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ORIGINAL ARTICLE

Contribution of Previously Unrecognized RNA 
Splice-Altering Variants to Congenital Heart 
Disease
Min Young Jang, MD; Parth N. Patel , MD; Alexandre C. Pereira , MD, PhD; Jon A.L. Willcox , PhD; Alireza Haghighi , MD, 
DPhil; Angela C. Tai, BA; Kaoru Ito , MD, PhD; Sarah U. Morton , MD, PhD; Joshua M. Gorham , BA; David M. McKean , PhD;  
Steven R. DePalma , PhD; Daniel Bernstein , MD; Martina Brueckner, MD; Wendy K. Chung , MD, PhD;  
Alessandro Giardini, MD, PhD; Elizabeth Goldmuntz , MD; Jonathan R. Kaltman, MD; Richard Kim , MD;  
Jane W. Newburger , MD, MPH; Yufeng Shen , PhD; Deepak Srivastava , MD, PhD; Martin Tristani-Firouzi , MD;  
Bruce D. Gelb , MD; George A. Porter Jr , MD, PhD; Christine E. Seidman , MD*; Jonathan G. Seidman , PhD* 

BACKGROUND: Known genetic causes of congenital heart disease (CHD) explain <40% of CHD cases, and interpreting the 
clinical significance of variants with uncertain functional impact remains challenging. We aim to improve diagnostic classification 
of variants in patients with CHD by assessing the impact of noncanonical splice region variants on RNA splicing.

METHODS: We tested de novo variants from trio studies of 2649 CHD probands and their parents, as well as rare (allele 
frequency, <2×10−6) variants from 4472 CHD probands in the Pediatric Cardiac Genetics Consortium through a combined 
computational and in vitro approach.

RESULTS: We identified 53 de novo and 74 rare variants in CHD cases that alter splicing and thus are loss of function. Of 
these, 77 variants are in known dominant, recessive, and candidate CHD genes, including KMT2D and RBFOX2. In 1 case, 
we confirmed the variant’s predicted impact on RNA splicing in RNA transcripts from the proband’s cardiac tissue. Two 
probands were found to have 2 loss-of-function variants for recessive CHD genes HECTD1 and DYNC2H1. In addition, 
SpliceAI—a predictive algorithm for altered RNA splicing—has a positive predictive value of ≈93% in our cohort.

CONCLUSIONS: Through assessment of RNA splicing, we identified a new loss-of-function variant within a CHD gene in 78 
probands, of whom 69 (1.5%; n=4472) did not have a previously established genetic explanation for CHD. Identification of 
splice-altering variants improves diagnostic classification and genetic diagnoses for CHD.

REGISTRATION: URL: https://clinicaltrials.gov; Unique identifier: NCT01196182.

Key Words: algorithms ◼ alleles ◼ child ◼ humans ◼ RNA splicing

See Editorial by Blue and Mital

Congenital heart disease (CHD) is the most com-
mon major congenital anomaly, affecting 1 in 100 
live births in the United States.1,2 CHD causes vary 

widely, including genetic pathogeneses ranging from 

monogenic conditions to chromosomal aneuploidies, as 
well as environmental factors and maternal exposures.3–5 
While the advent of whole exome sequencing (WES) has 
allowed identification of pathogenic variants in CHD, up 
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to 60% of CHD cases remain unexplained by known 
genetic or environmental causes.4 Because the genetic 
and molecular underpinnings of CHD pathogenesis are 
incompletely understood, we do not know whether these 
unsolved CHD cases are, in part, due to unrecognized 
coding and noncoding variants in known and unidentified 
CHD genes.

Previous analyses of WES from CHD probands, unaf-
fected children, and their parents have shown that there 
is ≈1 de novo variant (DNV) in the exome of every indi-
vidual regardless of disease status. However, de novo 
loss-of-function (LoF) variants were enriched in CHD 
probands compared with unaffected children in a set 
of genes, which includes some chromatin modifiers and 
transcription factors.6,7 LoF variants are defined as vari-
ants that alter the resultant protein by causing frame-
shift, nonsense, or alter canonical RNA splice sites (GT in 
the donor sequence and AG in the acceptor sequence). 
Other de novo and rare sequence variants in coding and 
noncoding regions may also have a functional effect, but 
interpretation of these remains challenging. Many are 
classified as variants of uncertain significance.

To further define genetic causes in up to 60% of 
patients with CHD for whom the pathogenesis of CHD 
is unexplained, we focused on genetic variants that may 
alter RNA splicing. While alterations to canonical splice 
sites alter the resultant protein through disruptions in 
splicing, a subset of variants that occur in noncanoni-
cal RNA splice regions can also affect mRNA splicing. 
Recent computational methods have improved pre-
dictions of variants of uncertain significance in splice 
regions,8,9 but the definitive classification of these variants 
is achieved by analysis of resultant spliced transcripts. 
In prior studies, we developed an assay that combines 
in silico and in vitro methods to select variants for their 
predicted ability to alter splicing, which are then validated 
using an in vitro human embryonic kidney cellular assay 
to detect splicing defects in the resultant transcript.10,11 
This assay, when applied to target genes identified in a 
cohort of cardiomyopathy patients, increased the yield of 
identifying damaging splice variants by ≈50%.10–12

We hypothesize that some CHD cases could also be 
explained by genetic variation that alters RNA splicing. 

Applying our established approach, we assessed both 
rare variants and DNVs of uncertain significance within 
a CHD cohort to expand the diagnostic yield of tra-
ditional sequencing methods. Uncovering novel LoF 
variants within noncanonical splice regions aids in 
establishing a genetic diagnosis for patients with CHD 
and may facilitate discovery of new genes that are criti-
cal for normal cardiovascular development and poten-
tially cause CHD.

Nonstandard Abbreviations and Acronyms

CHD	 congenital heart disease
DNV	 de novo variant
LoF	 loss of function
NPV	 negative predictive value
PA	 pulmonary artery
PPV	 positive predictive value
RV	 right ventricle
WES	 whole exome sequencing

Figure 1. Schematic of the analyses of putative de novo RNA 
splice-altering variants found in congenital heart disease 
(CHD) trios and controls.
From whole exome sequencing (WES) of CHD trios (n=2649) and 
controls (n=1789), de novo single-nucleotide variants were filtered 
to exclude coding and canonical splice sequences predicted to 
cause loss of function (LoF). Computated MaxENT scores (Methods) 
identified variants (163 in CHD cases and 84 in controls) that were 
further prioritized for functional analyses. Splice assays in minigene 
constructs identified 53 splice-altering variants in CHD cases and 
24 splice-altering variants in controls. HHE indicates high heart 
expression denoting the top quartile of transcripts expressed in the 
e14.5 mouse heart.
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METHODS
Full details of the methods used in this study are available online 
within the Supplemental Material. All data and supporting materi-
als are available within the article and its Supplemental Material. 
CHD probands were recruited from 2 centers into the Congenital 
Heart Disease Genetic Network Study of the Pediatric Cardiac 
Genomics Consortium (CHD genes: NCT01196182), and writ-
ten informed consent was obtained from each participant or 
parent/guardian. The protocol was approved by the Institutional 
Review Boards of Boston Children’s Hospital, Brigham and 
Women’s Hospital, Great Ormond Street Hospital, Children’s 
Hospital of Los Angeles, and Yale School of Medicine.

RESULTS
Novel RNA Splice-Altering DNVs in CHD 
Probands and Controls
Among 3156 DNVs identified previously through WES 
analyses of 2649 CHD probands and their parents, we 
excluded variants predicted to cause LoF, including non-
sense, frameshift, canonical splice sites, and insertions/
deletions, as well as variants within single-exon transcripts. 
Parallel filters were applied to 1913 DNVs identified in 
WES data in 1789 Simons Foundation Autism Research 
Initiative controls. This yielded 2687 and 1703 DNVs in 
the CHD and control cohorts, respectively.

Using computational predictions based on the MaxENT 
score (Supplemental Methods), we prioritized 163 of 193 
(84.5%) variants in the CHD cohort and 84 of 110 (76.4%) 
variants in controls for confirmation in in vitro splice assays. 
Minigenes assays showed that 53 of 163 (32.5% and 2.0% 
of computationally identified variants) variants in CHD pro-
bands and 24 of 84 (28.6% and 1.3% of identified variants) 
variants in controls caused significant splicing differences 
in comparison to reference sequences (Figure 1; Table S1). 
As prior WES analyses6 identified 366 de novo LoF variants 
in the CHD cohort, the addition of 53 splice-altering vari-
ants represented a 15.3% increase. In the Simons Founda-
tion Autism Research Initiative controls, we identified 24 de 
novo splice variants in addition to 146 previously identified 
de novo LoF variants, representing a 16.4% increase (Table 
S2). Identification of new splice-altering variants equally 
increased the proportion of LoF variants in each cohort.

We considered whether these splice-altering variants 
altered 1 of 253 genes that have established or plau-
sible roles in CHD based on analyses of patients and 
model organisms (Table S3).6,7 Two of 4 splice-altering 
variants identified in the CHD cohort altered KMT2D, 
causing Kabuki syndrome and 1 each in RSP24, caus-
ing Diamond-Blackfan anemia and in RBFOX2, a gene 
recurrently mutated in children with hypoplastic left 
heart syndrome (Table  1). Each of these genes are 
highly expressed in the heart and previously described 
as dominant-acting CHD disease genes.13,14 Among the 
24 splice-altering variants found in the control cohort, 1 
variant is in a recessive CHD gene, CNTRL, encoding 
a centriole-appendage protein centriolin. CNTRL is not 
highly expressed in the heart (Table  1). There was no 
increased burden of RNA splice-altering DNVs in CHD 
cases versus controls.

Rare Splice-Altering Variants in CHD Genes 
Found in Probands and Controls
We considered whether rare variants (allele frequency, 
<2×10−6) that may be inherited might also alter splicing, 
by analyzing an expanded CHD cohort (4474 probands, 
inclusive of 2649 probands from trios) and 125 748 
gnomAD controls. We filtered variants as described 
above and further considered only rare variants within 
5ʹss and 3ʹss that are predicted to cause donor or 
acceptor loss, as our prior splicing assays could confirm 
more splice site losses than gains.10,11 These criteria 
yielded 32 695 variants in CHD and 664 697 variants 
in the gnomAD controls (Figure 2). We further restricted 
analyses to variants within the 253 CHD genes.7 This 
resulted in a final list of 822 variants in CHD probands 
(0.18 per person) and 16 304 variants in controls (0.13 
per person).

Computational selection (Supplemental Methods) 
yielded 186 candidate variants in CHD probands and 
3477 candidate variants in controls. Functional assays 
were performed on the candidate variants from CHD pro-
bands. We identified 74 variants that significantly altered 
splicing when compared with reference sequence (Fig-
ure 2; Table S4).

Table 1.  Splice-Altering De Novo Variants in Congenital Heart Disease Genes in Cases and Controls

Case vs 
control Proband ID Gene Variant 

Percentile heart 
expression 

Splice-altering 
P value Inheritance Cardiac phenotype 

Case GT04012081 KMT2D chr12:49420288C>T 96.82 2.60×10−24 AD HLHS, NDD

Case 1-03948 KMT2D chr12:49418361C>T 96.82 2.20×10−16 AD HLHS, aortic arch abnormalities

Case 1-07281 RPS24 chr10:79800375G>A 96.37 4.45×10−5 AD ASD

Case 1-04579 RBFOX2 chr22:36174073T>C 97.82 0.0029 AD HLHS, AVSD

Control 13880.s1 CNTRL chr9:123886361A>T 71.95 5.35×10−18 AR …

AD indicates autosomal dominant; AR, autosomal recessive; ASD, atrial septal defect; AVSD, atrioventricular septal defect; HLHS, hypoplastic left heart syndrome; 
ID, identifier; and NDD, neurodevelopmental delay.

https://www.ahajournals.org/doi/suppl/10.1161/CIRCGEN.122.003924
https://www.ahajournals.org/doi/suppl/10.1161/CIRCGEN.122.003924
https://www.ahajournals.org/doi/suppl/10.1161/CIRCGEN.122.003924
https://www.ahajournals.org/doi/suppl/10.1161/CIRCGEN.122.003924
https://www.ahajournals.org/doi/suppl/10.1161/CIRCGEN.122.003924@line 2@
https://www.ahajournals.org/doi/suppl/10.1161/CIRCGEN.122.003924@line 2@
https://www.ahajournals.org/doi/suppl/10.1161/CIRCGEN.122.003924
https://www.ahajournals.org/doi/suppl/10.1161/CIRCGEN.122.003924
https://www.ahajournals.org/doi/suppl/10.1161/CIRCGEN.122.003924
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Computational Selection of Likely Splice-
Altering Variants Using SpliceAI
We assessed the performance of SpliceAI,8 a compu-
tational predictive algorithm that classifies variants as 
splice altering or benign, by comparing predictions with 
results from splicing assays using minigene constructs. 
We assessed 334 variants inclusive of 200 DNVs and 
134 rare variants using SpliceAI with parameters to yield 
high recall (cutoff, ≥0.2) and high precision (cutoff, ≥0.8) 
for predicting acceptor and donor loss and acceptor and 
donor gain (Table 2) and required a significant difference 

(P<0.05) in splice assays containing the variant and ref-
erence sequence (Methods). At the lower cutoff, SpliceAI 
had a positive predictive value (PPV) and negative predic-
tive value (NPV) of 77.3% and 74.0%, respectively, with a 
sensitivity of 0.66 and specificity of 0.84. The more strin-
gent SpliceAI parameter increased the PPV to 93.8% 
and decreased in NPV to 59.1%, with a decrease in sen-
sitivity to 0.20 and corresponding increase in specificity 
to 0.99. When limiting the analysis to acceptor and donor 
loss, SpliceAI (cutoff, ≥0.2) yielded PPV of 80.9% and 
NPV of 68.9% with sensitivity of 0.65 and specificity of 
0.84. SpliceAI (cutoff, ≥0.8) yielded PPV of 100% and 
NPV of 54.0%, with sensitivity of 0.20 and specificity of 1.

Increased Burden of Rare RNA Splice-Altering 
Variants in CHD Probands
We then considered the burden of predicted rare 
splice-altering variants within 253 CHD genes in pro-
bands and controls using both computational predictive 
algorithms, MaxENT scores (Methods), and SpliceAI8 
(cutoff, ≥0.8). MaxENT scores identified 0.042 rare 
splice-altering variants per CHD proband compared 
with 0.028 rare splice-altering variants per gnomAD 
individual, a 50.4% increase (P=6.94×10−8). SpliceAI 
similarly predicted a significantly increased burden 
(P=1.28×10−4) of rare splice-altering variants in the 
CHD cohort (n=38; 0.0095 variants per proband) 
compared with gnomAD (n=552; 0.0044 variants per 
individual).

Noncanonical Splice Variants Inform Genetic 
Pathogeneses in CHD Probands
Our analyses yielded 127 splice-altering variants (53 
DNVs, 74 rare) in CHD probands. Among these, 4 DNVs 
and 74 rare variants reside in established or candidate 
CHD genes, including 31 variants that are within previ-
ously identified dominant CHD genes (Table S5).

Each of these 78 newly identified, splice-altering vari-
ants in CHD genes occurred in a unique proband. Among 
these 78 probands, 9 probands had a previously identi-
fied de novo or rare LoF variant6,7 (Table 3). Two of these 
9 LoF variants were in dominant CHD genes and, there-
fore, likely pathogenic (Table 3, proband GT04008173 
and proband 1-01026). As splice-altering variants are 
likely to cause LoF, these provide an alternative or com-
plementary genetic pathogenesis for CHD in 69 pro-
bands (≈1.5% of the cohort). The clinical phenotypes of 
these probands were consistent with clinical manifesta-
tions associated with LOF variants in these CHD genes 
(Table S5).

In addition, a subset of splice-altering variants 
identified in CHD genes of these probands occurred 
in CHD genes associated with established clinical 

Figure 2. Schematic of the analyses of putative rare RNA 
splice-altering variant candidates in congenital heart disease 
(CHD) probands and gnomAD controls.
We restricted functional analyses to rare (allele frequency [AF], 
<2×10−6 in gnomAD) single-nucleotide variants residing within 9 
bp of donor and 23 bp acceptor regions of CHD genes in 4474 
CHD and 125 748 gnomAD controls. Based on computational 
prioritization of variants likely to cause the loss of donor or acceptor 
splice (calculated ΔMaxEnt score, <0), we studied 186 (22.6%) 
using an in vitro splicing assay and identified 74 as splice altering. 
Parallel processing of variants in gnomAD controls identified 
664 697 variants within splice sequences, of which 16 304 were 
encoded in CHD genes. Computational prioritization using MaxENT 
scores identified 3477 candidate variants (2301 within 9 bp of 5ʹ 
donor splice sequences and 1176 within the 23 bp of 3ʹ acceptor 
sequences). gnomAD candidate variants were not assessed in the 
minigene assay.

https://www.ahajournals.org/doi/suppl/10.1161/CIRCGEN.122.003924
https://www.ahajournals.org/doi/suppl/10.1161/CIRCGEN.122.003924
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syndromes. Four novel splice-altering variants were 
identified in KMT2D (2 rare, 2 DNV). Haploinsuffi-
ciency of KMT2D causes Kabuki syndrome, which is 
characterized by craniofacial abnormalities, neurode-
velopmental delay, and CHD.15 Proband GT04012081 
with hypoplastic left heart syndrome and neurodevel-
opmental delay was clinically diagnosed with Kabuki 
syndrome but without a genetic pathogenesis. The 
proband has a potentially damaging de novo KMT2D 
missense mutation (chr12:49420288C>T) that sub-
stitutes a glycine for arginine residue (Figure  3A). 
However, the computational prediction and splice 
assay confirmed that this variant results in a splice 
site acceptor gain, with significantly stronger activity 
than the reference sequence (P=2.6×10−24). Aber-
rant splicing of the minigene construct demonstrates 
that this variant produces a novel splice-acceptor 
site resulting in 171-base-pair deletion of minigene 
sequence (Figure  3B). The processed RNA is pre-
dicted to encode truncated KMT2D.

Proband 1-03948, also with hypoplastic left 
heart syndrome and syndromic features of Kabuki 

syndrome, carried a DNV in exon 50 of KMT2D 
(chr12:49418361C>T; Figure  3C), located at the −1 
position adjacent to the canonical GT donor site. This 
variant caused abnormal splicing (P=2.2×10−16 versus 
reference) with retention of intronic sequences in the 
minigene construct (Figure  3D). Using surgically dis-
carded right ventricle (RV) and pulmonary artery (PA) 
tissues from this proband, we isolated and sequenced 
KMT2D transcripts. Like the mis-spliced minigene con-
struct, these showed high levels (RV, 25%; PA, 30%) of 
retained intron adjacent to the variant (Figures 3D and 
3E). Using discarded RV (n=109) and PA (n=39) tissues 
from other CHD probands, we calculated the inclusion 
and exclusion of intron sequences. The median percent-
age of intron spliced in for the RV and PA was 5.3% and 
9.3%, respectively. These control data, fitted to a linear 
(rRV

2, 0.4; rPA
2, 0.1), indicate that proband 1-03948 had a 

significant deviation from the expected ratio (calculated 
as the orthogonal projection onto the linear model) in 
both RV (Z score, 4.5; P=3.7×10−6) and PA (Z score, 
1.9; P=0.03). Collectively, we suggest that these data 
provide strong evidence for pathogenicity of this KMT2D 
noncanonical splice variant.

Our studies combined with prior analyses also uncov-
ered 2 CHD probands who carried biallelic LoF variants 
in recessive CHD genes (Table  3). Proband 1-07189 
carries both a rare, canonical splice-acceptor site vari-
ant (chr11:103058068G>A) in DYNC2H1 and a sec-
ond variant (chr11:102988591A>C) that significantly 
altered splicing in comparison to reference sequences 
(P=7.05×10−3) that is classified by ClinVar as a variant of 
uncertain significance. DYNC2H1 encodes a recessive 
ciliary gene that causes short rib thoracic dysplasia, with 
and centriole-appendage protein without polydactyly 
and additional malformations including CHD.16 Proband 
1-07189 has an atrioventricular canal defect without 
extracardiac manifestations.

Proband BRZ-263 has 2 variants in HECTD1, a rare, 
canonical splice donor variant (chr14:31592125C>A) 
and another (chr14:31576773G>A) that was a 

Table 2.  Performance of SpliceAI Among All Variants 
Assessed by Minigenes Assay

 

SpliceAI score, ≥0.2 SpliceAI score, ≥0.8

All score 
types  
included 

Acceptor/ 
donor loss 
only 

All score 
types  
included 

Acceptor/ 
donor loss 
only 

True positive 99 93 30 29

False positive 29 22 2 0

True negative 148 113 175 135

False negative 52 51 121 115

PPV 77.3% 80.9% 93.8% 100%

NPV 74.0% 68.9% 59.1% 54.0%

Sensitivity 0.66 0.65 0.20 0.20

Specificity 0.84 0.84 0.99 1.0

NPV indicates negative predictive value; and PPV, positive predictive value. 
positive predictive value

Table 3.  Probands With Both a Splice-Altering and LoF Coding Variant in CHD Genes

Variant name Proband ID Gene pLI 
Splice-altering 
P value Other de novo or rare LoF variants in CHD genes 

chr11:102988591A>C 1-07189* DYNC2H1 0 7.05×10−3 Splice-acceptor variant in DYNC2H1 (chr11:103058068G>A, rare)

chr14:31576773G>A BRZ-263* HECTD1 1 2.78×10−2 Splice donor variant in HECTD1 (chr14:31592125C>A, rare)

chr11:71149926T>C 1-02493 DHCR7 0 7.18×10−17 Frameshift in DNAH11 (chr7:21824120C>CTGGT, rare)

chr9:34459054A>G 1-01026 DNAI1 1 2.97×10−6 Frameshift in NOTCH1 (chr9:139411749A>AC, rare)

chr19:42839182C>A 1-04139 MEGF8 0 7.33×10−21 Frameshift in SMAD6 (chr15:67008816CT>C, rare)

chr7:94034209G>T 1-02842 COL1A2 1 8.61×10−15 Splice-acceptor variant in FBN2 (chr5:127782301:T>C, rare)

chr9:123852550C>G 1-08693 CNTRL 0.26 6.16×10−27 Splice-acceptor variant in ZBTB14 (chr18:5292204C>A, rare)

chr19:11319358T>A SIIZ1OUX DOCK6 0 5.06×10−16 Stop gain in STRA6 (chr15:74473798G>A, rare)

chr6:121624915T>C GT04008173 TBC1D32 1 1.59×10−5 Stop gain in KMT2D (chr12:49446763A>T, DNV)

CHD indicates congenital heart disease; ID, identifier; LoF, loss of function; and pLI, probability of LoF intolerance.
*Two probands are noted to harbor biallelic LoF variants within the same recessive CHD gene.
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splice-altering variant in our assays (P=0.0278 versus 
reference sequence). As HECTD1 encodes a ubiquitin 
ligase that participates in aortic arch development,17 

these biallelic HECTD1 variants are plausible causes for 
tetralogy of Fallot and an aortic arch defect in proband 
BRZ-263.

Figure 3. RNA splice-altering variants in KMTD2 identified by splice assays and confirmed by cardiac tissue confirmation.
A, Clinical and genetic profiles of congenital heart disease (CHD) proband GT04012081. The identified exon 48 variant in KMT2D encodes 
a missense residue with unknown impact on protein function or clinical significance. B, Computational analyses (MaxENT scores) and in vitro 
RNA splicing assay demonstrated that the variant produces an inappropriate 3ʹ splice site acceptor, resulting in a 171-base pair deletion in 
the minigene and is predicted to encode a truncated protein due to a frameshift. C, Clinical and genetic profiles of CHD proband 1-03948 
identified a variant in KMT2D in exon 50 in the 5ʹss, adjacent to the canonical splice site. D, Computational analyses and splicing assay 
indicated loss of normal splicing with read through of intron sequences. E, RNA sequencing of right ventricular (RV) and pulmonary artery 
(PA) samples from 1-03948, compared with RV and PA tissues from CHD proband with normal KMT2D sequence (control) confirms aberrant 
splicing, in vivo with retention of intron sequences.
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DISCUSSION
Here, we considered the potential for variants in noncod-
ing sequences in proximity to canonical splice signals to 
disrupt normal RNA processing and contribute to unex-
plained CHD. We demonstrate that about 1.5% of patients 
with CHD have a rare noncanonical splice-altering variant 
in a CHD gene that is likely responsible for their disease. 
Both familial segregation of CHD with an inherited dam-
aging coding variants and the co-occurrence of sporadic 
CHD with damaging DNVs provides strong support for 
causality. The combination of computational and in vitro 
splicing assays defined adverse functional consequences 
of noncoding DNVs and rare variants in WES data sets. 
Among a CHD cohort comprised of 4474 probands, we 
identified 53 de novo and 74 rare variants that perturbed 
splicing of a minigene construct, indicating that these are 
damaging and likely to cause LoF. Of these 123 variants, 
78 variants altered genes with previously defined, damag-
ing coding variants that cause CHD. Among the 78 CHD 
probands with splice-altering variants, only 2 had prior 
genetic diagnoses. The additional analyses of noncanoni-
cal splice sequences provided a likely genetic explanation 
for CHD in ≈1.5% of probands.

Splice-altering variants altered dominant-acting CHD 
genes including KMT2D, RBFOX2, and RPS24. The clin-
ical phenotypes of probands with these variants are sim-
ilar to those previously reported with LOF mutations in 
these genes (Table S5). Additionally, our data uncovered 
biallelic variants in recessive genes such as DYNC2H1, 
which expands our understanding of the genetic archi-
tecture of CHD. While we identified splice-altering vari-
ants in other recessive genes, definitive evidence for 
their pathogenicity requires the identification of a sec-
ond damaging variant. Genome sequencing and analy-
ses of other noncoding variants may provide these data.

Our splice assays also provided an assessment of 
SpliceAI, a new machine learning–based tool for pre-
dicting the impact of variants on splicing. SpliceAI had a 
high PPV (≈93%) when using a stringent cutoff, a find-
ing that is consistent with our previous assessment of 
this tool for analyzing cardiomyopathy genes.12 The PPV 
increased to 100% when applied only to variants that 
are predicted to cause loss of the splice site. However, 
as SpliceAI had an NPV of 60% to 70%, cautious use 
of computational tools alone is necessary as these can 
miss potentially damaging variants that are uncovered by 
functional interrogation using an in vitro system or ex vivo 
tissue analyses.

We recognize several limitations in our study. Thirty-
one of 433 total candidate variants, often occurring 
in repetitive regions, could not be tested with minige-
nes because the required oligonucleotides could not 
be synthesized. In addition, ≈17% of minigenes car-
rying variants yielded indeterminate results (Tables 
S1 and S4). Although our RNA sequencing of heart 

tissue from one CHD proband confirmed the effects 
detected by the splice assay, we recognize that vari-
ants may impact splicing or other aspects of RNA pro-
cessing that are not captured by the in vitro assay. We 
did not assess the potential for a novel splicing event 
that might increase splicing in CHD genes.18,19 We also 
did not assess the possible contribution of these rare 
splice-altering variants to a multigenic pathogenesis 
of CHD. Finally, we interrogated sequences flanking 
canonical splice sequences, where sequences beyond 
these regions, including splice enhancers and silenc-
ers, and sequences involved in spliceosome and RNA 
binding protein interactions were not assessed.

In summary, assessing the ability of rare and DNVs 
found in CHD probands to alter RNA splicing yielded 
likely pathogenic variants and contributed molecular 
diagnoses to probands with unexplained CHD. These 
results along with pathogenic variants in canonical splice 
signals indicate that disruption in normal RNA splicing 
is an important contributory mechanism for the patho-
genesis of CHD. Future improvements in genome-based 
precision medicine for genetic diagnosis of CHD should 
include evaluation of noncanonical splice sequences 
in known CHD genes. Extending these analyses is 
expected to uncover additional pathogeneses for unex-
plained CHD and other disorders.
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