., 2007; Muchir et al., 2007; Zhao et al., 2007); PN_Vc: 

Post Natal ventricle (Bisping et al., 2006). Detailed description for each study is listed in 

Supporting Information Table S1.

Gene expression data were normalized with respect to expression at the single cell stage 

(C1_EB) using the Robust Multi-array Average method (RMA, R 3.21, Library Affy_1.55 

[Irizarry et al., 2003]). Differentially expressed genes were identified by using ANOVA. 

Hierarchical clustering on differentially expressed genes was performed as previously 

described (Eisen et al, 1998). A re-clustering process was then applied to remove weakly 

associated genes and filter out small clusters. We first calculated the cluster centroid (median 

expression level of all genes in the cluster) for each cluster, and then computed the 

correlation coefficient of each gene to every cluster centroid. A gene was assigned to a 
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cluster if its correlation coefficient to the cluster was >0.5 and the correlation coefficient to 

any other cluster was at least 0.2 lower. This re-clustering procedure was repeated 50 times 

unless the re-clustering process converged earlier. Finally, any clusters with sizes below 

twice the standard deviation of the average cluster size were excluded. Gene Set Enrichment 

Analysis (GESA) (Subramanian et al., 2005) was used to investigate the gene functions and 

pathways (MSigDB v5.0) (Subramanian et al., 2005) enriched within each cluster. The BH-

FDR method was applied to the p values from the GSEA procedure to reduce multiple 

testing type I error.

2.7 | Statistical testing

Two-tailed Fisher’s exact tests, as appropriate, were used to test significance in CNV and 

gene enrichment analyses comparing cases with controls. The BH-FDR method was applied 

to adjust family-wise multiple testing errors. All statistical analyses were processed using R 

(version 3.4)

3 | RESULTS

3.1 | Study cohort

The total number of subjects in the ND-CTRD and DS-CTRD cohorts is detailed in Figure 1 

and Table 1. Briefly, a total of 630 cases were identified with a definitive diagnosis of 

CTRDs without a diagnosis of a known genetic condition upon review of medical records 

and without a 22q11.2DS deletion. They comprise the two ND-CTRD cohorts that include 

401 cases in ND-CTRD cohort 1 and 229 cases in ND-CTRD cohort 2. In addition, cohort 1 

consists of 227 trios, 130 duos (one of the parents and the proband), and 44 probands only. 

A total of 602 cases with both typical 22q11.2 deletions and CTRD diagnoses were deemed 

as cases for the DS-CTRD cohort as described in Mlynarski et al. (2016)).

A total of 4,833 healthy subjects served as controls for the ND-CTRD cohorts including 

2,980 healthy controls for the ND-CTRD cohort 1 and 1,853 different healthy controls for 

the ND-CTRD cohort 2 (Xie et al., 2017). These subjects passed our quality control 

measures described in section 2. A total of 336 subjects carrying a typical 22q11.2DS 

deletion without an intracardiac congenital malformation were used as DS-CTRD study 

controls.

3.2 | CNV burden in patient cohorts

CNVs detected in the two ND-CTRD cohorts and the DS-CTRD cohort as well as their gene 

annotations are listed in Supporting Information Table S2 (S2a_ND-CTRD COHORT 1, 

S2b_ND-CTRD COHORT 2, and S2c_DS-CTRD). For each CNV, frequencies in control 

populations were also measured and presented (Supporting Information Tables S2a–c). The 

overview of total CNVs and rCNVs detected in each cohort is detailed in Table 2.

Structural variant content within the 401 cases in ND-CTRD cohort 1 totaled 1,733 common 

and rare CNVs combined. They consisted of 341 duplications, 1,341 heterozygous deletions, 

and 51 homozygous deletions (Table 2 and Supporting Information Table S2a). We detected 

no significant differences in the overall CNV (including both common and rare) frequency 
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(p > .05, case/control ratio = 0.98), size (p > .05, case/control ratio = 1.14), or gene content 

(p > .05, case/control ratio = 1.32) between cases and controls.

Of all detected CNVs in ND-CTRD cohort 1, 850 (49.0%) could be definitively identified as 

inherited (446 maternal, 391 paternal, and 39 present in both parents), while 300 were 

deemed as de novo events. There was no bias of maternal or paternal inheritance (p value 

>.05). Of those de novo CNVs, 103 were unique (5.9% of total CNVs, not observed in 

control cohorts) and identified in 73 subjects (18.2% of subjects). Certain of these de novo 

detections were potentially due to Type II error (Itsara et al., 2010).

We detected 2,105 CNVs from 229 singletons of ND-CTRD Cohort 2. They included 1,517 

heterozygous deletions, 196 homozygous deletions, and 391 duplications (Table 2 and 

Supporting Information Table S2b). We once again detected no significant differences in the 

overall CNV frequency (p > .05, case/control ratio = 0.96), size (p > .05, case/control ratio = 

1.17), or gene content (p > .05, case/control ratio = 1.55) between cases and controls in 

Cohort 2. We were unable to determine inheritance status in cohort 2 as no parental data 

were available.

In the DS-CTRD cohort, we detected 8,551 CNVs (excluding the typical 22q11.2DS 

deletion) in 602 cases. Among them, 7,767 were deletions and 784 were duplications (Table 

2 and Supporting Information Table S2c). There was no significant difference in overall 

CNV frequency (p > .05, case/control ratio = 1.02), sizes (p > .05, case/control ratio = 1.05), 

or gene content (p > .05, case/control ratio = 1.17) comparing cases with controls in the DS-

CTRD cohort.

ND-CTRD Cohort 1 contained 536 rCNVs (30.9% of the total CNVs detected within this 

cohort, 170 duplications and 366 heterozygous deletions) and ND-CTRD Cohort 2 

contained 585 rCNVs (27.8% of the total CNVs detected within this cohort, 170 

duplications and 415 heterozygous deletions). There was a total of 2,393 rCNVs in DS-

CTRD cohort (30.8% of the total CNVs being detected within this cohort, 2082 deletions 

and 311 duplications).

The burden of rCNVs is depicted for each cohort in Table 2. rCNVs were significantly 

overrepresented in ND-CTRD cases as compared with controls, whether comparing the 

proportion of subjects with rCNVs or the total number of rCNVs in cases and controls. 

rCNV burden remained significant for large CNVs in the ND-CTRD cohort as defined in 

section 2. These results were similar to our previous report studying a conotruncal cohort 

with a broader phenotype (Xie et al., 2017).

We did not detect any significant difference in rCNV burden comparing cases with CTRD as 

compared with controls without CTRD in the DS-CTRD cohort (Table 2) regardless of CNV 

size. These results were consistent with our previous findings (Mlynarski et al., 2016).

3.3 | Gene analysis in patient cohorts

In ND-CTRD cohort 1, a total of 786 CNVs included one or more genes, collectively 

representing 1,251 individual genes (Supporting Information Table S3). Of these, 160 genes 

were fully or partially contained within CNVs in two or more cases, of which 25 genes were 
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not contained within CNVs in controls. In ND-CTRD Cohort 2, 922 CNVs included 1,083 

unique genes (Supporting Information Table S3), of which 249 genes were contained within 

CNVs from two or more individuals, of which 33 genes were not contained within CNVs in 

controls. Collectively, 28 genes were contained by rCNVs in both CTRD-cohorts at least 

once but not in any controls (7 genes were in deletions in both cohorts, 5 genes were in 

duplications in both cohorts, and 16 genes were in different types of CNVs in the two 

cohorts; Supporting Information Table S3). This number of shared genes is not statistically 

significant nor more than what would be expected by chance alone.

A total of 3,087 CNVs in the DS-CTRD cohort included 1,080 individual genes (Supporting 

Information Table S3). A total of 208 of these genes were contained by CNVs in two or 

more individuals. We found that 125 of these 208 genes were not included in CNVs 

identified in DS-CTRD controls.

The combination of all three cohorts (ND-CTRD 1 and 2, DS-CTRD) identified 59 genes 

that were contained by rCNVs in both the combined ND-CTRD cohort and DS-CTRD 

cohort and deemed as recurrent in CTRD cohorts and not seen in controls (15 genes were in 

deletions in both cohorts, 22 genes were in duplications in both cohorts, and 38 genes were 

in different types of CNVs in the two case cohorts; Supporting Information Table S4). This 

number of shared genes is not statistically significant nor more than what would be expected 

by chance alone.

We used a gene-based case-control enrichment analysis on genes disrupted by CNVs in the 

combined ND-CTRD cohorts and the DS-CTRD cohort to determine if any genes were 

overrepresented in the CTRD cases as compared with their respective controls (Fisher’s 

Exact Test, two-tailed). The results are listed in Supporting Information Table S3. No genes 

remained significantly enriched in CTRD cases when all CNVs or only deletions or 

duplications were evaluated following the procedures and filtering criteria outlined in 

section 2.

3.4 | In silico functional and pathway analyses in patient cohorts

We examined several functional and pathway domains to determine whether genes listed in 

Supporting Information Table S3, sharing particular biological functions were enriched 

within rCNVs in ND-CTRD cases (combined ND-CTRD cohort 1 and ND-CTRD cohort 2) 

as well as in DS-CTRD cases, separately first and then in aggregate, as described in section 

2. GO analysis was performed on gene content from the full list of rCNVs to examine the 

annotated biological processes, cellular components, and molecular functions of genes 

impacted by CNVs in CTRD (combined ND-CTRD and DS-CTRD) cases versus controls. 

Only those GO terms (GO terms) identified in the ND-CTRD cohort as well as the DS-

CTRD cohort with nominal p values <.05 were selected for further analysis as described in 

section 2. The final GO terms were reported if their FDRs were <0.05 measured after 

combining all CTRD cases. The final results from the GO analyses are listed in Table 3. 

Thirty-seven terms were found to be significantly enriched in the combined CTRD cohorts 

(ND-CTRD and DS-CTRD) that met our criteria as described in section 2. Among them, 

several GO terms were found to be significantly enriched: “GO:0016477: Cell Migration” 

(FDR < 4.18E-05), “GO: 0048870: Cell Motility” (FDR < 5.30E-05), and “GO: 0043405: 
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Regulation of MAP Kinase Activity” (FDR < 4.46E-03). Migration of cardiac progenitor 

cells during embryogene-sis is a process tightly regulated and essential for proper heart 

development (Buckingham, Meilhac, & Zaffran, 2005). Pathogenic mutations in genes 

related to cell migration have been previously reported in patients with CTRDs 

(Buckingham et al., 2005; Di Felice & Zummo, 2009; Silversides et al., 2012). Further, 

mitogen-activated protein kinase (MAPK) signaling cascades have been shown to play 

critical roles in the pathogenesis of cardiac and vascular disease (Muslin, 2008).

Mammalian phenotype analysis was performed as a complementary case-control study to 

investigate phenotypes associated with genes impacted by rCNVs in ND-CTRD and DS-

CTRD cases versus controls, separately and then in aggregate, as described in section 2. 

MGI-derived MPO terms were associated with gene orthologs in the CTRD cases as 

compared with their controls. The results from the MP analyses are listed in Table 4. Thirty-

eight mammalian phenotype terms were identified as significantly enriched in the combined 

CTRD cohorts (ND-CTRD and DS-CTRD) that met our criteria as described in section 2. 

Relevant developmental phenotypes included: “Abnormal muscle physiology” (FDR < 

1.98E-03), “Abnormal Heart Development” (FDR < 2.56E-04), “Abnormal Cell 
Differentiation” (FDR < 6.18E-04), and “Abnormal Cardiovascular System Morphology” 

(FDR < 1.25E-03).

Gene interaction network analyses were performed using unique genes within rCNVs in the 

CTRD cohorts (both ND-CRTD and DS-CTRD cohorts) that were not found in any of the 

healthy controls or DS-CTRD controls. We collected 950 unique genes from the combined 

ND-CTRD cohort and 896 genes from the DS-CTRD cohort. Gene sets from each collection 

were imported separately, then in aggregate into the ReactomeFIViz component (https://

f1000research.com/articles/3-146/v2) (Wu et al., 2014) of gene interaction networks 

visualization software CytoScape (http://www.cytoscape.org) (v3.6) (Shannon et al., 2003). 

After importing the gene list into ReactomeFIViz software, we first built gene interaction 

and regulatory networks using the knowledge base of Reactome. The resulting gene 

networks were further grouped into modules based on their properties of connectivity using 

ReactomeFIViz’s internal build-in application. Functional enrichment rankings were 

provided for each module as well. Those modules were filtered by size and pathway 

enrichment; only statistically significant modules (FDR < 0.05) that contained five or more 

genes were retained. The gene network results from the merged unique genes identified from 

ND-CTRD and DS-CTRD cohorts are shown in Figure 2. We also characterized ND-CTRD 

and DS-CTRD gene interaction networks separately (Supporting Information Figure S1a, b, 

respectively). Several modules with functions and pathways that were significantly enriched 

in cases pertain to functions that are related to cell signaling such as the “Ras signaling 
pathway”, “G protein-coupled receptor (GPCR) signaling”, “Integrin Signaling Pathway”, 

and mRNA processing network (Figure 2, Supporting Information Figure S1,b). It is known 

that RNA binding proteins are tightly associated with regulation of heart development in 

general (Blech-Hermoni & Ladd, 2013). The combined unique gene interaction network 

identified a module with functional enrichment of “GPCR ligand binding”. G protein-

coupled receptors (GPCRs) collect a large group of membrane receptors and regulate 

various physiological processes. Some of the GPCR genes have been deemed therapeutic 
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targets in cardiovascular diseases due to their relevance to cardiogenesis and are essential for 

proper heart development (Belmonte & Blaxall, 2011).

3.5 | Mouse embryo homolog gene expression analysis

To further characterize the involvement of unique genes revealed by CNVs in the shared 

CTRD cohorts in heart development, we utilized a systems biology approach and publicly 

available mouse expression data to investigate the expression patterns of CTRD unique 

genes in different tissues and stages throughout heart development.

In the ND-CTRD cases, 855 of 950 unique genes within CNVs with mouse homologs were 

identified; 600 of these genes were significantly differentially expressed at p values <.01 

level along the time course of embryonic and heart development. Those 600 genes were 

clustered using the expression level data, which produced eight clusters with distinct 

expression patterns (Supporting Information Figure S2). Gene set enrichment analyses were 

performed among genes within each cluster. Cluster #5 was the only cluster that contained 

functions identified as statistically significantly enriched within the cluster after FDR 

adjustment (FDR < 0.05). Many of the significantly enriched functions in this cluster are 

directly related to cardiac development (the top 20 identified functions are shown in 

Supporting Information Table S5): “GO:0072358: Cardiovascular System Development” 

(FDR < 0.05), “GO:0072359: Circulatory System Development”, and “GO:0003013: 

Circulatory System Process” (FDR < 0.05).

The same process was repeated using the 848 unique genes with mouse homologs identified 

in the DS-CTRD cohorts; 576 genes were significantly differentially expressed at a nominal 

p value <.01 level. A total of 10 clusters were identified (Supporting Information Figure 

S2b). Interestingly, the gene expression profile of DS-CTRD cluster #8 was remarkably 

similar to cluster #5 in the ND-CTRD analysis. More interestingly, similar heart 

development related functions enriched in ND-CTRD cluster #5 were also listed as most 

significantly enriched in DS-CTRD cluster #8 (Supporting Information Table S6). Again, 

this cluster was the only cluster that contained functions identified as statistically 

significantly enriched within the cluster after FDR adjustment (FDR < 0.05).

We summed all unique genes identified from both the ND-CTRD and DS-CTRD cohorts 

and repeated the process. A total of 894 genes were selected and nine clusters were 

identified. As shown in Figure 3, the gene expression levels after E9.5 in cluster #7 in this 

merged analysis, as well as those in cluster #5 from the ND-CTRD cohort and those in 

cluster #8 from the DS-CTRD cohort remained consistently higher than other clusters 

throughout the rest of embryonic development. The functionality of cluster #7 using all 

CTRD unique genes is provided in Supporting Information Table S8. Many heart 

development terms were consistently enriched, with high significance, as detected in the DS-

CTRD cohort specific cluster #8 and the ND-CTRD cohort specific cluster #5 as well. 

Among them, “GO:0072358: Cardiovascular System Development” (FDR < 1.80E-05), 

“GO:0072359: Circulatory System Development” (FDR < 1.80E-05), and “GO:0001944: 

Vasculature Development”(FDR < 7.80E-05) were ranked as the top three most significantly 

enriched functions within cluster #7 (Supporting Information Table S7).
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The cardiac outflow tract greatly enlarges from embryonic day (E) 8.5–10.5 in mouse 

development, while mesodermal precursor cells from the second heart field are added 

(Review by Kelly, PMID: 22449840; Meilhac & Buckingham, 2018, PMID: 30266935). 

One interesting observation is that the expression level of all genes under interrogation 

remained constant after mouse E9.5 and throughout the rest of development, whereas 

expression levels were dynamic and highly variable prior to E9.5. This trend was consistent 

across all clusters and all CTRD data sets whether we studied ND-CTRD and DS-CTRD 

genes separately or aggregately.

4 | DISCUSSION

We studied rCNVs in the largest cohorts with and without 22q11.2 deletion who carry the 

same cardiac malformations to identify shared genes, developmental pathways or biological 

functions that could explain disease risk for CTRD. Even though ND-CTRD and DS-CTRD 

subjects carry comparable cardiac phenotypes, the genetic architecture of the two cohorts are 

considerably different given the 1.5–3 million base-pair 22q11.2 deletion in the DS-CTRD 

subjects. Nonetheless, our combined analyses allowed us to identify several statistically 

significant functional networks comprised of gene pathways associated with the cardiac 

phenotypes that were only suggested by our previous independent studies of the two cohorts 

(Mlynarski et al., 2015, 2016; Xie et al., 2017). Thus, we demonstrated that rCNVs collected 

from the ND-CTRD cohorts and DS-CTRD cohort did not share the same individual genes, 

but impacted genes sharing certain common pathways and gene networks with known 

functions. Many of the pathways and functions were previously reported as being associated 

with cardiac phenotypes, such as “GO:0016477: Cell Migration” that was identified from 

both the DS-CTRD and ND-CTRD cohorts. Likewise, it was very intriguing that cardiac 

developmental and morphology relevant terms from mammalian phenotype, such as 

“Abnormal Heart Development” and “Abnormal Cardiovascular System Morphology”, were 

significantly enriched in combined CTRD cohort cases as compared with their respective 

controls.

Constructing a regulation network using unique genes derived from the rCNV in cases 

generated meaningful insights into the etiology of CTRDs. Common pathways, such as 

pathways involving mRNA processing, were identified in both ND-CTRD and DS-CTRD 

cases independently, even though each cohort harbored different genes. Those results 

provided additional support to the hypothesis that ND-CTRD and DS-CTRD cases likely 

develop CTRD through common mechanisms.

We used publicly available mouse embryo microarray data to further investigate the 

expression patterns of unique genes from rCNVs in the CTRD cohorts. A gene expression 

pattern identified from ND-CTRD unique genes was also observed when using DS-CTRD 

unique genes, and also in the combined ND-CTRD and DS-CTRD unique gene list. 

Functional analysis of this particular expression profile revealed that genes recruited in this 

cluster were significantly enriched in various cardiac development terms.

CHD is characterized by significant genetic heterogeneity (Pierpont et al., 2007). rCNVs are 

considered important in the etiology of CHD and, as such, have been studied in detail in 
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recent years. With rare exception (e.g., CNVs at 1q21 or 8p23), the majority of studies 

report mostly novel or rCNVs. Likewise, we did not identify any single rCNV or gene 

significantly enriched in the CTRD cohorts. Instead, function, pathway, and gene regulation 

network analyses appeared to be more informative. Even so, the functions, pathways, and 

gene regulation networks identified in this study do not overlap with those defined by other 

early, large-scale cardiac rCNV studies (Glessner et al., 2014; Soemedi et al., 2012). This 

variability could potentially be due to the incomplete nature and evolving nature of the 

functional annotation of human genes. Limitations for different CHD rCNVs centered 

studies, as well as ours, such as genotyping platform limitations, CNV detection algorithm 

inefficiency, heterozygous cardiac phenotypic presentations and small study cohort sizes 

(incomplete sampling of the full CTRD population) could also be important factors 

underlying variable results.

As before, we observed an increased burden of rCNVs in the ND-CTRD cases, even though 

the ND-CTRD cases in this study represent only a subset of those previously reported (Xie 

et al., 2017). One might say that the rCNVs in ND-CTRD cases are more likely to represent 

the pathogenic driving events while the rCNVs in DS-CTRDs cases are more likely to 

modify the risk of CTRD given a 22q11.2 deletion (Mlynarski et al., 2015), but they appear 

to contribute to disease risk for CTRD in both cohorts. Although our rCNVs events are less 

likely to be recurrent within or between different CTRD cohorts, it was considered likely 

that they were linked to each other via shared developmental pathways. Our data support this 

hypothesis.

We also thoroughly inspected pathways known to be involved in heart development, such as 

the Notch pathway and chromatin modification genes. We did not detect any statistically 

significant difference comparing CTRD cases with controls. Given the known disease 

association of these pathways with CHDs, either we were underpowered to detect the 

association or the genetic architecture (i.e., rCNVs as opposed to single nucleotide variants) 

may be of importance. A much larger cohort and inclusion of various genotyping 

technologies is required to better understand the genetic etiology of these complex traits.

In summary, the combined gene content in rCNVs identified in two distinct CTRD cohorts, 

those with and without a 22q11.2 deletion, appears to contribute to pathways and functions 

critical to cardiovascular development not previously identified or determined to be 

significantly enriched. Studied separately and in combination, we observed that the rCNVs 

in these two genetically distinct CTRD patient cohorts (ND-CTRD and DS-CTRD cohorts) 

share a collection of functions, pathways, and gene regulation networks directly relevant to 

cardiac phenotypes despite the fact that the explicit gene content varied between the two 

cohorts. Gene expression pattern analyses also support the hypothesis that these two CTRD 

groups share genetic and developmental mechanisms underlying their cardiac phenotype. 

Increasing the size of the patient cohorts, with analyses emphasizing gene sets and 

incorporating gene expression data will likely enhance our understanding of the etiology of 

cardiac defects in the future.
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Refer to Web version on PubMed Central for supplementary material.
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FIGURE 1. 
Flow chart outlining process of data analysis
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FIGURE 2. 
CTRD unique gene interaction network using ReactomeFIViz. Top function within each 

cluster is highlighted at the top of each cluster. To simplify figure presentation, we annotated 

each module using its top enriched function or more abundant functional categories to 

illustrate each module’s functional characterization. Different connecting lines represent 

different biological events as illustrated in the legend in the figure
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FIGURE 3. 
CTRD unique gene expression in mouse heart development. Genes are clustered into groups 

based on their gene expression level at each embryonic developmental stage. Each line 

represents average gene expression levels among genes within a given cluster
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