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Purpose: Congenital heart disease (CHD) affects up to 1% of live
births. However, a genetic diagnosis is not made in most cases. The
purpose of this study was to assess the outcomes of genome
sequencing (GS) of a heterogeneous cohort of CHD patients.

Methods: Ninety-seven families with probands born with CHD
requiring surgical correction were recruited for genome sequencing.
At minimum, a proband–parents trio was sequenced per family. GS
data were analyzed via a two-tiered method: application of a high-
confidence gene screen (hcCHD), and comprehensive analysis.
Identified variants were assessed for pathogenicity using the
American College of Medical Genetics and Genomics–Association
for Molecular Pathology (ACMG-AMP) guidelines.

Results: Clinically relevant genetic variants in known and
emerging CHD genes were identified. The hcCHD screen identified
a clinically actionable variant in 22% of families. Subsequent
comprehensive analysis identified a clinically actionable variant in

an additional 9% of families in genes with recent disease
associations. Overall, this two-tiered approach provided a clinically
relevant variant for 31% of families.

Conclusions: Interrogating GS data using our two-tiered method
allowed identification of variants with high clinical utility in a third
of our heterogeneous cohort. However, association of emerging
genes with CHD etiology, and development of novel technologies
for variant assessment and interpretation, will increase diagnostic
yield during future reassessment of our GS data.
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INTRODUCTION
Congenital heart disease (CHD), structural abnormalities of
the heart that arise during development, affects up to 1% of
live births.1 Due to advancements in prenatal diagnosis and
improvements to surgical intervention over the past 20 years,
adults now comprise over two-thirds of the current CHD
population.2 However, in most cases, the underlying cause is
unknown, obstructing accurate predictions of familial recur-
rence and clinical reassessment associated with undiagnosed
syndromes. Large-scale collaborative sequencing projects and
family-based analyses have helped establish a genetic

component to a portion of CHD,3 yet clinical implementation
of these approaches has been limited by an assumption of low
yield and an incongruity with clinical variant reporting
practices. As the existing CHD population grows, achieving a
successful clinical genetic diagnosis has become of paramount
importance.
The focus of current clinical genetic diagnostic methods

remains on identifying variants of largest effect in patients
with a suspected genetic basis of disease.3 While these
methods, such as targeted gene panels and chromosome
microarrays, are able to identify specific types of genetic
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variation such as single-nucleotide variants (SNVs) and small
insertions and deletions (indels) or copy-number variants
(CNVs), a unified approach to interrogate all types of genetic
variation has not yet been adopted into clinical practise.
Additionally, in the research setting, a standard approach is
not used to classify variants as disease-causal.
Genome sequencing (GS) combines all forms of genetic

testing by allowing the detection of all genomic variation, and
has been utilized for the genetic diagnosis of diverse
conditions.4,5 We have previously shown that clinically
actionable variants, according to the standards and guidelines
defined by the American College of Medical Genetics and
Genomics and the Association for Molecular Pathology
(ACMG-AMP guidelines),6 can be efficiently identified from
exome sequencing (ES) data by applying a two-tiered method
that combines virtual gene panel analysis of sequencing data
with comprehensive genomic analysis.7

The current study extends our analysis from coding to
noncoding regions of the genome. We aim to assess the
practicality of GS for providing an actionable genetic

diagnosis for clinical geneticists and affected families by
interrogating the genomes of 97 Australian families with
heterogeneous, surgically corrected CHD.

MATERIALS AND METHODS
Study participants
Ethical approval for this study was obtained from the Sydney
Children’s Hospital Network Human Research Ethics Com-
mittee (approval number HREC/16/SCHN/73). The cohort
consisted of 97 families of which 36 were recruited at Princess
Margaret Hospital for Children (PMH), Perth, Australia; 52
from the Kids Heart Research DNA Bank based at Children’s
Hospital at Westmead (CHW), Sydney, Australia; and 9 via
independent clinicians. Families from PMH and CHW were
recruited at preadmission clinics prior to cardiac surgery.
Informed, written consent was obtained from all participants.
All surgically corrected cases lacking a preexisting genetic
diagnosis or otherwise not offered genetic testing were
selected for the study without enrichment for a particular
mode of inheritance or CHD subtype. Heart defects in all
affected individuals (n= 143) were confirmed by echocardio-
graphy. Principal component analysis confirmed the self-
declared ethnicities of all individuals in the cohort (Supple-
mentary Figure S1).

Cardiac phenotyping
Cardiac phenotypes of the 143 affected individuals were
grouped into seven main categories (Table 1 and Supplemen-
tary Table S1): atrioventricular septal defect (AVSD) and
variants (n= 8), septal defect (excluding AVSD; n= 35),
septal defect with minor cardiac anomalies (n= 20), mal-
formation of the outflow tract (n= 39), obstructive lesion
(n= 11), functional single ventricle (n= 19), and other (n=
11). Any clinical phenotype that was not a heart defect was
referred to as an extracardiac anomaly (ECA).

Sample preparation and GS library construction
Genomic DNA was extracted as described previously.8 DNA
sample libraries were prepared using the Illumina TruSeq Nano
DNA HT Library Prep Kit and genome sequenced (Illumina
HiSeq X Ten, 150 base paired-end reads) at Genome.One,
Garvan Institute of Medical Research, Sydney, Australia.

Calling and annotation of sequencing data
Quality control checks were performed on FASTQ files
using FASTQC (http://www.bioinformatics.babraham.ac.uk/
projects/fastqc/). Sequence reads were mapped to the human
reference genome hg38 using Burrows–Wheeler Aligner
(BWA-mem v0.7.12) (ref. 9). Reads that mapped to regions
with alternative contigs were remapped using the hg38
primary assembly that excludes the alternative contigs, to
ensure reads mapped in these regions do not erroneously
obtain mapping quality zero. SNVs and small insertions or
deletions (indels) were called for each family using Platypus
v0.8.1 (ref. 10) callVariants command with default options.
The generated variant call format (VCF) files were annotated

Table 1 Clinical characteristics of the affected study parti-
cipants (n= 143)

Characteristic Affected individuals: n (%)

Sex

Male 75 (52)

Female 68 (48)

Ethnicitya

Caucasian 108 (76)

East Asian 1 (1)

South Asian 6 (4)

West Asian 5 (3)

Other 23 (16)

Cardiac lesionsb

Septal defect 35 (24)

Septal defect with minor abnormalities 20 (14)

Malformation of the outflow tract 39 (27)

AVSD & variants 8 (6)

Obstructive lesion 11 (8)

Functional single ventricle 19 (13)

Other 11 (8)

Extracardiac anomalies

Yes 53 (37)

None recorded 70 (49)

Unknown 20 (14)

Family history of CHDc

Yes (familial) 80 (56)

No (sporadic) 63 (44)
Refer to Supplementary Table S1 for further information.
AVSD atrioventricular septal defect, CHD congenital heart disease.
aSelf-declared ethnicity and based on family history.
bPrimary cardiac lesions are listed. “Other” includes all CHD subtypes not covered
by any of the categories.
cFamilial refers to the presence of CHD in parents and siblings with respect to the
proband; sporadic refers to a proband without immediate family members affec-
ted by CHD.
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with various metrics using ANNOVAR v 2016Feb01 (ref. 11).
Noncoding variants were called based on the Human
Regulatory Features Dataset (GRCh38.p10) from the Ensem-
ble Regulation 91 Database12 via ANNOVAR annotation.
CNVs were called using Delly2 v0.7.7 with default parameters
(unless otherwise stated) and the provided hg38 exclusion
regions.13 Initial calls were generated individually for each
sample with minimum length set to 50 bp and maximum
length set to 1Mb. To identify CNVs longer than 1Mb, we
calculated read depth across the genome in bin sizes of 100 kb.
CNV calls of interest were validated by visualization with
SVPV.14 We applied guidelines set by ACMG regarding the
interpretation and reporting of CNVs15 to determine the
pathogenicity of the called variants. For further detail, see
Supplementary Methods.

Variant prioritization and analysis
Exonic variants were prioritized and quality-controlled using
a previously described two-tiered approach with minor
variations, comprising first a screen of strictly curated genes
reproducibly shown to cause human CHD (hcCHD; Supple-
mentary Table S2), then unbiased comprehensive analysis.7

CNVs overlapping genic regions (transcript and 10 kb
upstream of transcript start site) were interrogated from
genome data with respect to hcCHD and emerging CHD
genes. Noncoding variants were prioritized using the hcCHD
genes. ACMG-AMP guidelines were applied to all exonic and
copy-number variants.6,15 Details are provided in the
Supplementary Methods.

RESULTS
Clinical cohort characteristics
The study cohort comprised 97 families with one or more
individuals affected by CHD (60 sporadic cases, 37 familial
cases; 143 affected individuals, 195 unaffected individuals).
The characteristics of the cohort reflect an unbiased, diverse
array of surgically corrected CHD cases in clinical practice
(Table 1). Malformations of the outflow tract (39/143, 27%)
and septal defects (35/143, 24%) were two of the most
common cardiac lesions in the cohort. ECAs were observed in
53/143 (37%) affected individuals with developmental delay
being the most common morbidity (22/53, 42%), while 70/
143 (49%) affected individuals had no reported ECA
(Supplementary Table S1).
We achieved 32× average coverage of genomic regions with

95% of sites covered >10× across all samples (n= 338)
(Supplementary Figure S2). The hcCHD genes had an average
coverage of 33× with 96% of exonic regions covered >10×,
permitting unbiased identification of variants therein. Total
numbers of variants identified within exonic and noncoding
regions by GS in the cohort are presented in Supplementary
Table S3.

hcCHD gene screen
To gauge the efficacy of interpreting patient genome data in a
clinical setting, probands were screened for variants in a high-

confidence list of genes associated with human CHD.7 This
virtual gene panel (http://chdgene.victorchang.edu.au) was
created with the aim of streamlining the identification of
pathogenic variants per ACMG-AMP guidelines. Since the
initial report of this list, 11 genes have been added based on
supportive evidence from human cases in the literature,
increasing the total to 101 genes (Supplementary Table S2).
Clinically actionable variants were identified through strict

application of the ACMG-AMP guidelines, resulting in the
identification of pathogenic variants in 12 genes (ACTC1,
BCOR, CFC1, CHD7, GATA4, GATA6, INVS, JAG1, MYH6,
NODAL, NOTCH1, SMAD6) in 16/97 (16%) families (Figs. 1
and 2, Table 2, and Supplementary Figure S3).
In four additional families, five likely pathogenic variants were

identified (Figs. 1 and 2, Table 2, and Supplementary Figure S3).
A de novo missense variant in NF1, Leu1187Arg, was found
in proband 3953 with tetralogy of Fallot (TOF). Heterozygous
germline variants in NF1, a regulator of RAS signal
transduction, are associated with neurofibromatosis type 1
(OMIM 162200); however, CHD has been recorded in up to
75/2322 (3.2%) cases including multiple records of variant
carriers exhibiting TOF.16 We identified a heterozygous TLL1

15
06

50
08

6

23
24

36
5139
5331

9136
4237

12

4417461384
3595

3648

152900216
169036865

2831

3695

3766

575

1852

195

2632

2985

835

1449
3933
939

3173
3225

3397
1456 10

q2
2.

3–
q2

3.
2

a
T

E
K

a

G
A

T
A

4
A

C
TC

1
B

C
O

R
NO

DAL

DCHS1
a

CFC1

NOTCH1

TLL1

CHD7

KMT2Ca

JAG1

MYH6HNRNPK a

HAAO a

GATA6

INVS

SM
AD

6

S
E

M
A

3D
a

K
IA

A
0586 a

D
O

C
K

6

A
C

V
R

2B

N
F

1

Sporadic cases
Familial cases
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missense variant, Thr860Ala, in proband 3695 with mitral
and aortic valve anomalies inherited from the mother with
patent foramen ovale (PFO). Heterozygous variants in TLL1,
a procollagen protease, are associated with secundum atrial

septal defect (ASD) (OMIM 613087) (ref. 17), and the more
severe cardiac phenotypes observed in the proband have
previously been seen in Tll1 knockout mice.18 Variants were
identified in DOCK6 (homozygous Val1055Met) and

Table 2 Pathogenic and likely pathogenic variants identified by hcCHD gene screen and comprehensive analysis

hcCHD gene screen

Family ID Gene Model Familial

CHD

ECA Nucleotide variant Amino acid

variant

ExAC

MAF

ACMG

class.

Cardiac

lesion

195 NODAL ADa Y N NM_018055.4:c.123_142dup Tyr48Trpfs*5 0 P FSV

835 NODAL AD Y Y NM_018055.4:c.123_142dup Tyr48Trpfs*5 0 P FSV

2985 CFC1 AD Y N NM_032545.3:c.522del Ala175Argfs*56 0 P FSV

575 CHD7 ADa Y Y NM_017780.3:c.2098A>G Asn700Asp 0 P MOT

2831 NOTCH1 ADa Y N NM_017617.4:c.6105del Ala2036Profs*3 0 P MOT

3191 SMAD6 ADa N U NM_005585.4:c.86del Gly29Alafs*35 0 P FSV

3642 INVS AR N N NM_014425.4:c.3182dup Asn1061Lysfs*20 0.0002 P FSV

3712 GATA6 ADa N Y NM_005257.5:

c.1595_1596del

Pro532Hisfs*100 0 P FSV

3766 NODAL AD Y U NM_018055.4:c.919C>T Arg307* 0 P MOT

1384 MYH6 CH N N NM_002471.3:c.5794A>T Lys1932* 1.65E-05 P OL

1852 NOTCH1 ADa Y Y NM_017617.4:c.5865del Asn1955Lysfs*26 0 P FSV

3933 BCOR AD Y Y NM_001123383.1:

c.2488_2489del

Ser830Cysfs*6 0 P SD

3648 JAG1 ADa N Y NM_000214.2:c.2429C>T Pro810Leu 4.06E-06 P AVSD+

3225 GATA4 AD Y Y NM_002052.4:c.959G>A Arg320Gln 0 P SDMA

169036865 JAG1 AD Y Y NM_000214.2:c.622G>C Gly208Arg 0 P MOT

1449 ACTC1 AD Y Y NM_005159.4:c.203C>T Thr68Ile 0 P SD

3953 NF1 DN N N NM_000267.3:c.3560T>G Leu1187Arg 0 LP MOT

1384 MYH6 CH N N NM_002471.3:c.731G>A Arg244His 8.24E-06 LP OL

3695 TLL1 AD Y N NM_012464.4:c.2578A>G Thr860Ala 0 LP MOT

150650086 ACVR2B ADa N Y NM_001106.3:c.1057G>T Gly353Trp 0 LP MOT

150650086 DOCK6 AR N Y NM_020812.3:c.3163G>A Val1055Met 0.0015 LP MOT

152900216 NOTCH1 AD Y Y NM_017617.4:c.4416C>G Cys1472Trp 0 LP MOT

Comprehensive analysis

Family

ID

Gene Model Familial

CHD

ECA Nucleotide variant Amino acid

variant

ExAC

MAF

ACMG

class.

Cardiac

lesion

44 HAAO AR N Y NM_012205.2:c.558G>A Trp186* 4.07E-06 P FSV

3651 KIAA0586 AR N U NM_014749.4:

c.4268–1G>A

NA 4.09E-06 P MOT

2324 SEMA3D ADa N Y NM_152754.2:c.191C>A Ser64* 0 P MOT

3397 TEK AD Y N NM_000459.4:c.2744G>A Arg915His 0 P SDMA

939 KMT2C DN Y Y NM_170606.2:c.8390dup Glu2798Glyfs*11 0 LP SD

1746 HNRNPK DN N N NM_002140.4:c.1259C>T Ser420Leu 0 LP SD

3595 KMT2C DN N Y NM_170606.2:c.5636dup Gln1880Alafs*9 0 LP OL

2632 DCHS1 ADa Y N NM_003737.3:c.3326C>T Pro1109Leu 0 LP FSV
Variants are present in all affected individuals within respective families. For a summary of variants in all families, see Supplementary Tables S4, S5, S10, and S11.
Familial CHD (Y/N) refers to the presence/absence of an individual with CHD within the immediate family of the proband. Cardiac lesion refers to primary cardiac lesion
of the proband. Model refers to inheritance model. ACMG Class refers to pathogenicity interpretation according to the American College of Medical Genetics and
Genomics–Association for Molecular Pathology (ACMG-AMP) guidelines.13

AD autosomal dominant, AR autosomal recessive, AVSD+ atrioventricular septal defect and variants, CH compound heterozygous, CHD congenital heart disease, DN de
novo, ECA extracardiac anomalies (not restricted to congenital defects), ExAC MAF minor allele frequency with respect to the ExAC database, FSV functional single ven-
tricle, hcCHD high-confidence gene screen, LP likely pathogenic, MOT malformation of the outflow tract, N no, OL obstructive lesion, P pathogenic, SD septal defect,
SDMA septal defect with minor abnormalities, U unknown, Y yes.
aIncomplete penetrance/variant present in unaffected individual.
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ACVR2B (heterozygous Gly353Trp) in proband 150650086
with TOF and multiple ECAs. Recessive loss-of-function
variants in DOCK6, an actin cytoskeletal remodeling protein,
are associated with Adams–Oliver syndrome (OMIM
614219), characterized by limb and scalp defects, with 20% of
cases presenting with CHD including TOF.19 An ACVR2B
variant inherited from the asymptomatic mother is a potential
disease-risk modifier in the proband. Heterozygous variants
in ACVR2B, a gene encoding an activin receptor, have been
associated with CHD in the context of heterotaxy (OMIM
613751) (ref. 20) potentially exacerbating the disease phenotype
of the proband. A heterozygous variant in NOTCH1 was
inherited by the proband 152900216 from the father, both of
whom are affected by malformations of the outflow tract and
limb abnormalities consistent with Adams–Oliver syndrome
caused by NOTCH1 variants (OMIM 616028) (ref. 21).
All protein-coding variants in hcCHD genes identified in

sporadic and familial CHD cases, and their ACMG-AMP
classifications, are presented in Supplementary Tables S4 and
S5, respectively.
As GS also allows for interrogation of CNVs, families were

assessed for CNVs in genic regions of hcCHD genes. Variants
ranging from 59 bp to 78.06 kb were identified across hcCHD
genes. In 26/97 families (27%), CNVs overlapped hcCHD
gene regions, comprising 20/60 (33%) sporadic and 6/37
(16%) familial cases (Supplementary Table S6). However, only
one CNV was defined as pathogenic by ACMG guidelines.15

This 22.55-kb deletion in NOTCH1 identified in family 3173
results in loss of the first two protein-coding exons. This
variant was shared by two siblings with septal defects and
outflow tract malformations, and was inherited from the
asymptomatic father, shown to be mosaic for the variant by
polymerase chain reaction (PCR) and Sanger sequencing
(Supplementary Figure S4A–C). Other CNVs, the majority of
which were identified in intronic or intergenic regions of
hcCHD genes, were classified as variants of uncertain
significance (VUS) by the ACMG guidelines.
Guidelines do not yet exist for clinical interpretation or

efficient assessment of pathogenicity of noncoding variation.
We observed rare, disease-segregating SNVs and indels within
annotated regulatory regions of hcCHD genes in 29/97
families (30%), comprising 13/60 sporadic (22%) and 16/37
familial (43%) cases (Supplementary Table S7). Families 3438
and 3400, previously subjected to exome sequencing (ES)
analysis, yet without a reportable genetic diagnosis,7 exhibited
novel de novo variants in hcCHD gene regulatory regions
(Supplementary Figure S3). Proband 3438, diagnosed with
isolated, sporadic ASD, harbored an SNV ~450 bp upstream
of the transcription start site of HAND1. This resides within
the overlap of a CpG island, a DNase1 hypersensitivity site,
and an H3K27me3 site, where transcription factor EZH2 is
predicted to bind. Similarly, proband 3400, exhibiting right
ventricular hypoplasia, pulmonic stenosis, and VSD, carried a
unique intronic variant (NM_001105.4: c.790+371G>C) in
ACVR1 overlapping a DNase1 hypersensitivity site. As
pathogenic variants in both HAND1 and ACVR1 result in

phenotypes similar to what we observe in our probands, it is
conceivable that these noncoding variants lead to aberrant
transcriptional regulation, which contributes to their disease
phenotype. However, further functional studies are required
to prove these associations.

Comprehensive analysis
To identify novel disease–gene relationships, unbiased
analysis was performed on all families in the cohort by
evaluating potential disease-causal variants across all protein-
coding regions. Although all inheritance models were
considered (Supplementary Tables S8 and S9), variant
candidacy was given to those completely segregating with
disease, present in all affected individuals per family
(Supplementary Tables S10 and S11). Additional considera-
tion was given to genes that, when knocked out in mice, result
in abnormal heart phenotypes (Supplementary Table S12).
Comprehensive analysis identified all clinically reportable

variants previously detected in the hcCHD gene screen.
Additionally, 9/97 (9%) families were found to have
pathogenic or likely pathogenic variants in emerging CHD
genes.
In four families, pathogenic variants were identified,

supported by human and knockout mouse evidence (Figs. 1
and 2, Table 2, and Supplementary Figure S3). A homozygous
stopgain variant Trp186* in HAAO was found in proband 44
with hypoplastic left heart syndrome (HLHS) and ECA
(OMIM 617660) (ref. 22). A homozygous variant in KIAA0586
leading to loss of the canonical splice acceptor of the C-
terminal exon c.4268–1G>A was identified in proband 3651
with TOF and unknown ECA status. Recessive loss-of-
function and splice-site variants in KIAA0586, a mediator of
hedgehog signaling, have been associated with ciliopathies
within which CHD is an uncommon feature (OMIM 616490)
(ref. 23). An inherited heterozygous truncating variant Ser64*
in SEMA3D was found in proband 2324 with TOF. CNVs or
truncating variants in SEMA3D, encoding a secreted protein
required for the migration of cardiac neural crest cells into the
outflow tract, have been associated with nonsyndromic CHD
including TOF.24,25 In proband 3397 with VSD, an inherited
heterozygous missense variant Arg915His was identified in
TEK, a tyrosine kinase involved in embryonic vascular
development. Located in the first intracellular tyrosine kinase
domain, this pathogenic variant has previously been identified
in a family with perimembranous VSD (OMIM 600195), and
was shown to cause ligand-independent receptor
hyperphosphorylation.26

In four additional families, likely pathogenic variants were
identified in genes with previous association with human
CHD (Figs. 1 and 2, Table 2, and Supplementary Figure S3).
Three de novo variants occurred in genes associated with
syndromes where heart defects are inconsistently observed.
An HNRNPK Ser420Leu variant was found in proband 1746
with ASD. Variants resulting in haploinsufficiency of
HNRNPK, an RNA-binding protein, have previously been
associated with a Kabuki-like syndrome (OMIM 616580),
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predominantly resulting in cardiac septal defects.27 Two
KMT2C frameshift insertions were found in probands 939
and 3595. KMT2C encodes a lysine methyltransferase in
which de novo truncating variants have been associated with
Kleefstra syndrome-2 (OMIM 617768) manifesting in domi-
nant intellectual disability,28 and less frequently, CHD.29

Accordingly, the Gln1880Alafs*9 and Glu2798Glyfs*11 var-
iants in our cohort were identified in patients with both CHD
and neurodevelopmental disorders (NDDs). The two siblings
in family 2632, with HLHS and obstructive lesions, inherited a
likely pathogenic Pro1109Leu variant in DCHS1, a cell
adhesion molecule, previously implicated in isolated CHD
(OMIM 607829) (ref. 30).
We extended CNV interrogation to include genes with

knockout mouse evidence for a role in heart development.
Excluding those identified in hcCHD genes, rare CNVs,
segregating with disease, and overlapping regulatory or
protein-coding regions of mouse heart genes were identified
in 6/60 sporadic (10%) and 17/37 (46%) familial cases. A
pathogenic 7.5-Mb deletion encompassing 75 genes at
chr10q22.3-q23.2 was inherited by the proband of family
1456, with AVSD and ECA, from the affected mother
(Supplementary Table S13 and Figure S5). The 10q22.3-
q23.2 deletion (OMIM 612242), containing genes BMPR1A
and LDB3, which are required for mouse heart development,
has been previously reported in patients with cognitive and
behavioral abnormalities often accompanied by CHD that
includes VSD and AVSD.31 All other reported CNVs were
classified as VUS (Supplementary Table S13).

DISCUSSION
Genome sequencing presents the next step in the inevitable
drive toward genotype-driven patient management. By
application of a gene list–focused screening approach in
combination with unbiased comprehensive analysis and strict
application of ACMG-AMP variant interpretation guidelines,
we have provided a clinically actionable genetic diagnosis for
30/97 (31%) families in our cohort (Figs. 1 and 3), providing
an opportunity for tailored clinical guidance regarding family
planning and health management, thereby ending what may
otherwise be a prolonged period of uncertainty for families
and clinicians.
Currently, there are no published CHD cohorts compar-

able with our study in terms of heterogeneity of the cohort,
choice of sequencing technology, and comprehensive
family-by-family analysis with stringent ACMG-AMP
variant classification. A summary of findings from recent
CHD cohort studies is presented in Supplementary
Table S14. The overall diagnostic yield for our cohort
does not stray from what has previously been reported,3

reflecting the limitations of the subset of gene variants that
are currently clinically interpretable. However, due to the
heterogeneity of our cohort, we are able to gauge diagnostic
yields of various CHD subgroups present within our cohort.
We observed higher diagnostic yields in certain CHD
subgroups than others. In familial and CHD+ ECA
subgroups where the cause of disease is likely to be of
genetic origin,3 we identified actionable variants in 49% and
43% of cases, respectively. In particular, the high yield for

× 97 total cases

× 21 × 67× 9

22% 69%9%

Familial (38%)
Sporadic (12%)

Familial (51%)
Sporadic (80%)

Familial (11%)
Sporadic (8%)

Variants of uncertain 
significance / unsolved

Pathogenic and 
likely-pathogenic variants in 

known CHD genes

Pathogenic and 
likely-pathogenic variants in 

emerging CHD genes

No causal gene variants 
were present

Family counseling for pathogenic variants; likely-pathogenic variants 
may require further clinical investigation

Variant reassessment in 
light of recurrent reports 

and/or functional analysis 
or consider alternative 

model of disease

Recurrent reports of disease-causal 
variants in tentative CHD genes 
may allow additional genes to be 

added to the hcCHD genes list

Expand the phenotypic 
spectrum associated with 
mutations in known CHD 

genes

High confidence CHD genes list

CLINICALLY ACTIONABLE VARIANTS

Comprehensive analysis

60 families with sporadic and 37 familial/inherited cases of congenital heart disease 
were analyzed for disease-causal genetic variants by genome sequencing

Fig. 3 Analysis of genome sequencing data from 97 families with congenital heart disease (CHD) by our two-tiered method identified
clinically actionable variants in 30/97 (31%) families, thereby facilitating family counseling and further clinical investigation. Future reas-
sessment of variants in 69% of families that did not receive an actionable diagnosis may reveal causal gene variants. hcCHD high-confidence gene screen.
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cases with ECA implies that these variants may occur in
genes with pleiotropic roles in development, as has recently
been suggested for de novo variants in CHD.32 The
identification of a pathogenic or likely pathogenic variant
in a known syndromic gene enables assessment of the
proband and family for expected clinical features. This is
especially important in cases where ECA cannot be
determined during the neonatal period, as well as in cases
with variants of incomplete penetrance or variable expres-
sivity as observed in our own cohort and others.29,33

In contrast, for families with sporadic CHD in our cohort,
where disease causality has been mostly attributed to multiple
factors,3 our diagnostic yield was 20%. Five percent of our
sporadic subcohort had actionable de novo variants, 7% had
actionable recessive variants, and 8% of the sporadic
subcohort inherited a pathogenic variant from one of the
parents. The contribution of de novo and recessive variation
toward causality of sporadic CHD has previously been
observed,29,32 however, our results show that a proportion
of pathogenic variants may also be inherited from a parent
who does not exhibit overt disease phenotypes. This suggests
that comprehensive phenotyping of parents and consideration
of all modes of inheritance may expedite accurate genetic
diagnosis and result in higher diagnostic yield in a sporadic
cohort.
Interestingly, we were able to identify a genetic component

in 27% of patients in our subgroup of patients with isolated
CHD. Our findings suggest that this particular patient group,
who is not routinely offered clinical genetic testing due to
suspected heterogeneous etiology,3,29 may receive greater
benefit from genetic testing than previously anticipated.
Additionally, a higher diagnostic yield was achieved for
probands with functional single ventricle and outflow tract
malformations (47% and 37%, respectively) than other lesion
types in our cohort (Figs. 1 and 2). Cardiac septal defects, the
second most common surgically actionable lesion type within
our cohort after outflow tract malformations, had the lowest
diagnostic yield at 20%, suggesting that disease causality may
not be restricted to the contribution of a single gene variant,
as previously highlighted.29

Our methodology also allowed us to evaluate the different
types of genetic variation that underlie CHD causality. SNVs
comprised the largest portion of actionable variants at 56%
(19/34), followed by indels at 32% (11/34) and CNVs at 6%
(2/34) (Fig. 2). The two pathogenic CNVs that we identified, a
deletion in NOTCH1 and a multigene deletion on chromo-
some 10, account for 2% of the cohort, a lower than expected
yield.3 However, we did not recruit patients who had received
a genetic diagnosis by conventional diagnostic testing, which
may have led to a depletion of pathogenic CNVs in our
cohort. Regardless, our findings exemplify the ability of GS to
identify a comprehensive range of clinically actionable gene
variants. As conventional methods for CNV detection are not
able to resolve smaller CNVs such as the 22-kb NOTCH1
deletion,3 the ability to detect such CNVs from GS data,
which are more likely to disrupt single genes and mimic a

monogenic cause of CHD, is an important technological
advantage.
The use of our hcCHD gene screen allowed for the

identification of rapid, clinically translatable findings in 22%
of our cohort. However, the use of a virtual gene panel does
not facilitate the expansion of current knowledge regarding
causes of human CHD and phenotypic manifestation of
disease genotypes. Here, comprehensive analysis of families
allowed for the implication of prospective genes in human
CHD. For example, the identification of two frameshift
variants in the chromatin modifier KMT2C in two unrelated
probands with CHD and NDD presents KMT2C, predomi-
nantly associated with NDD,28 as a promising syndromic
CHD gene candidate.
Our dynamically curated gene panel evolves with insight

from comprehensive CHD cohort analyses such as this.
Variants that may otherwise be classified as VUS can be
functionally validated or be reassessed in light of recurrent
human disease–gene associations, a process that can be
expedited by data-sharing between laboratories. Furthermore,
clinical reassessment of families with VUS in syndromic genes
may reveal expected ECA phenotypes, allowing reclassifica-
tion of variants. We expect diagnostic yield by this approach
to increase with time, as has proved fruitful for previous
studies of clinical genome reanalysis,34 thereby creating an
efficient link between the research and clinical sides of the
patient genome.
For the purposes of our study, we adopted the ACMG-AMP

guidelines to ensure that our findings, which are obtained in a
research setting, have clinical relevance. Care was taken in the
interpretation and utilization of ACMG-AMP guidelines to
avoid misclassification of variants. Although we have been
transparent in classifications of pathogenicity of our variants,
they may be subject to alternative interpretation, thus
highlighting the need for further refinement of the guidelines
with respect to CHD.35,36

Despite the advantages offered by GS coupled with our
comprehensive family analysis, 69% of the families in our
cohort did not receive a genetic diagnosis (Fig. 3). Firstly, this
relates to the etiology of CHD. To provide a clinically
actionable genetic diagnosis for each family, our analysis
presumes a Mendelian origin for CHD where the vast
majority of actionable variants are found in exonic regions
of protein-coding genes that have recurrent associations with
CHD. However, evidence suggests a more complex etiology in
a majority of CHD cases.3 Complex interactions between
multiple gene variants or environmental factors and gene
variants, contribution of noncoding and epigenetic variation,
as well as causal variation in genes with no current association
with CHD may underlie the majority of the unresolved cases.
Secondly, the limitation lies in our inability to interpret the
clinical implications of such complex interactions. As GS is
able to identify all genomic variants, it allows a comprehen-
sive overview of potential multigenic contributions to disease,
the majority of which are classified as VUS (Supplementary
Table S15 and Figure S6). Although variants of uncertain
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significance are not clinically actionable, they may yet
contribute to phenotypic presentation. Burden analysis of
these cardiac gene variants to gauge their contribution to a
complex model of disease may be beneficial for patient
prognosis; however, currently such an analysis is impeded by
our cohort size and the absence of equivalently sequenced and
analyzed controls.
By utilizing GS, we were able to examine noncoding regions

of the genome. Although we identified noncoding variants in
disease-related genes, their role in CHD causality could not be
determined. Promisingly, emerging evidence is shedding light
on the role of noncoding variation in disease.37 Tools and
techniques are currently being developed to interpret the
wealth of noncoding data produced by studies, such as ours,
that seek to predict the functional impact of noncoding
variants,38 which, following functional validation, will provide
insights into their roles in disease causality. Although, the
clinical utility of noncoding variation remains uncertain at
present, the data created by GS may be reassessed once new
tools for noncoding variant analysis and interpretation
become available.
Presently, our results suggest that utilization of GS on a

heterogeneous CHD cohort provides the greatest clinical
benefit for patients with familial, surgically correctable CHD
with ECA. However, GS, as utilized by our group, also
provides an opportunity to deliver a genetic diagnosis for a
significant proportion of familial cases with isolated CHD
who do not currently receive advanced genetic testing. The
comparably higher costs of GS and similar diagnostic
yield39,40 may currently discourage its widespread use as a
first-line tool for genetic diagnosis. However, the convenience
of capturing all genomic variation by a singular mode of
testing, coupled with decreasing sequencing costs and
advances in bioinformatics techniques, should eventually see
GS outperform all current diagnostic techniques to date.
Ultimately, GS generates a data legacy that is an unparalleled
clinical resource with utility for clinicians, patients, and
researchers.
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