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1. Introduction 

1.1 The high-throughput era 

High-throughput Sequencing (HTS) technologies provide simultaneous testing of multiple         

genes through the generation of millions of DNA sequences in hours, at great depth and               

decreasing costs ​(1)​. The fast success of NGS in research revolutionized the field of              

genomics and its implementation in patient’s care routine practice already transformed the            

field of medical diagnosis ​(2,3)​. High resolution, low biases and detection power make             

possible discoveries unachievable with previous technologies and now serve many purposes           

(4)​. Applications of NGS technologies in a clinical setting range from custom panels             

(multi-gene), whole-exome sequencing (WES), whole-genome sequencing (WGS),       

RNA-sequencing (RNA-seq) and epigenetic testing ​(5)​. 

Single-gene testing or custom panels are indicated when the clinical features for a patient              

are typical of a particular disorder and the association between the disorder and a few               

specific genes is well established ​(6)​. However, cardiomyopathies, epilepsy, congenital          

muscular dystrophy or X-linked intellectual disability ​(7) for instance are more complex            

diseases, mainly because of clinical variability and genetic locus heterogeneity, with many            

potential causal genes and variants. Such diseases now require large gene panels or WES              

to give clinicians a chance to make a diagnosis because other methods would be costly and                

time consuming. For inherited cancer risk evaluation, multi-gene panels may include           

high-penetrance genes as well as associated genes with a moderate increase in risk ​(7) but               

targeted exome sequencing is becoming increasingly popular for assessing the full diversity            

of cancer-related genes and the identification of subclonal mutations ​(8,9)​. The major benefit             

of WGS is the almost complete coverage of the genome, including structural variants,             

promoters and regulatory regions with a uniform coverage in the regions of interest (ROIs)              

but at the cost of having a lower depth of sequencing. Still, the chances of not detecting                 

disease-causing variants due to technical errors is much lower with WGS than WES             

(10–12)​. RNA-seq consists of an in-depth RNA analysis through NGS technologies and has             

become the go-to technology for whole transcriptome data generation ​(13)​. It enables            
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detection of novel gene isoforms, gene fusions, splice and structural variants, gene            

expression quantification and allele-specific expression quantification ​(14)​. 

1.2 Diagnostic and patient’s care improvements 

The usefulness of performing NGS in a clinical setting varies depending on the disorder.              

First, once potential causative variant(s) have been identified, useful information for variant            

interpretation can be gathered from existing databases such as gnomAD for population data             

at the variant and gene level ​(15) but also phenotypic and disease databases such as OMIM                

(16) and Orphanet ​(17) for gene specific prognostication ​(18,19)​. Second, if a diagnosis is              

achieved, it allows an end to an expensive and stressful diagnostic odyssey. Reaching a              

molecular diagnosis relieves the guilt that parents may face in the absence of a firm               

diagnosis ​(20,21) and helps them accept their child’s condition. Third, it allows for             

anticipatory management of other comorbidities that an individual may be susceptible to by             

assessing other organs for possible complications ​(22)​. More importantly, it facilitates           

genetic counseling and allows for more accurate estimates of recurrence risk in the family              

because identification of the molecular etiology can be used to guide subsequent            

pregnancies, either through prenatal diagnostics or preimplantation genetic diagnosis         

(23,24)​. In some situations, it also allows for identification of other at-risk family members              

and any available treatment can be instituted in the presymptomatic phase ​(21)​. For             

instance, identification of a mutation in a gene causing long QT syndrome in the proband               

can allow identification of other at-risk family members, who can then be monitored to              

implement appropriate care ​(25,26)​. Lastly, it is possible that targeted molecular therapy            

may be available for a specific genetic mutation that helps to improve the patient’s              

symptoms. For example, some individuals with vascular malformations involving somatic          

mutations in the AKT3-PI3K-mTOR pathway have been successfully treated with          

mTOR-inhibitors such as rapamycin ​(27,28)​. 
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1.3 Congenital Heart Diseases 

Congenital heart disease (CHD) defines a large set of structural and functional deficits that              

arise during cardiac embryogenesis such as coarctation of the aorta, aortic or pulmonary             

stenosis, atrial / ventricular / atrioventricular septal defect, tetralogy of Fallot , hypoplastic             

left heart, mitral atresia, patent ductus arteriosus, persistent truncus arteriosus, transposition           

of the great arteries… ​(29)​. It is the most common type of birth defect, occuring in ∼1% of                  

newborns and accounting for one third of all major congenital anomalies ​(30)​. Although             

environmental exposures are relevant ​(29,31)​, epidemiologic studies strongly suggest         

genetic factors as a cause of CHD. Oyen ​et al. showed that after exclusion of chromosomal                

defects, the population-associated risk given a positive family history of CHD was 4.2% and              

that parental consanguinity is associated with a 2- to 3-fold increased offspring risk of CHD               

(32)​. It is likely that there are a large number of causative genes overall, and the expected                 

frequency of causative variants for any one gene is low ​(33)​. Genes known to cause CHD                

already include transcription factors ​(34–36)​, signalling molecules ​(29,37,38) and chromatin          

modifiers ​(39–41) which direct the temporal and spatial expression of genes during cardiac             

development but the molecular basis underlying congenital heart defects largely remain to            

be elucidated. 

1.4 Challenges remain 

The data generated with HTS technologies have grown spectacularly and raw data volumes             

typically range between a few gigabytes per sample for WES and transcriptome data to              

around 100 gigabytes for WGS ​(42)​. Close to 100,000 SNVs and indels per individual are               

detected on WES ​(43) and millions on WGS ​(44)​. The main hurdle that remains is now to                 

translate this massive amount of genomic data into genomic medicine. Connecting variants            

to disease and distinguishing disease-causing genetic variants from candidate variants still is            

a complex task ​(45,46)​. Even though early steps are highly automated, the final aspects are               

not and rely on expert review and human interpretation instead. In a joint effort, The               

American College of Medical Genetics and Genomics (ACMG) and the Association for            
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Molecular Pathology (AMP) have described guidelines for classifying variants into five           

categories based on criteria using typical types of variant evidence (e.g., population data,             

computational data, functional data, segregation data) ​(47)​. Also, many computational          

approaches have been developed to tackle the variant prioritization problem regardless or            

not of the wider context of gene prioritization ​(48)​.  

RNA-sequencing based methods provide diverse measurements to assess the functional          

effects of genetic variants and have the potential for application across diverse areas of              

human health, including disease diagnosis, prognosis and therapeutic selection ​(14)​. For           

instance, splicing alterations or structural variants can give rise to alternative transcript            

variants that are implicated in human diseases, including developmental disorders ​(49)​,           

neurodegenerative disorders ​(50,51)​, neuromuscular disorders ​(52) and cancers ​(53)​. One          

recent approach to improve the interpretation of genetic variation and gene prioritization is to              

integrate functional genomic information in the form of allele-specific expression (ASE)           

obtained from disease-relevant tissues with genomic data ​(54–57)​. ASE data can be used to              

quantify expression variation between two haplotypes of a diploid individual distinguished by            

heterozygous sites ​(54)​. In 2019, Mohammadi ​et al. introduced the ANalysis of Expression             

Variation (ANEVA) to quantify genetic variation in gene dosage from allelic expression data             

in a population ​(58) and developed a framework to use these variance estimates in a dosage                

outlier test (ANEVA-DOT) that can be incorporated in rare disease NGS pipelines to use              

RNA-sequencing data more effectively. Applying this gene-prioritization method to ASE data           

from 70 Mendelian muscular disease patients showed accuracy in detecting genes with            

pathogenic variants in previously resolved cases and led to one confirmed and several             

potential new diagnoses ​(58)​.  

1.5 Study questions 

The purpose of this work was first to refine the general ANEVA-DOT pipeline to improve its                

accuracy by using phASER, a software providing measures of haplotypic expression that            

increases power and accuracy in studies of allelic expression ​(59)​. Second, we apply this              
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novel framework to a cohort of patients with Congenital Heart Diseases (CHDs) in order to               

identify variants responsible for patients’ diseases.  
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2. Material and methods 

2.1 The Congenital Heart Disease GEnetic NEtwork Study 

The Pediatric Cardiac Genomics Consortium (PCGC) designed the Congenital Heart          

Disease GEnetic NEtwork Study (CHD GENES) to provide phenotype and genotype data for             

a large congenital heart defects (CHDs) cohort ​(60)​. The PCGC cohort probands were             

recruited from five main sites (Children’s Hospital of Philadelphia, Columbia University           

Medical Center, Harvard Medical School including Boston Children’s Hospital and Brigham           

and Women’s Hospital, Icahn School of Medicine at Mount Sinai, and Yale School of              

Medicine) and four satellite sites (Children’s Hospital of Los Angeles, Cohen Children’s            

Medical Center, University College London, and University of Rochester Medical Center) in            

the United States and the United Kingdom (CHD Genes: NCT01196182) from November            

2010 onwards. Recruitment methods were center-specific, but cardiac diagnoses were          

confirmed by review of imaging (e.g., echocardiogram) and operative reports. CHD           

diagnoses were assigned using the International Paediatric and Congenital Cardiac Codes           

(​http://www.ipccc.net/​) and manually reviewed by the main investigators. In addition,          

information on cases and their parents was obtained during subject and family interviews             

(60)​. Information on genetic testing, genetic physical exams, and extracardiac malformations           

was abstracted from medical records. Patient’s recruitment, CHD diagnoses and information           

retrieval from medical records was performed by the PCGC consortium. 

2.2 Study population 

Our cohort is a subset of the CHD GENES cohort for which heart tissue samples were                

available. 397 heart tissue samples belonging to 350 patients were obtained from            

surgery-related discarded tissue. 257 samples corresponding to 220 patients remained after           

excluding RNA-seq samples that did not have a corresponding VCF file and excluding             

patients having more than 10% missing genotype calls. Samples originated from various            

anatomical regions of the heart but were classified into one of three categories according to               

their location: Atrial Appendage (HRTAA), Aorta (ARTAORT) and Left Ventricle (HRTLV) to            
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follow the Genotype-Tissue Expression (GTEx) ​(61) tissue collection sites. Patients were           

mainly newborn with a median age at consent of 6 months old (range: 0-21 years old). 64                 

samples were Aorta (ARTAORT) samples, 100 were Atrial Appendage (HRTAA) samples           

and  94 were Left Ventricle (HRTLV) samples (Figure 1).  

 

Figure 1: Age at consent and samples tissue of origin. 

Left: Age at consent distribution for our patients. Right: Number of samples according to the               

tissue of origin. ARTAORT: Aorta, HRTAA: Atrial Appendage, HRTLV: Left Ventricle of the             

heart. 

2.3 Dosage outlier testing from allelic expression 

ANEVA is used to quantify genetic variation in gene dosage from allelic expression data in a                

population. It allows biologically interpretable estimates of genetic variation in gene           

expression within a population to be derived from ASE read count data ​(58)​. More              

specifically, for each gene, it estimates V​G​, the expected variance in the dosage that is due                

to interindividual genetic differences within a population ​(58)​. Mohammadi ​et al. also            

developed the ANEVA-Dosage Outlier Test (ANEVA-DOT) to identify genes with an           

unusually strong effect on gene dosage using V​G scores and the observed gene expression              

pattern derived from ASE within one individual’s tissue ​(58)​. If the observed allelic imbalance              

in an individual is not consistent with dosage variation in the general population, the gene is                

more likely affected by a heterozygous genetic variant. ANEVA-DOT is available as an R              

package and was performed for each sample independently. Only sites where the total             

coverage (REF count + ALT count) was > 10 were considered for testing. V​G scores based                
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on heart tissue data from GTEx version 8, available from ​https://github.com/PejLab/           

ANEVA-DOT_ reference_datasets/tree/master/​, were used. This provided a list of significant          

ANEVA-DOT outlier genes at 5% FDR for each sample (hereafter outlier genes). 

2.4 RNA-seq data generation 

RNA was purified from RNA later-treated frozen samples, using Trizol (Life Technologies).            

RNA (RIN > 5) was converted into cDNA and into RNA-seq libraries as described before               

(62)​. In brief, purified poly-A RNA that had gone through two rounds of oligo-dT selection               

was converted into cDNA and then made into RNA-seq libraries. Libraries were sequenced             

(Illumina HiSeq 2000 or Illumina HiSeq 2500, 50-base paired-end reads) to a target depth of               

> 20 million reads (median, 57 million reads). Mitochondrial reads were discarded using             

Samtools ​(63)​. Reads were aligned using TopHat 1.4 ​(64) to the Hg19 build of the human                

genome. RNA-seq data generation and alignment with TopHat was performed by the PCGC             

consortium. 

Because ANEVA V​G scores were calculated based on data from GTEx version 8, thus              

depending on the Hg38 build of the human genome, we re-aligned RNA-seq data to Hg38.               

Briefly, RNA-seq BAM files were converted back to unaligned BAM files using Picard             

RevertSam version 2.21.3 ​(65) and subsequently to FASTQ files using bedtools v2.25.0 ​(66)             

bamtofastq utility before being realigned to the Hg38 build of the human genome using              

STAR 2.7.3 ​(67) in two-pass mode and the --waspOutputMode parameter set to “SAMtag”.             

This parameter is a re-implementation of the original WASP algorithm developed by Bryce             

van de Geijn ​et al. ​(68)​. Briefly, when aligning reads that contain the non-reference allele to                

a reference genome, these may not map uniquely or might map to a different (incorrect)               

location in the genome ​(69)​. WASP overcomes mapping bias by identifying mapped reads             

that overlap SNVs. For each read that overlaps a SNV, the allele that is present in the read                  

is changed to match the SNV’s other allele, and the read is remapped. If a remapped read                 

does map to exactly the same location, STAR will add the vW tag to the SAM output: vW:i:1                  

meaning alignment passed WASP filtering ​(70)​. If not, the read is tagged with vW:i:[2-7]              
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depending on the WASP quality criteria that failed. Mapping bias correction using WASP is              

the gold standard procedure for ASE analyses ​(71)​. 

2.5 WES and WGS data generation 

Exomes were captured and sequenced at the Yale Center for Genome Analysis, as             

previously described ​(39)​. In brief, gDNA isolated from venous blood was captured with the              

NimbleGen v2.0 exome capture reagent (Roche) and sequenced (Illumina HiSeq 2000, 75            

base paired-end reads) to a mean read depth of 107 ​(72)​. Reads were aligned to the Hg19                 

build of the human genome using Novoalign (Novocraft), and further processed using the             

Genome Analysis ToolKit (GATK) Best Practices workflows (34–36). Single nucleotide          

variants and indels were called with GATK HaplotypeCaller ​(73)​. 

Whole-genome sequencing was performed at the Baylor College of Medicine Genomic and            

RNA Profiling Core, the New York Genome Center (NYGC) Genomic Research Services,            

and the Broad Institute for Genomic Services as previously described ​(74)​. Briefly, gDNA             

from venous blood or saliva was prepared for sequencing using a PCR-free library             

preparation. All samples were sequenced on an Illumina Hi-Seq X Ten system with 150-bp              

paired reads to a median depth of > 30× per individual. Reads were aligned to the Hg19 or                  

Hg38 build of the human genome with the Burrows-Wheeler Aligner (BWA-MEM) ​(75)​.            

GATK best practices recommendations were implemented for base quality score          

recalibration, indel realignment, and duplicate removal ​(73)​. 

Patients VCF files were reviewed by a team of experts from New York-Presbyterian             

Hospital/Columbia University Medical Center Clinical Genetics and Genomics department.         

213/220 patients did not have a genetic diagnosis after analysis of their WES or WGS data                

(60)​. WES / WGS data generation and VCF files review were performed by the PCGC               

consortium. 

2.6 WES and WGS preprocessing 

VCF files were lifted over from the Hg19 to Hg38 build of the human genome using                

Crossmap v0.4.2 ​(76)​. 70 patients were sequenced twice, once as WES and a second time               
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as WGS. For these patients, both files were concatenated into a unique file, dropping              

duplicate records. Then, the number of missing genotypes calls per patient was assessed             

and patient’s sex was empirically confirmed as part of our quality control check using Plink               

v2.00 ​(77)​, an open-source whole genome association analysis toolset. Patients having           

more than 10% missing genotype calls were removed from downstream analysis. 

 

Two VCFs file versions were then made for each patient depending on the subsequent              

destination pipeline for ASE data generation: 

- ASEReadCounter pipeline: MultiNucleotide Polymorphisms (MNP) were split into        

Single Nucleotide Polymorphisms using GATK VariantsToAllelicPrimitives tool and        

only SNVs were selected using GATK SelectVariants tool ​(73)​. 

- phASER pipeline: VCF files were phased for each patient using the 1000 genomes             

dataset ​(78) as a reference panel +/- parents information when it was available using              

SHAPEIT4, a fast and accurate method for phasing high coverage sequencing data            

(79)​. 

2.7 Allele Specific Expression data generation 

Using RNA-seq data, the general idea of generating ASE data corresponds to the tallying of               

the number of reads that carry the reference allele and the number of reads that support the                 

alternate allele, denominated as REF count and ALT count, respectively. We tested for any              

identity mismatches between VCF files and RNA-seq data using QTLtools v1.2 MBV utility             

(80)​ and corrected them where appropriate. 

 

ASE was generated in two different ways as part of the two pipelines we wanted to evaluate: 

- ASEReadCounter_wasp pipeline: Allele-specific counts were generated from       

uniquely mapping reads using the GATK ASEReadCounter ​(73) utility taking a           

patient’s VCF file (pre-processed as described above “2.6 WES and WGS           

preprocessing” > “ASEReadCounter pipeline) and the corresponding RNA-seq BAM         

17 

https://www.zotero.org/google-docs/?njmYne
https://www.zotero.org/google-docs/?Gh30Yv
https://www.zotero.org/google-docs/?5DO1gv
https://www.zotero.org/google-docs/?XyfQ9Z
https://www.zotero.org/google-docs/?31SjvV
https://www.zotero.org/google-docs/?0t8lyD


file filtered to keep only reads that passed WASP quality criteria (tagged with vW:i:1)              

as input. The output ASE data was subsequently annotated using gencode v26 ​(81)​.  

- Phaser_wasp pipeline: Allele-specific counts were generated from uniquely        

mapping reads using phASER ​(59)​. phASER addresses the limitation of double           

counting of reads with tools like ASEReadCounter if multiple heterozygous variants in            

the same gene are covered by the same read ​(59)​. Instead, phASER integrates read              

counts across phased variants in order to quantify the expression of phased            

haplotypes by reporting the number of unique reads that map to each, which can              

greatly improve the power to detect ASE ​(59)​. For any given sample, phASER takes              

a VCF file (pre-processed as described above “2.6 WES and WGS preprocessing” >             

“phASER pipeline) and the corresponding RNA-seq BAM file filtered to keep only            

reads that passed WASP quality criteria (tagged with vW:i:1) and generates           

haplotype level ASE data. The output ASE data was subsequently annotated using            

gencode v26 ​(81)​. 

2.8 Putative causal variant screening 

Even though our patients' VCF files had already been reviewed by a team of experts,               

annotation update and WGS / WES reanalysis has proven useful before ​(82–86)​. Each             

patient’s VCF file was annotated using Ensembl Variant Effect Predictor (VEP) v.99.2 ​(87)             

and dbNSFP4.1a ​(88,89)​. 

We first assessed whether variants found within ANEVA-DOT’s outlier genes could be            

classified as pathogenic or likely pathogenic according to the ACMG-AMP standards and            

guidelines for the interpretation of sequence variants ​(47)​. 

We then filtered variants to retain only variants found within genes previously implicated in              

Congenital Heart Diseases (hereafter: “panel genes”), that were rare (< 0.1% in gnomAD v3              

(90)​) and with genotype quality > 20. We assessed whether these variants could be              

classified as pathogenic or likely pathogenic according to the ACMG-AMP guidelines for            

each patient. Our list of panel genes was curated from various sources: ClinGen gene list of                

CHD genes updated by clingen experts working group (not yet released), heart disease             
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diagnostic panel from Nantes teaching hospital as well as panels from private genetic testing              

companies (Invitae “Congenital Heart Disease Panel”, Fulgent “Congenital Heart Defect          

NGS Panel”, Blueprints Genetics “Congenital Structural Heart Disease Panel”, CeGaT          

GmbH “Congenital Heart Defects Panel” and Fulgent “Comprehensive Cardiovascular NGS          

Panel”). In total, our list of panel genes included 396 unique genes (Supplementary List 1).  

For trios, we also assessed all de novo variants found within panel genes in accordance with                

the ACMG-AMP guidelines. 
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2.9 Flowchart overview 
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3. Results 

3.1 Trisomy 21 patients show allelic imbalance on chromosome 21 

15/220 (6.8%) patients had trisomy 21. We suspected that these patients would display             

strong allelic imbalance for chromosome 21 genes. Figure 2 shows that genes on             

chromosome 21 for these patients follow a ⅓ ⅔ expression pattern due to the additional               

chromosome 21 whereas the pattern displayed by genes on chromosomes other than            

chromosome 21 shows a balanced allelic expression (50/50 ratio). 

 

Figure 2: Comparison between reference and alternative counts for trisomy 21           

patients. 

For each gene that could be tested by ANEVA-DOT, comparison between reference and             

alternative counts for genes outside of chromosome 21 (left panel) and genes on             

chromosome 21 (right panel). Blue and orange lines represent the theoretical ⅓ and ⅔              

distribution of allelic expression. 

 

Figure 3 shows a strong enrichment in low p-values after ANEVA-DOT on chromosome 21              

compared with other chromosomes of patients with trisomy 21. Overall, 9.2% of the genes              

on chromosome 21 were outliers as compared to a maximum of 1.4% for chromosomes              

other than chromosome 21. This difference was expected since ANEVA-DOT tests against            
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the null hypothesis that the observed allelic imbalance in an individual is consistent with              

dosage variation in the general population. However, ANEVA-DOT expects a 50/50 ratio as             

the null which is not a valid hypothesis for patients with trisomy 21 (⅓ ⅔ ratio of allelic                  

expression). 

 

Figure 3: Distribution of ANEVA-DOT p-values for trisomy 21 patients. 

Distribution of p-values for genes outside of chromosome 21 (left panel) compared to genes              

on chromosome 21 (right panel). 

 

Because trisomy 21 patients show allelic imbalance on chromosome 21 that biases the             

ANEVA-DOT test, chromosome 21 data for patients with trisomy 21 was removed from all              

subsequent analysis. 

3.2 phASER increases the number of genes tested while keeping outlier           

genes low 

In order to assess each pipeline’s ability to capture allelic imbalance signal in relevant              

genes, we computed the number of genes that could be tested by ANEVA-DOT, the number               

of outlier genes: genes that were significant at 5% false discovery rate (FDR) and the ratio of                 

the number of [significant] / [tested] genes. Table 1 shows the number of genes tested and                

the number of outlier genes for the top 5 samples with the highest ratio [significant] / [tested].                 
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One sample (1-05121_CHD-L233-1_DA) had a number of significant genes ~ 6 times higher             

than the second maximum number of outlier genes and was removed from all subsequent              

analysis. 

 

Table 1: Number of genes tested, significant and ratio of the number of genes              

[significant] / [tested] using phASER pipeline for the top 5 samples with the highest              

ratio. 

Sample_ID 
Number of genes 

tested Number of outlier genes 
Ratio [significant] / 

[tested] 

1-05121_CHD-L233-1_DA 2060 223 0.11 

1-00842_CHD-C13-1_RA 1030 38 0.04 
1-00842_CHD-C13-3_LA 1453 50 0.03 

1-00842_CHD-C13-4_LV 1576 47 0.03 

1-04693_CHD-L218-2_AS 3307 96 0.03 

 

We then computed the number of unique genes that could be tested and the number of                

unique outlier genes across all samples for each tissue, and separated samples that had              

WES from samples that had WGS (Figure 4). On average, phASER was able to test 1.70                

times more unique genes compared with ASEReadCounter while finding 0.69 times less            

unique outlier genes (Supplementary Table 1).  

The ASEReadCounter pipeline was able to test 1.16 times more unique genes and find 1.84               

times more unique outlier genes across samples if WGS was performed compared to WES              

on average. (Supplementary Table 2) 

phASER pipeline was able to test 1.39 times more unique genes and find 1.32 times more                

unique outlier genes across samples if WGS was performed compared to WES on average.              

(Supplementary Table 2) 
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Figure 4: Number of unique genes tested and number of unique outlier genes across              

all samples. 

Left panel: Number of unique genes that could be tested by ANEVA-DOT across all              

samples, according to the pipeline, the samples’ tissue of origin and the sequencing method              

(bright colors correspond to WES and light colors correspond to WGS). Right panel: Number              

of outlier genes after ANEVA-DOT across all samples, according to the same categories as              

the left panel. 

 

For patients who had ​WGS sequencing performed, the median number of genes ​tested per              

sample was 2835 and 5585 for ASEReadCounter_wasp and phaser_wasp pipelines,          

respectively ​(Figure 5)​. 

For patients who had ​WES sequencing performed, the median number of genes ​tested per              

sample was 1467 and 1842 for ASEReadCounter_wasp and phaser_wasp pipelines,          

respectively ​(Figure 5)​. 

For patients who had ​WGS sequencing performed, the median number of ​outlier genes per              

sample was 46 and 9 for ASEReadCounter_wasp and phaser_wasp pipelines, respectively           

(Figure 5)​. 
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For patients who had ​WES sequencing performed, the median number of ​outlier genes per              

sample was 28 and 7 for ASEReadCounter_wasp and phaser_wasp pipelines, respectively           

(Figure 5)​. 

 

Figure 5: Number of genes tested, significant and ratio of [significant] / [tested] genes              

for each sample. 

Each dot represents a sample for which we computed the number of genes tested (left               

panel), significant (middle panel) and the ratio of the two (right panel). Orange and blue               

colors represent samples for whom WES or WGS sequencing was performed, respectively. 

 

For any given sample, ANEVA-DOT can only be calculated for the fraction of genes that               

have deep enough RNA-seq coverage and at least one heterozygous variant to distinguish             

between reference and alternate alleles during ASE data generation. Table 2 shows the             

median proportion of panel genes that could be tested by ANEVA-DOT per individual             

according to the pipeline used and the sequencing method. In the original ANEVA-DOT             

paper, Mohammadi ​et al. tested ANEVA-DOT in the general population of 466 skeletal             

muscle samples from GTEx. They describe a median of 3390 genes tested per individual              

and an average of 56% of the genes previously implicated in neuromuscular disorders to be               

testable per individual ​(58)​. This proportion is very similar to what we show for phASER               
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pipeline and WGS despite the fact that RNA-sequencing depth in the original muscle dataset              

was on average over 40% deeper than for our samples ​(91)​. 

 

Table 2: Proportion of panel genes that could be tested by ANEVA-DOT according to              

the pipeline used and the sequencing method. 

Pipeline WES or WGS Median proportion of panel genes tested 
ASEReadCounter_wasp WGS 35.6% 

ASEReadCounter_wasp WES 20.7% 

phaser_wasp WGS 56.3% 

phaser_wasp WES 23.8% 

 

phASER allows for testing of a larger number of genes per sample and a larger proportion of                 

panel genes compared with ASEReadCounter. Besides, WGS samples have about 3 times            

as many genes tested and twice as many panel genes tested compared with WES. 

3.3 phASER increases coverage and lowers frequent outliers 

For each gene tested across any sample, we compared the total coverage (REF count +               

ALT count) between ASEReadCounter and phASER pipelines for each tissue (Figure 6).            

Total coverage was highly positively correlated but phASER allows for better coverage with             

a median coverage 1.38 times higher if phASER is used. 
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Figure 6: Gene coverage comparison between ASEReadCounter and phASER         

pipelines. 

For each gene, comparison of its total coverage between phASER (x axis) and             

ASEReadCounter (y axis) for Atrial Appendage (left panel), Left Ventricle (middle panel),            

and Aorta (right panel) tissues. Orange lines represent the theoretical x = y distribution. 

 

Some genes can appear as outlier genes in multiple samples. Frequent outlier genes are              

genes that appeared as outliers in > 1% of the samples. These genes likely represent rare                

situations where V​G calculated based on one allelic expression SNV (aeSNV) captures            

different regulatory variance patterns than other aeSNVs in the same gene that may be used               

for ANEVA-DOT analysis of a given individual ​(58)​. Some frequent outlier genes may also              

arise due to the fact that outlier status was associated with ancestry, sex, or sequencing               

platform that introduce a systematic bias in ANEVA-DOT calculation ​(58)​. However, since            

our cohort only includes patients presenting similar phenotypes, frequent outlier genes could            

also, in principle, include disease genes. For instance, ​ELN​, a gene known to be implicated               

in supravalvular aortic stenosis ​(92,93) and ​SMAD6​, known to be implicated in aortic isthmus              

stenosis and bicuspid aortic valve ​(94–96) are genes that appear as frequent outliers in our               

cohort (5.5%, 95% confidence interval [CI]: [1.1%-15%] and 8.3%, 95% CI: [1.0%-27%],            

respectively). 

 

Mohammadi ​et al. showed that in the general population of 466 skeletal muscle samples              

from GTEx ​(58) 1.93% of the genes tested were frequent outliers (113 out of 5848 genes                
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tested) which is less than our ASEReadCounter pipeline (Table 3). However, ANEVA-DOT            

was developed using the GTEx dataset which may reduce the noise when testing the              

method on this same dataset. Besides, V​G scores originate from the GTEx samples which              

were sequenced at a greater depth and include healthy adults whereas our population is              

composed of newborn patients for the main part which may not be fully comparable ​(97,98)​. 

Our phASER pipeline shows less frequent outliers than ASEReadCounter and less frequent            

outliers than the original method.  
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Table 3: Absolute counts and proportion of frequent outlier genes. 

Pipeline Tissue 

Number of genes 
not frequent 
outlier 

Number of 
frequent outliers 
genes 

Proportion of 
frequent outliers 

ASEReadCounter_wasp ARTAORT 7025 287 3.93% 

ASEReadCounter_wasp HRTAA 6261 386 5.81% 

ASEReadCounter_wasp HRTLV 5503 468 7.84% 

phaser_wasp ARTAORT 12400 35 0.28% 

phaser_wasp HRTAA 12483 53 0.42% 

phaser_wasp HRTLV 11903 85 0.71% 

 

Since phaser_wasp pipeline allows for better coverage, a higher number of genes tested, a              

lower number of outlier genes per sample, a lower proportion of frequent outlier genes and a                

higher proportion of panel genes tested, all subsequent analyses were made based on             

phaser_wasp pipeline data. 

3.4 Outlier genes are enriched for rare and deleterious variants 

We computed the relative risk ratio for an outlier gene to carry a rare heterozygous variant                

(minor allele frequency < 1%) in a 10-kb window upstream of the transcriptional start site and                

in the gene body compared with non-outlier genes. We show that the lower the p-value is at                 

5% FDR, the more enriched for rare variants an outlier gene is, compared to non-outlier               

genes (Figure 7). The weaker signal for WGS data may be due to the fact that introns are                  

captured better in WGS data and contain many rare variants but only a few are functional                

(Supplementary Table 3). 
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Figure 7: Enrichment for rare variants (minor allele frequency < 1%) in outlier genes              

as a function of outlier p-value. 

Left panel: Relative risk ratio for an outlier gene to carry a rare variant when considering                

patients for whom WES was performed. Right panel: Relative risk ratio for an outlier gene to                

carry a rare variant when considering patients for whom WGS was performed. 

 

This enrichment was particularly pronounced for putative rare (minor allele frequency < 1%)             

gene-disrupting variants that are expected to have a strong effect on gene expression levels              

by nonsense-mediated decay (Figure 8). The top 3 most enriched consequence categories            

are splice donor variants, splice acceptor variants and stop gained variants for WGS patients              

with a relative risk ratio of 3.9, 3.6 and 3.1, respectively and protein altering variants, stop                

gained variants and splice donor variants for WES with a relative risk ratio of 9.4, 7.7 and                 

4.0, respectively. 
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Figure 8: Enrichment for rare (minor allele frequency < 1%) gene-disrupting variants in             

outlier genes according to their predicted consequence. 

Left panel: Relative risk ratio for an outlier gene to carry a rare gene-disrupting variant when                

considering patients for whom WES was performed. Right panel: Relative risk ratio for an              

outlier gene to carry a rare gene-disrupting variant when considering patients for whom             

WGS was performed. 

3.5 Previously resolved cases 

After careful evaluation of patients variants following the ACMG-AMP guidelines by a team             

of experts from New York-Presbyterian Hospital/Columbia University Medical Center Clinical          

Genetics and Genomics department, diagnosis were made for 7/220 patients. Two patients            

carried microdeletion / microduplication which can not be spotted using ANEVA-DOT since            

outlier genes should carry variants that lead to allelic imbalance to be detected: typically              

loss-of-function or essential splice site variants ​(52)​. Patients 1-01026, 1-02038 and 1-02838            

incriminated variants were: ​NOTCH1​(NP_060087.3:p.Asn510LysfsTer2), ​CHD7     

(NP_060250.2:p.Tyr2601Ter) and ​KMT2D ​(NP_003473.3:p.Gln1893Ter), respectively.     

These genes could not be tested by ANEVA-DOT for these patients due to low coverage.               

Patients 1-00541 and 1-00596 incriminated variants were       

RAI1​(ENSP00000463984.1:p.Ala84fs, non-canonical transcript) and ​KMT2D     

(NP_003473.3:p.Ser1722ArgfsTer9), respectively. These genes were tested by       
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ANEVA-DOT but no allelic imbalance could be detected. No other strong candidate was             

found for these patients. 

3.6 Heart relevant pathogenic variants 

Patient 1-05368 is a newborn patient presenting with coarctation of the aorta, atrial septal              

defect, double outlet right ventricle and hypoplastic left ventricle. ANEVA-DOT identified           

RNA Binding Fox-1 Homolog 2 (​RBFOX2​) as the third most significant outlier gene for this               

patient, displaying complete allelic imbalance. The patient carries a de novo, rare (Allelic             

Count (AC) = 1 in gnomAD v3), heterozygous, stop gain variant           

(NM_001082579.2:c.1069C>T, NP_001076048.1: p.Arg357Ter) in ​RBFOX2. This gene is        

highly intolerant to loss of function variants with an observed / expected (o/e) number of               

loss-of-function variants ratio of 0.04 (90% CI: 0.01 - 0.19). This variant is pathogenic              

according to the ACMG-AMP guidelines. 

RBFOX2 encodes an RNA binding protein that is thought to be a key regulator of alternative                

exon splicing in the nervous system and other cell types. The protein binds to a conserved                

UGCAUG element found downstream of many alternatively spliced exons and promotes           

inclusion of the alternative exon in mature transcripts ​(99)​. Rbfox2 is critical for zebrafish              

heart development ​(100) and regulates epithelial-mesenchymal transitions ​(101) which is          

thought to underlie hypoplastic left heart syndrome pathogenesis ​(102)​. 

Even though ​RBFOX2 is not in our curated list of panel genes, deleterious Single Nucleotide               

Variants (SNVs) in this gene have been implicated in CHD and more specifically hypoplastic              

left heart syndrome ​(103,104)​. In 2014, Glessner ​et al. ​also reported a de novo copy               

number loss that encompasses ​RBFOX2 in a CHD proband with hypoplastic left heart             

syndrome ​(105)​.  

Given the segregation evidence, the phenotype match and the allelic imbalance, it is             

reasonable to think that this gene’s disruption is responsible for the patient’s disease. 

 

Patient 1-02627 is an 8 years old patient presenting with tetralogy of Fallot, strabismus,              

hearing loss and cleft lip and palate. For this patient, ANEVA-DOT prioritized the endoglin              
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(​ENG) gene (p-value of 2.8e-10 at 5% FDR). ​ENG is highly intolerant to loss-of-function              

variants with an o/e ratio of 0.09 (90% CI: 0.04 - 0.24) and found within Blueprints Genetics                 

“Congenital Structural Heart Disease Panel”. The patient carries a de novo, heterozygous,            

frameshift variant (NM_001114753.2: c.742_743insT,    

NP_001108225.1:p.Asp248ValfsTer86) unknown from gnomAD v3 and displays strong        

allelic imbalance based on RNA-seq data. This variant is pathogenic according to the             

ACMG-AMP guidelines. 

ENG encodes a homodimeric transmembrane protein which is a major glycoprotein of the             

vascular endothelium as part of the transforming growth factor beta (TGF-β) receptor            

complex. Endoglin loss of function endothelial cells were shown to acquire venous            

characteristics and displayed secondary endoglin-independent proliferation resulting in        

arteriovenous malformation (AVM) ​(106)​. Besides, endoglin mutant blood vessels were          

shown to continue to enlarge in response to flow increases, exacerbating pre-existing            

embryonic arterial-venous shunts ​(107)​. This gene is also involved in heart development            

(108)​. Deleterious variants in this gene cause hereditary hemorrhagic telangiectasia, an           

autosomal dominant multisystemic vascular dysplasia. Further variant interpretation is         

required to assess the causal relationship between the frameshift variant and the observed             

cardiac phenotype. This variant may also be considered an incidental finding, however ​ENG             

is not in the ACMG list of genes recommended for reporting incidental findings ​(109,110)​. 

 

For patient 1-06936, a 3 months old patient presenting with ventricular septal defect,             

ANEVA-DOT prioritized Mitogen-Activated Protein Kinase Kinase 1 (​MAP2K1​) (p-value         

2.5e-05 at 5% FDR) which displayed complete allelic imbalance. The patient carries a             

heterozygous, stop gain variant (NM_002755.3:c.741G>A, NP_002746.1:p.Trp247Ter),      

unknown from gnomAD v3, inherited from his mother. This variant is pathogenic according to              

the ACMG-AMP guidelines. MAP2K1 is intolerant to loss of function variants with an o/e ratio               

of 0.15 (90% CI: 0.07 - 0.38). 

MAP2K1 encodes a protein kinase that lies upstream of MAP kinases and stimulates the              

enzymatic activity of MAP kinases upon a wide variety of extra- and intracellular signals. As               
33 

https://www.zotero.org/google-docs/?62Je2x
https://www.zotero.org/google-docs/?4OEB3M
https://www.zotero.org/google-docs/?SYZEAw
https://www.zotero.org/google-docs/?QLh6pu


an essential component of MAP kinase signal transduction pathway, this kinase is involved             

in many cellular processes. Diseases associated with MAP2K1 include cardiofaciocutaneous          

syndrome 3, an autosomal dominant disorder involving characteristic craniofacial features,          

hair and skin abnormalities, postnatal growth deficiency, hypotonia, developmental delay          

and cardiovascular malformations including ventricular septal defects ​(111)​. Distinctive         

features of ​MAP2K1 variant-positive cases include macrostomia and horizontal shape of           

palpebral fissures ​(112)​. However, these lesions typically develop over time and thus may             

not be helpful given our patient’s age. Further analyses are needed to assess a potential               

incomplete penetrance mechanism for this variant. 

3.7 Deleterious variants 

Patient 1-01021 was 10 months old at the time of enrollment. Even though clinical evaluation               

of extra-cardiac manifestation can be difficult given the patient’s age, the only reported             

phenotype for this patient was D-loop transposition of the great arteries with ventricular             

septal defect and left ventricular outflow tract obstruction as well as laryngomalacia. The             

Phosphoglucomutase 1 (​PGM1​) gene was identified by ANEVA-DOT as an outlier gene            

(p-value 1.5e-5 at 5% FDR) and displayed complete allelic imbalance. The patient carries a              

stop gain, heterozygous variant (NM_002633.3:c.763G>T, NP_002624.2:p.Glu255Ter),      

unknown from gnomAD v3, in ​PGM1​. Parents’ genotypes were not available. 

There are several PGM isozymes, which are encoded by different genes and catalyze the              

transfer of phosphate between the 1 and 6 positions of glucose. In most cell types, PGM1 is                 

predominant, representing about 90% of total PGM activity. Decreased PGM1 activity is            

responsible for congenital disorder of glycosylation type It and glycogen storage disease            

inherited on an autosomal recessive mode. This disorder encompasses a wide range of             

clinical manifestations, most commonly presenting with Pierre Robin sequence, bifid uvula           

with or without cleft palate at birth, growth delay, chronic hepatitis, exercise-related fatigue,             

muscle weakness, intermittent hypoglycemia, and dilated cardiomyopathy and/or cardiac         

arrest and has been implicated in severe familial cardiomyopathy ​(113–115)​. Further           

34 

https://www.zotero.org/google-docs/?t92qDr
https://www.zotero.org/google-docs/?zO8ZFk
https://www.zotero.org/google-docs/?wm13za


investigations are needed to clarify this variant’s inheritance, find a potential second hit and              

assess overall involvement in the patient’s phenotype 

 

Patient 1-00384 is a 17 years old female of african ancestry presenting with hypoplastic left               

heart syndrome and mitral atresia. ANEVA-DOT identified Alanyl-TRNA Synthetase Domain          

Containing 1 (​AARSD1​) as an outlier gene in the 3 tissues available for this patient. A rare                 

(AC = 38 and Allele Frequency (AF) = 0.0009 in gnomAD v3 for the African population) loss                 

of function, heterozygous splice site variant (NM_001261434.2: c.1104-1G>T) inherited from          

her mother was identified in ​AARSD1​. This variant is of uncertain significance according to              

the ACMG-AMP guidelines. ​AARSD1 is expected to be tolerant to loss of function variants              

with an o/e ratio of 0.73 (90% CI: 0.49 - 1.11). 

AARSD1 encodes a muscle-specific Hsp90 cochaperone whose knock down was shown to            

interfere with the differentiation of myoblasts into myotubes ​(116)​. More specifically,           

AARSD1 is part of a complex that promotes heme insertion into immature apo-Myoglobin,             

and thus generates functional myoglobin during muscle myotube formation ​(117)​. 

Readthrough transcription between the neighboring ​PTGES3L (prostaglandin E synthase 3          

(cytosolic)-like) and ​AARSD1 genes also occurs at this locus. The readthrough transcript            

encodes a fusion protein that is also affected by this variant (NM_001136042.2:            

c.1626-1G>T). The function of the fusion protein remains unclear. 

This variant’s impact on splicing remains to be clarified (Figure 9). Further analyses are              

needed to assess the relevance of this finding and a potential incomplete penetrance             

mechanism for the mother. 
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Figure 9: Sashimi plot for ​AARSD1​ for all available samples from patient 1-00384.  

Patient 1-00842, also of african ancestry, does not carry any suspicious variant in this gene               

and was added for comparison purposes. 

3.8 Are frequent outlier genes relevant? 

Two genes, elastin (​ELN​) and SMAD Family Member 6 (​SMAD6​), appeared as frequent             

outliers in our cohort (5.5%, 95% confidence interval [CI]: [1.1%-15%] and 8.3%, 95% CI:              

[1.0%-27%], respectively) but also belonged to gene panels. We assess below the relevance             

of the variants found within these genes. 

 

ELN encodes a protein that is one of the two components of elastic fibers. Degradation               

products of the encoded protein, known as elastokines, bind the elastin receptor complex             

and other receptors and stimulate migration and proliferation of monocytes and skin            

fibroblasts. Elastokines can also contribute to cancer progression. Deletions and SNVs in            

this gene are associated with supravalvular aortic stenosis and autosomal dominant cutis            

laxa ​(92,93)​. This gene was an ANEVA-DOT outlier for the aorta tissue type in 3 patients out                 

of 55 tested. Patient 1-02969 presented with hypoplastic left heart syndrome and only             

carried 2 intronic variants in this gene, both inherited from his father. Patient 1-05476              

presented with tetralogy of Fallot and only carried intronic variants in this gene. One              

homozygous for the alternate allele inherited from his heterozygous mother and           
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heterozygous father and another intronic de novo variant. No splicing alteration could be             

seen in the ​ELN gene for this patient. Patient 1-05672 presented with coarctation of the               

aorta and had an intronic variant in ​ELN​, inherited from his mother with AF > 0.1% in                 

gnomAD v3 for europeans. 

SMAD6 encodes a protein that functions in the negative regulation of bone morphogenetic             

proteins (BMP) and TGF-β/activin-signalling and is known to be implicated in aortic isthmus             

stenosis and bicuspid aortic valve ​(94–96)​. This gene was an ANEVA-DOT outlier for the              

Aorta tissue type in 2 patients out of 24 tested. Patient 1-06516 presented with tetralogy of                

Fallot and carried 1 rare intronic variant inherited from the patient’s father. No splicing              

alteration could be seen in ​SMAD6 for this patient. Patient 1-07300 presented with             

VACTERLS syndrome and carried one intronic rare variant and one intronic variant with AF              

> 0.1% in gnomAD v3, inherited from each parent as well as a rare downstream gene variant                 

inherited from his father but no impact on ​SMAD6​ expression was found (Table 4). 

 

Table 4: Frequent outlier genes variants 

Patient Gene Phenotype Variant 
Genotypes 

Proband Mother Father 

1-02969 ELN 

Hypoplastic 
left 

heart 
syndrome 

ENST00000358929.8:c.1097-333G>A 0/1 0/0 0/1 

ENST00000358929.8:c.2044+32G>A 0/1 0/0 0/1 

1-05476 ELN 
Tetralogy of 

Fallot 
ENST00000358929.8:c.572-204A>C 1/1 0/1 0/1 

ENST00000358929.8:c.800-1420T>C 0/1 0/0 0/0 

1-05672 ELN Coarctation 
of the aorta ENST00000358929.8:c.2179+736T>A 0/1 0/1 0/0 

1-06516 SMAD6 Tetralogy of 
Fallot 

ENST00000288840.10:c.952+8582G>A 0/1 0/0 0/1 

1-07300 SMAD6 VACTERLS 
syndrome 

ENST00000288840.10:c.952+7252A>G 0/1 0/1 0/0 

ENST00000288840.10:c.953-22801G>A 0/1 0/0 0/1 

downstream_gene_variant 0/1 0/0 0/1 
 

Even though ​SMAD6 and ​ELN are genes previously known to be implicated in congenital              

heart diseases, phenotypic findings in patients from our cohort carrying variants in these             
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genes do not seem to match previous descriptions and variants found in these genes do not                

seem relevant to our patients’ conditions. Their outlier status seems artifactual.  
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4. Discussion 
 

phASER - ANEVA-DOT is more accurate than previous methods. In this study, we             

introduce the phASER - ANEVA-DOT pipeline to compare individual transcriptome to           

previously generated reference data at haplotype level. We show that using phASER for             

ASE data generation allows for testing more genes than using ASEReadCounter while            

finding less outlier genes making this method a fast and powerful approach for finding genes               

carrying variants with likely deleterious effects. WGS largely increases the number of genes             

tested compared to WES and using phASER keeps the number of outlier genes low so that                

even at this scale, the small numbers of outliers make further manual curation feasible in a                

clinical setting without compromising sensitivity. Besides, in 2016, McKean ​et al. ​(72)            

employed RNA-seq in a cohort of CHD subjects partially overlapping with our cohort. They              

specifically assessed ASE genes with loss of function variants in the silenced allele for 7               

patients also included in our cohort. They argue that only one of these genes, ​RBFOX2​,               

should be considered a CHD gene candidate while the others are probably artifactual. 4/7              

genes from McKean ​et al. study were ANEVA-DOT outliers including ​RBFOX2​, ​AARSD1            

and ​PGM1 for patients 1-05368, 1-00384, 1-01021, respectively, while the other 3 genes             

were not. This finding highlights that ANEVA-DOT may be more accurate for gene             

prioritization than previous methods. 

As suggested before ​(58)​, we confirm that frequent outlier genes in the context of large               

cohorts of rare heterogeneous diseases are probably irrelevant. 

 

This method is effective for gene-prioritization. ​ANEVA-DOT captures transcriptome         

outcomes of genetic effects without having to identify rare regulatory variants themselves            

(58)​. This enables the identification of genes where a patient carries a heterozygous variant              

with an unusually strong effect on gene expression. We show that this approach is effective               

in our CHD cohort leading to one new probable diagnosis in this cohort of mostly unresolved                

cases so far. We identify ​RBFOX2 as a candidate CHD gene and argue that this gene                

should be included in CHD routine gene panels. 
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Despite these advantages, our method has several limitations. The main caveats are            

that ANEVA-DOT relies on V​G estimates, requires an aeSNV to generate ASE data from and               

high enough RNA-seq coverage to be able to perform the Dosage Outlier Test. V​G may be                

lacking or noisy for genes with few coding variants owing to small size, high coding               

constraint, or low expression levels ​(58)​. High coverage RNA-seq data coming from            

disease-relevant tissues is necessary but technical issues or pathogenic biallelic loss of            

expression in genes can make ANEVA-DOT inapplicable. These limitations make          

ANEVA-DOT only applicable to about half of expressed genes per sample.  

On the patients’ side, identifying the specific variants underlying outliers is still challenging,             

especially for noncoding regions. Congenital heart diseases are complex and involve many            

genes and mechanisms. Also, tissue samples are usually obtained after birth but diseases             

may result from in utero gene disruption. Last, ASE ​per se may not be enough to cause a                  

disease phenotype, particularly if dosage compensation restores this gene’s function.  
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5. Conclusion 
 

Like other genetic diagnosis tools, phASER - ANEVA-DOT should be used in conjunction             

with other methods to capture different types of rare variants underlying diseases. With the              

increasing availability of transcriptome and genomic data in a clinical setting phASER -             

ANEVA-DOT proves fast and accurate to become a powerful additional layer to integrate             

these data and interpret the genome and its disease-contributing variants.  
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7. Supplementary data 
Supplementary Tables 1 and 2: Ratios of the number of genes tested and significant              

when using phASER pipeline vs ASEReadCounter pipeline (Table 1) and ratios of the             

number of genes tested and significant comparing WGS vs WES (Table 2). 
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Supplementary Table 3: Count and proportion of variants for each calculated           

consequence for WES and WGS. 

Consequence WES count 
Proportion in 
WES WGS count 

Proportion in 
WGS 

intron_variant 404898 40.48% 13465063 49.36% 
downstream_gene_variant 119678 11.96% 3517125 12.89% 

upstream_gene_variant 119229 11.92% 3612753 13.24% 

missense_variant 104360 10.43% 92060 0.34% 

synonymous_variant 71916 7.19% 60732 0.22% 

non_coding_transcript_variant 51150 5.11% 5497721 20.15% 

splice_region_variant 36162 3.62% 38147 0.14% 

non_coding_transcript_exon_variant 25103 2.51% 497046 1.82% 

3_prime_UTR_variant 18257 1.83% 198370 0.73% 
frameshift_variant 14099 1.41% 11727 0.04% 

NMD_transcript_variant 12743 1.27% 242088 0.89% 

5_prime_UTR_variant 11190 1.12% 35640 0.13% 

inframe_deletion 4376 0.44% 3580 0.01% 

stop_gained 2514 0.25% 2008 0.01% 

inframe_insertion 1928 0.19% 2162 0.01% 

splice_acceptor_variant 859 0.09% 1901 0.01% 
splice_donor_variant 725 0.07% 2163 0.01% 

stop_retained_variant 291 0.03% 180 0.00% 

mature_miRNA_variant 242 0.02% 352 0.00% 

start_lost 192 0.02% 162 0.00% 

stop_lost 136 0.01% 135 0.00% 

protein_altering_variant 105 0.01% 150 0.00% 

coding_sequence_variant 100 0.01% 194 0.00% 

start_retained_variant 59 0.01% 40 0.00% 
incomplete_terminal_codon_variant 4 0.00% 7 0.00% 

Total 1000316 100.00% 27281506 100.00% 
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Supplementary List 1: Panel genes list 

A2ML1, ABCC9, ABL1, ACADVL, ACTA1, ACTA2, ACTB, ACTC1, ACTG1, ACTN2,          
ACVR1, ACVR2B, ACVRL1, ADA2, ADAMTS10, ADAMTS17, AFF4, AGL, AKAP9, AKT3,          
ALMS1, AMMECR1, ANK2, ANKRD1, APOA1, APOA5, APOB, ARHGAP31, ARID1A,         
ARID1B, ARL6, ARMC4, B3GALTL, B3GAT3, B3GLCT, B4GALT7, B9D1, B9D2, BAG3,          
BBS1, BBS10, BBS12, BBS2, BBS4, BBS5, BBS6, BBS7, BBS9, BCOR, BMPR2, BRAF,            
C12ORF57, C1R, C1S, CACNA1C, CACNA1D, CACNA2D1, CACNB2, CALM1, CALM2,         
CALM3, CALR3, CASQ2, CAV1, CAV3, CAVIN4, CBL, CBP, CBS, CC2D2A, CCDC103,           
CCDC114, CCDC151, CCDC28B, CCDC39, CCDC40, CCDC65, CCN1, CCNO, CDH2,         
CDK13, CDK9, CEP290, CFAP298, CFAP53, CFC1, CHD4, CHD7, CHRM2, CITED2,          
COL3A1, COL5A1, COL5A2, COX15, CPS1, CPT1A, CPT2, CREBBP, CRELD1, CRYAB,          
CSRP3, CTC1, CTF1, CTNNA3, DEPDC5, DES, DHCR7, DLL4, DMD, DNAAF1, DNAAF2,           
DNAAF3, DNAAF4, DNAAF5, DNAH11, DNAH5, DNAH8, DNAI1, DNAI2, DNAJC11,         
DNAJC19, DNAL1, DOCK6, DOLK, DPP6, DRC1, DSC2, DSG2, DSP, DTNA, EFEMP2,           
EFTUD2, EHMT1, EIF2AK4, ELAC2, ELN, EMD, ENG, EOGT, EP300, ESCO2, EVC,           
EVC2, EYA4, FBN1, FBN2, FGD1, FHL1, FHL2, FKRP, FKTN, FLNA, FLNC, FMR1,            
FOXC1, FOXC2, FOXF1, FOXH1, FOXP1, FXN, G6PC3, GAA, GATA4, GATA5, GATA6,           
GATAD1, GDF1, GJA1, GJA5, GJC1, GLA, GPC3, GPD1L, GYG1, HAMP, HAND1,           
HAND2, HCN4, HDAC8, HFE, HJV, HNRNPK, HOXA1, HRAS, ILK, INVS, IRX4, JAG1,            
JPH2, JUP, KANSL1, KAT6A, KAT6B, KCNA5, KCNAB2, KCND2, KCND3, KCNE1,          
KCNE1L, KCNE2, KCNE3, KCNE5, KCNH2, KCNJ2, KCNJ5, KCNJ8, KCNK3, KCNQ1,          
KCNQ2, KCNQ3, KCNT1, KDM6A, KIF7, KMT2D, KRAS, KYNU, LAMA4, LAMP2, LDB3,           
LDLR, LDLRAP1, LEFTY2, LMNA, LRRC50, LZTR1, MAP2K1, MAP2K2, MCIDAS, MED12,          
MED13L, MEIS2, MFAP5, MIB1, MKKS, MKS1, MMP21, MRPL3, MTO1, MYBPC3, MYCN,           
MYH11, MYH6, MYH7, MYL2, MYL3, MYLK, MYLK2, MYO18B, MYOM1, MYOZ2, MYPN,           
MYRF, NAA15, NDUFAF1, NDUFB11, NEBL, NEK8, NEXN, NF1, NIPBL, NKX2-5, NKX2-6,           
NME8, NODAL, NONO, NOTCH1, NOTCH2, NPHP3, NPPA, NR2F2, NRAS, NSD1,          
NTRK3, NUP155, OFD1, PCDH19, PCSK9, PDLIM3, PIK3CA, PIK3R2, PITX2, PKD1,          
PKD1L1, PKP2, PLN, PLOD1, PPA2, PPP1CB, PRDM16, PRDM6, PRKAG2, PRKD1,          
PRKG1, PRRT2, PSEN2, PTPN11, PUF60, RAB23, RAF1, RAI1, RANGRF, RASA1,          
RBM10, RBM20, RECQL4, RERE, RIT1, ROR2, RPGRIP1L, RRAS, RYR2, SALL1, SALL4,           
SCN10A, SCN1A, SCN1B, SCN2B, SCN3B, SCN4B, SCN5A, SCN8A, SCN9A, SDHA,          
SEMA3E, SGCD, SHOC2, SKI, SLC22A5, SLC25A20, SLC2A1, SLC2A10, SLC40A1,         
SLC4A3, SLC8A1, SLMAP, SMAD2, SMAD3, SMAD4, SMAD6, SMAD9, SMARCA4,         
SMARCB1, SMC1A, SMC3, SNTA1, SON, SOS1, SOS2, SPAG1, SPRED1, STAG2,          
STRA6, SYNE1, TAB2, TAZ, TBX1, TBX20, TBX3, TBX5, TCAP, TCTN2, TFAP2B, TFR2,            
TGDS, TGFB2, TGFB3, TGFBR1, TGFBR2, TLL1, TMEM216, TMEM231, TMEM43,         
TMEM67, TMEM70, TMEM94, TMPO, TNNC1, TNNI3, TNNI3K, TNNT2, TPM1, TRDN,          
TRIM32, TRPM4, TTC8, TTN, TTR, TXNRD2, UBR1, VCL, WDPCP, YWHAE, ZEB2,           
ZFPM2, ZIC3, ZMYND10 
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Abstract 
 
Introduction: One recent approach to gene prioritization is to integrate functional           
genomic information in the form of allele-specific expression (ASE) obtained from           
disease-relevant tissues with genomic data. Mohammadi ​et al. introduced the          
ANalysis of Expression Variation (ANEVA) to quantify genetic variation in gene           
dosage from allelic expression data in a population and developed a framework to             
use these variance estimates in a dosage outlier test (ANEVA-DOT). The purpose of             
this work was first to improve the ANEVA-DOT pipeline’s accuracy by using phASER             
for ASE data generation. Second, we apply this novel framework to a cohort of              
previously undiagnosed patients with congenital heart diseases in order to identify           
variants responsible for the patient’s disease. 
 
Material and methods: RNA-seq data was generated from 257 heart tissue           
samples obtained from surgery-related discarded tissue and whole exome or          
genome sequencing was performed for the 220 corresponding patients. ASE data           
was generated either using the Genome Analysis ToolKit (GATK) ASEReadCounter          
utility or phASER and subsequently analysed. 
 
Results: phASER allows for testing of a larger number of genes per sample and a               
larger proportion of genes previously implicated in congenital heart diseases          
compared with ASEReadCounter. Besides, phASER reports a lower number of          
outlier genes per sample and lowers the proportion of frequent outlier genes. Outlier             
genes are enriched for rare and deleterious variants. Using the phASER -            
ANEVA-DOT pipeline showed accuracy in detecting genes with pathogenic variants          
and led to one potential new diagnosis and the identification of several variants             
marked for follow-up.  
 
Discussion: phASER - ANEVA-DOT is more accurate than previous methods and           
effective for gene-prioritization. This framework can be incorporated in rare disease           
diagnostic pipelines to use RNA-sequencing data more effectively. 
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Résumé 
 
Introduction : Une approche récente pour la priorisation de gènes est d’intégrer les             
informations génomiques fonctionnelles sous forme d’expression allélique obtenues        
à partir de tissus pertinents pour la pathologie étudiée avec des données            
génomiques. Mohammadi ​et al. ont développé l’ANalyse de la VAriation          
d’Expression (ANEVA) pour quantifier les variations de dosage génique à partir de            
données d’expression allélique au sein d’une population et ont proposé un cadre            
analytique permettant d’utiliser ces estimations de variation dans un test de dosage            
aberrant (ANEVA-DOT). L’objectif de ce travail était premièrement d’améliorer la          
précision du pipeline ANEVA-DOT en utilisant phASER pour la génération des           
données d’expression alléliques. Deuxièmement, nous avons testé ce nouveau         
pipeline dans une cohorte de patients atteints de cardiopathies congénitales pour           
lesquels aucun diagnostic n’a été proposé jusqu’ici afin d’identifier des variants           
responsables de leurs pathologies. 
 
Matériel et méthodes : Des données transcriptomiques ont été générées à partir de             
257 échantillons de tissus cardiaque récupérés après réparation chirurgicale de          
pathologies cardiaques congénitales et le séquençage de l’exome ou du génome           
entier a été réalisé pour les 220 patients correspondants. Les données d’expression            
alléliques ont été générées soit à l’aide du logiciel ASEReadCounter de la suite             
logicielle GATK, soit à l’aide du logiciel phASER puis analysées. 
 
Résultats : phASER permet de tester un plus grand nombre de gènes par             
échantillon et une plus grande proportion de gènes déjà connus pour être            
responsables de pathologies cardiaques congénitales comparé à ASEReadCounter.        
De plus, phASER rapporte un plus faible nombre de gènes ayant une expression             
aberrante par échantillon et limite la proportion de gènes ayant fréquemment une            
expression aberrante. Les gènes ayant une expression aberrante sont enrichis de           
variants rares et délétères. L’utilisation du pipeline phASER - ANEVA-DOT a montré            
une bonne précision pour la détection de gènes portant des variants pathogènes et a              
permis de réaliser un nouveau diagnostic probable ainsi que d’identifier plusieurs           
variants nécessitant des explorations complémentaires. 
 
Discussion : phASER - ANEVA-DOT est plus précis que les méthodes précédentes            
et efficace pour prioriser les gènes potentiellement impliqués en pathologie. Cet outil            
peut être incorporé dans les pipelines analytiques diagnostiques afin d’utiliser les           
données transcriptomiques plus efficacement. 
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