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Summary
Hypoplastic leftheart syndrome(HLHS) is a severe congenitalheartdefect (CHD)characterizedbyhypoplasia of the left ventricle andaorta

alongwith stenosis or atresia of the aortic andmitral valves. HLHS represents only�4%–8%of all CHDs but accounts for�25%of deaths.

HLHS is an isolateddefect (i.e., iHLHS) in70%of families, thevastmajorityofwhichare simplex.Despite intense investigation, thegenetic

basis of iHLHS remains largelyunknown.Weperformedexome sequencingon331 familieswith iHLHSaggregated from four independent

cohorts. A Mendelian-model-based analysis demonstrated that iHLHS was not due to single, large-effect alleles in genes previously re-

ported to underlie iHLHS or CHD in >90% of families in this cohort. Gene-based association testing identified increased risk for iHLHS

associated with variation in CAPN2 (p ¼ 1.83 10�5), encoding a protein involved in functional adhesion. Functional validation studies

in a vertebrate animalmodel (Xenopus laevis) confirmedCAPN2 is essential for cardiac ventriclemorphogenesis and that in vivo loss of cal-

pain function causes hypoplastic ventricle phenotypes and suggest that humanCAPN2707C>T and CAPN21112C>T variants, each found in

multiple individuals with iHLHS, are hypomorphic alleles. Collectively, our findings show that iHLHS is typically not a Mendelian

condition, demonstrate that CAPN2 variants increase risk of iHLHS, and identify a novel pathway involved in HLHS pathogenesis.
Introduction

Over the past decade, the use of next-generation sequ-

encing (NGS) accompanied by ever-improving comp-

utational strategies to identify candidate genes and predict

pathogenicity of variants has led to discovery of the genetic

basis of thousands of Mendelian conditions (MCs) and

transformed the practice of genetic medicine.1 Many of

these MCs are characterized by multiple malformations,

so-called multiple-malformation syndromes (MMSs), and

the discovery of genes underlying MMSs has in turn led to

much deeper knowledge of development and disease path-

ogenesis. Yet, the vast majority of malformations occur in
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persons without a known MMS, are isolated (i.e., a person

has only onemalformation), and are not inherited inMen-

delian patterns. Moreover, assuming that most major birth

defects are malformations, about 1 of every 33 children

born in theUnited States has amalformation.2Collectively,

birth defects represent the most common cause of death in

the first year of life3 and are responsible for more than 3

million pediatric deaths annually. Yet, in contrast to

MMSs, progress toward understanding the genetic basis of

isolated malformations has been slow.4

Among malformations, the most frequent causes of

morbidity and mortality are congenital heart defects

(CHDs), and amongCHDs, hypoplastic left heart syndrome
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(HLHS) is themost common cause of early death.3,5,6 HLHS

is characterized by marked abnormalities of the left-sided

heart structures, with a critically underdeveloped left

ventricle and aorta along with a combination of aortic

and mitral valve stenosis or atresia. HLHS occurs in �1/

4,000 live births in the United States, themajority of which

are isolated (i.e., the HLHS is not a feature of anMMS), sim-

plex cases.7 The genetic basis of risk of HLHS is well estab-

lished. Family studieshave revealedahigh riskof recurrence

of CHDs among siblings, a high relative risk (�37-fold) for

first-degree relatives, and a heritability of 0.71–0.90.8–10

Multiplex HLHS families have been reported, although

most of these featured reduced penetrance and/or variable

expressivity with other left-sided heart defects, such as

bicuspid aortic valve.11,12

Genetic studies of candidate genes have identified several

‘‘knowngenes’’ underlying risk forHLHS, includingNOTCH1

(MIM:190198),GJA1 (MIM: 121014),MYH6 (MIM:160710),

HAND1 (MIM: 602406),RBFOX2 (MIM:612149), andNKX2-

5 (MIM:600584).However,manyof theputative pathogenic

variants in these genes are observed in reportedly unaffected

relatives, suggesting that penetrance is reduced and/or effect

size is modest.13–16 Enrichment for putatively damaging de

novo variants has been observed in other genes involved in

heart development, brain development, and chromatin

modification.17,18 Butmany of these de novo events occurred

in individuals with features suggestive of an MMS (e.g.,

Kabuki [MIM: 147920], Adams-Oliver [MIM: 100300], Noo-

nan [MIM: 163950], and Jacobsen [MIM: 147791]) that in-

cludesHLHS, or so-called syndromicHLHS. Collectively, var-

iants in these genes account for only a small fraction (�2%

–10%) of families with syndromic HLHS17,19 and an even

smaller fraction of isolated HLHS (iHLHS).20–23

Based in part on these observations, it has been hypoth-

esized that themajority of iHLHSmight be explained by an

oligogenic inheritance model.8,19 Oligogenic models

occupy the genetic risk space between MCs and polygenic

or complex traits and may include an interaction between,

or combinatorial effects among, several moderate-effect al-

leles and/or environmental factors. Oligogenic inheritance

of iHLHS is supported by evidence from a mouse model of

iHLHS and the identification of genes underlying murine

iHLHS.24 However, empirical evidence for oligogenic in-

heritance of iHLHS in humans has proven challenging to

generate, limited in large part by the relatively modest

sample size of cohorts with iHLHS.24

To identify moderate-risk alleles for iHLHS, we organized

a multinational network of investigators and assembled a

cohort representing 331 families with iHLHS who under-

went exome sequencing (ES). Analysis of exome data using

Mendelianmodels identified fourClinVar likelypathogenic

(LP) or pathogenic (P) variants in three ‘‘known genes’’ in 4

families, LP or P variantsmeetingAmericanCollege ofMed-

ical Genetics (ACMG) criteria in 23 families, and no novel

genes for iHLHS. Gene-based association testing of rare var-

iants identified a single novel gene,CAPN2 (MIM: 114230),

with a genome-wide suggestive association with iHLHS.
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Functional studies in a vertebrate animal model (Xenopus

laevis) confirmed that capn2 is essential for cardiac ventricle

morphogenesis and suggest that the CAPN2 variants we

identified act as hypomorphic alleles in vivo.
Material and methods

Samples
This study was approved by the institutional review board (IRB) of

Seattle Children’s Research Institute; the IRB of each of three inde-

pendent studies in the United States, Canada, and Europe; and the

Centers forDiseaseControl andPrevention IRB,alongwith the IRBs

for each participating site of the National Birth Defects Prevention

Study (NBDPS). Written informed consent was obtained for each

child, their parents, and, in some cases, their relatives. All affected

individuals were clinically diagnosed with iHLHS following best

practices, summarized below. A total of 336 families with simplex

cases of iHLHS were ascertained from four separate studies.

Three-hundred and seventy-five participants (129 families)

were ascertained and sampled from the NBDPS between 1997

and 2011. The NBDPS is a population-based case-control study

that included women with pregnancies affected by a major struc-

tural birth defect with estimated dates of delivery between

October 1997 and December 2011.25,26 Affected individuals

were ascertained from birth defect surveillance systems in

10 US states, and a clinical geneticist and/or pediatric cardiologist

reviewed data abstracted from medical records to determine eligi-

bility.27 Persons with known chromosomal or single-gene disor-

ders and known syndromes for which the genetic basis is un-

known were excluded. All CHDs were centrally reviewed and

classified by a team of pediatric cardiologists. HLHS was clinically

defined by extreme smallness of the left-sided heart structures

(mitral valve and left ventricle) and aorta (including the aortic

valve, ascending aorta, arch, and sometimes descending aorta

[coarctation]). A Z-score threshold was not considered when as-

sessing cardiac morphology and assigning the diagnosis of

HLHS. The ventricular septum could be intact, or a ventricular

septal defect could be present. NBDPS cardiac defects were

confirmed by echocardiography, catheterization, surgery, or au-

topsy; affected individuals diagnosed by prenatal ultrasound/

echocardiography were included only if the procedure was

completed by a pediatric cardiologist or in a prenatal diagnosis

center with expertise in this area.28

One hundred and sixty-seven participants (71 families) were as-

certained and sampled under an IRB-approved protocol at Nation-

wide Children’s Hospital between 2004 and 2016. Children and

adults with CHD were approached at their outpatient visit or

were referred by other institutions. Additional family members

were recruited via the index subject. Medical records were re-

viewed, and cardiac defects were confirmed by echocardiography,

operative note, or procedure report, and the records were searched

for any additional health problems, including the presence of

other birth defects, specific syndrome diagnosis, or neurodevelop-

mental disorders. HLHS was defined as mitral valve atresia or ste-

nosis along with aortic valve atresia or stenosis with hypoplasia

of the left ventricle and aortic arch (Z-score < �2). Individuals

were included if HLHS co-occurred with bicuspid aortic valve but

excluded if they had a complex cardiac defect (e.g., presence of

left-sided defect and second major cardiovascular malformation)

or additional malformations or a known chromosomal abnormal-

ity or were diagnosed with an MMS.
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Ninety-five DNA participants (84 families) that were ascertained

for iHLHS and sampled under an IRB-approved protocol at the

Hospital for Sick Children were recruited to the Heart Centre Bio-

bank Registry between 2007 and 2016.29 Probands with clinical

diagnosis of HLHS, along with their relatives, were ascertained

and consented to participate in the biobank. Those with clinical

or genetic diagnosis of syndromic HLHS were excluded to increase

power to identify genetic variants influencing iHLHS.

Ninety-five participants (52 families) were included from ‘‘The

genetics of LVOTO defects’’ study at Helsinki University Chil-

dren’s Hospital, Finland, which included pediatric patients with

left-ventricular outflow tract obstruction (LVOTO) defects and

their family members. Only probands with HLHS were selected,

and HLHS was defined as hypoplastic left ventricle not forming

the apex of the heart, with aorta and/or mitral hypoplasia or

atresia. Patients with malformations of other organ systems or a

known MMS were not included. All participants were of self-re-

ported Finnish ancestry. Blood or saliva samples were collected

between 2014 and 2015, and the DNA was extracted at the

Finnish Institute of Molecular Medicine. The study protocol

was approved by the Ethics Board of Helsinki and Uusimaa Hos-

pital District, and the guidelines of the Declaration of Helsinki

were followed.

Control samples (n ¼ 2,192) were selected from independent

projects in the University of Washington Center for Mendelian

Genomics. The controls represent unrelated individuals ascer-

tained as unaffected parents of children with rare MCs for which

clinical characteristics did not include CHD. They had no known

history of CHD. These samples were sequenced, and data were pro-

cessed via the same pipeline and at a similar time as samples in the

iHLHS cohort.

Sequencing and data quality control
Exome capture was completed with the Nimblegen SeqCap EZ Hu-

man Exome Library v.2.0 kit (Roche) according to the manufac-

turer’s protocol with minor custom additions as previously

described.30 Minimum sample quality thresholds included mean

depthof 503with>90%of targeted sites exhibiting>83 coverage.

Readswere aligned to the referencehumangenome (hg19)with the

Burrows-Wheeler Aligner.31 Variant calling was performed using

the Genome Analysis Toolkit (GATK) HaplotypeCaller (v.4.0.5.0)

in accordance with GATK best practices.32 The joint-called multi-

sample variant call format file was normalized and decomposed

by Vt v.0.5733 to ensure a unified representation of variants and

then annotated with Variant Effect Predictor v.95.3.34 Copy-num-

ber variants (CNVs) were called from ES data using CoNIFER.35

Exome analyses were performed between 2019 and 2022.

FollowingES, Peddy36wasused to identifyunexpectedand incor-

rect familial relationships, to confirm self-reported ancestry, and to

identify samples with sequencing quality control (QC) metrics

indicative of poor-quality DNA and/or contamination (i.e., high/

low heterozygosity, low overall depth, and skewed allele balance).

Five families (5/336)were subsequently excluded fromfurther anal-

ysis: three families due to duplicate submissionof the same subjects

and two due to unresolvable sample misidentification. Parental

sequence data were available for half of all families (i.e., trios).

The final cohort consisted of 331 families: 125 singletons, 39

parent-offspring pairs (i.e., duos), 159 trios, and 8 families with

additional family members with non-HLHS CHDs.

GEMINI37 v.0.30.1 was used to filter out low-quality variant calls,

requiring each variant to have a minimum read depth of 6, a

maximumreaddepth of 500,missingness less than10%, and amin-
Human
imum genotype quality of 20 in at least 95% of individuals, while

excluding variants with non-PASS GATK filter flags and greater

than one alternate allele. To remove potential pipeline-specific call-

ing artifacts, single-nucleotide variants with minor allele fre-

quencies >5% in our internal database of >4,200 exomes were

excluded. Similarly, to remove poorly called indels located in highly

polymorphic, multiply mapping, or complex regions, we excluded

insertions or deletions that overlapped a 9 bp window that

contained indels in >5% of individuals in our internal database.

CNVs were called along with �1,000 contemporaneously seq-

uenced samples using the samepipeline andwere filtered to include

only high-confidence events with svd_rpkm values >1 or <�1, to

reduce systematic noise in read depths due to differences in exon

size and targeting efficiency, and coverage of >4 probes/exons.
Identification of variants in known HLHS or left-sided

heart defect genes
We reviewed the HLHS/CHD literature to create a list of 58 ‘‘known

candidate genes’’ for putatively monogenic forms of HLHS/CHD.

This list included 7 genes previously implicated in iHLHS, 13 genes

implicated in syndromic HLHS, 17 genes implicated in isolated

CHDs, and 21 genes implicated in syndromic left-sided CHDs

(Table S1). We identified variants in these 58 candidate genes that

are listed in ClinVar with at least one LP or P interpretation or

met ACMGcriteria for LP or P. To identify additional candidate var-

iants in these genes that havenot yet been reported,we categorized

variants as predicted pathogenic (PP) if a variantmet the following

criteria: had a Phred-scaled Combined Annotation Dependent

Depletion (CADD)-Splice v.1.6 score38 R15; was predicted to

have protein-coding impact (i.e., moderate or high impact accord-

ing to the GEMINI schema, which excludes synonymous and non-

coding variants); did not have an alternate allele frequency (max-

AAF) R0.001 in any single population within the EVS/ESP6500,

1000 Genomes (phase 3 release), or gnomAD Browser v.2.0.1;

and, for multiplex families, co-segregated with the phenotype.
Mendelian-model-based analysis
Tosearchexome-wide fornovel iHLHScandidate genes,we imposed

more stringent filters on PP variants. We removed poorly called

insertion/deletions (indels) that overlapped with any 9 bp window

that contained indels in>0.01%of individuals in our internal data-

base; we applied amore stringent frequency cutoff than used inQC

because the aim was to identify large-effect alleles with high confi-

dence in the variant calls, and such alleles are expected to be very

rare. Probandgenotypeswerefiltered against parental or other avail-

able familial genotypes assuming complete penetrance (i.e., unaf-

fected parents could not be carriers for a putatively dominant

variant) under de novo, autosomal-dominant (for three families

withanaffected childandaffectedparent), autosomal-recessive (ho-

mozygous and compound heterozygous), and X-linked inheritance

patterns. Approximately half (167/331) of the iHLHS families were

‘‘complete’’ trios, allowing for the identification of de novo events.

For the 164 incomplete trios lacking sequence data for one parent

(i.e., preventing variant filtration under a de novo model), variants

were filtered against any unaffected family members for whom we

had sequence data. For example, homozygous and compound het-

erozygous variants in incomplete trios were identified by assuming

that the second allele was transmitted from the parent whowas un-

available for studyorby identifyinggenes inwhich twovariantshad

the potential to be present in trans. Potential de novo variants in the

remaining ‘‘incomplete’’ trios were not considered in this analysis
Genetics and Genomics Advances 4, 100232, October 12, 2023 3



due to the large number of rare heterozygous PP variants expected

exome wide. Finally, to prioritize among the putative novel candi-

date genes that might underlie monogenic forms of iHLHS, we

considered genes with PP variants segregating in a pattern consis-

tent with the same mode of inheritance in three or more families.

Variants in these genes were then manually reviewed in Integrated

Genome Viewer39 for quality.

Sample selection and QC for association testing
Subjects were defined as the proband from each of the 331 families

used in the Mendelian-model-based analysis. Samples underwent

extended QC to align sample sequencing quality and depth be-

tween cases and controls. We used PLINK v.1.940 to identify case

or control samples with high genotype missingness and Peddy

to identify samples with outlier values for heterozygosity,

sequencing depth, or skewed allele balance.36 Pairs of samples

with estimated kinship values >0.1 were flagged, and one sample

per pair was removed to reduce cryptic relatedness.

To reduce confounding due to population stratification, Peddy

was used to predict sample ancestry. Due to lack of ancestry-

matched controls, samples were restricted to those confidently as-

signed to European ancestry (probability of EUR ancestry >0.75).

Principal components (PCs) for the remaining samples were esti-

mated using PC-Air as implemented in GENESIS26 (Figure S1).

The first four PCs were selected as covariates based on their posi-

tion in a scree plot, none of which showed significant correlation

with outcome. A genetic relatedness matrix of kinship coefficients

estimated using KING-Robust was adjusted for those first four PCs

using the PC-Relate approach in GENESIS.

Extensive variant QC for the case-control association analyses

excluded variants with (1) gross deviation from Hardy-Weinberg

equilibrium (HWE); (2) inadequate read depth; (3) abnormally

high read depth, because this typically is indicative of spurious

read alignment; (4) poor genotyping quality; (5) low call rate;

and (6) call rate differences by phenotypic status. Biallelic sites

without a GATK filter flag were then filtered to exclude those

with extreme deviation from HWE in the final dataset of 1,313

samples (p< 1.513 10�7). Fourteen subjects with previously iden-

tified likely causal variants were excluded from the sample set,

reducing the case count from 213 to 199. Sites with high missing-

ness (>0.1) as estimated in PLINK were excluded. Last, we retained

only sites in which samples had genotype quality >20 and depth

>6. After applying all filters, 94,762 variant sites and 1,299 (199

subjects; 1,100 control individuals) samples remained.

Gene-based association testing
Gene-based association testing was performed using the unified

sequencing kernel association test with optimal kernel weighting

(SKAT-O)41 via the GENESIS42 package in the R statistical language.

We included low-frequency autosomal variants with a maximum

population allele frequency in ExAC, or maxAAF, %0.01 that

were predicted to have protein-coding impact (i.e., moderate or

high impact according to theGEMINI schema,which excludes syn-

onymous and non-coding variants). To limit our analysis to only

genes with a sufficient number of observed alleles to provide

adequate statistical power, we excluded genes with a total minor

allele count<10 summedacross all variantswithin the gene among

subjects and control individuals. In total, 58,369 variant sites in

5,308 genes passed our inclusion criteria. Association testing was

performed, adjusting for sex and PCs 1–4 as fixed effects, under a

dichotomous trait model with variant weights following the beta

distribution suggested by Madsen-Browning (0.5, 0.5) to empha-

size the impact of rare variants in the aggregate analysis.43
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In vivo functional studies of Capn2 in Xenopus
Xenopus laevis oocytes were fertilized and de-jellied following stan-

dard procedures.44 In preparation for microinjection, embryos

were arrayed in a Petri dish lined with Nitex nylon mesh

(1,000 mm) in a solution of 3% Ficoll 400 (Fisher Bioreagents

BP525) in 0.753 MMR as previously described.45 After injection,

embryos were gradually equilibrated with 0.13 MMR and raised

to tadpole stage 43–45. For CRISPR-Cas9-mediated genome edit-

ing, 2 nL of a 300 mM KCl solution containing 300 pg/nL single

guide (sg) RNA targeting Xenopus capn2, 62.5 pg/nL Alt-R S.p.

HiFi Cas9 nuclease (Integrated DNA Technologies [IDT]), and 80

pg/nL GFP mRNA was injected into the left dorsolateral blasto-

mere of eight-cell-stage embryos fated to give rise to the left side

of the heart.46 For capn2 mRNA specificity rescue experiments,

this pooled sgRNA was co-injected with approximately 200 pg of

synthetic mRNA encoding wild-type Xenopus capn2, a Xenopus or-

tholog of the human CAPN2707C>T mutation, or a Xenopus ortho-

log of the human CAPN21112C>T mutation. For morpholino-medi-

ated knockdown of Xenopus Capn2 protein, embryos were

injected as above with 35 pg/nL GFP mRNA plus either 20 ng of

morpholino oligonucleotide targeting the Xenopus capn2 transla-

tion start site (TCGGCGACCCCGCTCATGTCG; GeneTools) or

20 ng of standard control morpholino (GeneTools). For specificity

rescue experiments, 1.55 ng of morpholino-resistant wild-type

capn2 mRNA was co-injected with capn2 morpholino. Tadpoles

with abnormal ventricles were identified by visual inspection by

two independent observers. In all cases, analysis of variance was

conducted to evaluate differences in the mean percentage

(weighted average) of heart phenotypes, with at least three inde-

pendent experiments (performed with 8–57 embryos per condi-

tion). Error bars in all graphs represent standard deviations.

Injected embryos were fixed in Dent’s fixative (80% methanol/

20% dimethyl sulfoxide) for 2–3 h at room temperature. Samples

were then processed for whole-mount fluorescence immunocyto-

chemistry,47 using a mouse monoclonal antibody directed against

cardiac Troponin (DSHB CT3; 1:100) and a rabbit polyclonal

against GFP (Invitrogen A6455; 1:500). The secondary antibodies

Alexa 555-conjugated goat anti-mouse IgG (Invitrogen A32727;

1:500) and Alexa 488-conjugated goat anti-rabbit IgG (Invitrogen

A32731; 1:500) were used to visualize Troponin T and GFP, respec-

tively. For clearing, embryos were washed five times in methanol

and then transferred to Murray’s Clear (2 parts benzyl benzoate

and 1 part benzyl alcohol) for imaging on Zeiss Lumar.V12 and Le-

ica TCS SPE microscopes.
Results

Mendelian-model-based analysis

We identified 27 families (8.2%) with either a ClinVar LP or

a P variant (4 families [1.2%]) or with a variant meeting

ACMG criteria for LP or P (23 families [7.0%]) in genes re-

ported to underlie iHLHS (2 families [0.6%]), an MMS of

which a CHD is a clinical finding (6 families [1.8%]), or iso-

lated CHD (15 families [4.5%]).

ClinVar known LP or P variants were found in 4 of 331

(1.2%) families (Table 1). No ClinVar known LP or P vari-

ants were found in any of the 331 families in the seven

genes previously reported to underlie iHLHS (Table S1).

In 3 of 331 families, ClinVar known LP or P variants were

found in two genes underlying dominantly inherited
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MC-MMS (Table 1) in which HLHS is a clinical feature (i.e.,

syndromic HLHS). Of these, two individuals had variants

(one confirmed de novo) in KMT2D48 (MIM: 602113) un-

derlying Kabuki syndrome (MIM: 147920), in which

CHDs are common but HLHS is rare,22 and one individual

had a variant in NOTCH149 (MIM: 190198), one of several

genes that underlie Adams-Oliver syndrome (MIM:

616028). Analysis of 37 genes reported to underlie isolated

CHD or MCs that frequently include left-sided CHDs but

not HLHS revealed a ClinVar known LP variant in ACTC1

(MIM: 102540) in one family (Table S1). P variants in

ACTC1 can result in left-ventricular non-compaction, car-

diomyopathy, and/or atrial septal defects.

ACMG LP or P variants were found in a total of 23/331

(7.0%) families (Table 1). These included 7/331 (2.1%) fam-

ilies with variants in MYH6 (MIM: 160710, one confirmed

de novo), a gene that has been associated with iHLHS and

atrial septal defects50 as well as both dilated and hypertro-

phic cardiomyopathy.51 In genes underlying MMS, two

variants were found in both KMT2D (one confirmed de

novo) and NOTCH1 (one confirmed de novo) and one

variant in MYRF52 (MIM: 608329). ACMG LP or P variants

were found in 14 families (4.2%) in genes underlying

dominantly inherited isolated CHDs or MCs with left-

sided CHDs, including one variant each in MYH7 (MIM:

160760) and CREBBP (MIM: 600140).

PP variants were found in a total of 21 families, including

8/331 (2.4%) families with variants in genes that underlie

either iHLHS or dominantly inherited MC-MMS of which

HLHS is a clinical feature (Table 1). Specifically, four indi-

viduals had PP variants in MYH6, one person had a PP

variant in KMT2D, one individual had a PP variant in

NOTCH1, and two males were hemizygous for PP variants

in KDM6A53 (MIM: 300128). PP variants were detected in

eight (2.4%) families in genes underlying either isolated

or dominantly inherited MCs with left-sided CHDs. These

included individual families with variants in DTNA (MIM:

601239), NR2F2 (MIM: 107773), ZFPM2 (MIM: 603693),

CHD7 (MIM: 608892), JAG1 (MIM: 601920), NOTCH2

(MIM: 618026), and CREBBP and a female proband hetero-

zygous for a variant in ZIC3 (MIM: 300265), which under-

lies an X-linked disorder of left-right asymmetry including

left-sided CHD.

Several PP variants were de-prioritized due to conflicting

evidence for pathogenicity. Two individuals with variants

in KRAS (MIM: 190070) and one individual with a variant

inMYH7were found to have variants that met criteria for a

PP variant but were annotated as benign or likely benign in

ClinVar. Last, each of five individuals had either ACMG LP

or P or PP variants identified in two different genes. One

person had both an ACMG LP or P heterozygous variant

in MYH7 and a homozygous PP variant in NOTCH2, one

person was heterozygous for an ACMG LP or P variant in

HRAS (MIM: 190020) and a PP variant in NOTCH1, one

person was heterozygous for PP variants in MYH6 and

NR2F2, one person was heterozygous for PP variants in

GATA5 (MIM: 611496) and ZFPM2, and one person was
Human
heterozygous for PP variants in MED13L (MIM: 608771)

and MYH6.

No putatively novel genes, defined as three or more fam-

ilies with compelling candidate variants in the same gene,

were discovered. Collectively, these results suggest that

iHLHS was, in the vast majority of families in this cohort,

not due to large-effect alleles in known or novel genes.

Gene-based association testing

To discover candidate genes harboring risk variants for

iHLHS withmore modest effect sizes andmaximize our po-

wer given the limited sample size,we performed gene-based

association testing using SKAT-O,41 seeking to identify

genes with an excess of rare variants (maxAAF %1%) pre-

dicted to have protein-altering consequences. After trios

with cryptic relatedness, those inwhomClinVar LP or P var-

iantsorACMGLPorPvariantswere identified, and those for

whom adequate ancestry-matched controls were unavai-

lable were removed, the sample size was reduced to 199.

When the 199 cases were combined with 1,100 ancestry-

matched controls, 5,357 genes had a minor allele count

>10 and were included in the SKAT-O analysis. Of these,

CAPN2 had suggestive evidence of association with HLHS

(p ¼ 1.8 3 10�5, Bonferroni cutoff 9.4 3 10�6; Figure 1). A

sensitivity analysis repeating the analysis using a burden

test rather than SKAT-O again found the strongest statistical

support for CAPN2. We observed an excess of rare coding

variants in cases (5.5%, 11/199) vs. controls (0.73%,

8/1100). Among the eight different variants in the case

group, sevenwere predicted to lead to either damaging sub-

stitutions (eachwith Phred-scaledCADD-Splice scores>21)

or protein truncation (n ¼ 1) (Figure 2 and Table S2). Two

variants were found in probands who inherited the variant

from unaffected parents, four variants were found in pro-

bands from incomplete trios, one variant (c.707C>T) was

found twice in two probands from incomplete trios, and

one variant (c.1112C>T) was found once in a proband

who inherited it fromanunaffectedparent and twice inpro-

bands from incomplete trios. These results suggest that rare

variants in CAPN2 are associated with increased risk of

iHLHSbut arenot large-effect alleles.No individual in either

the case group or the control group hadmore than one rare

protein-altering variant in CAPN2.

Two additional individuals with iHLHS who were

excluded from the association analysis had both a variant

in CAPN2 and a candidate variant identified under the

Mendelian-model-based analysis of known genes, one in

an individual with an ACMG LP/P de novo stop-gain in

KMT2D and one in an individual with a heterozygous PP

missense in NOTCH2. One additional individual with

iHLHS was found both to have a variant in CAPN2 and

to be heterozygous for a known pathogenic splice acceptor

variant in DHCR7 underlying the recessively inherited

Smith-Lemli-Opitz syndrome (MIM: 270400).

Replication of the observed association with CAPN2 was

impaired by the limited availability of additional iHLHS

cases. Instead, we attempted replication using exome
Genetics and Genomics Advances 4, 100232, October 12, 2023 5



Table 1. Number of variants in families affected by isolated hypoplastic left heart syndrome (iHLHS) identified byMendelian-model-based
analysis

Phenotype category Probands ClinVar LP/P ACMG LP/P PP

Isolated HLHS 6 0 2 4

MC-MMS/CHD 12 3 5 4

Isolated CHD 23 1 14 8

Multiple candidate variants 5 0 2 8

Total probands explained 46 4 23 19a

aTwo variants were identified in five families, including eight PP variants. Hence, the total number of probands potentially explained by PP variants is 19 instead of
24. Abbreviations: ACMG, American College of Medical Genetics and Genomics; CHD, congenital heart defect; LP, likely pathogenic; MC-MMS, Mendelian con-
ditions-multiple malformation syndromes; P, pathogenic; PP, predicted pathogenic.
data from HLHS trios and control individuals (drawn from

the parents of children with other types of CHD) enrolled

in the Pediatric Genomics Cardiac Consortium or Pediatric

Heart Network. Only a small subset (356/1,213 ¼ 29%) of

these cases had isolated CHD. After extensive curation of

data from 1,213 trios with CHD for QC, relatedness, and

matching for genetic similarity, the final dataset consisted

of 138 HLHS-affected individuals and 370 control individ-

uals, and 43/138 (31%) HLHS-affected individuals had an

abnormal extracardiac finding, suggesting that, at best,

only approximately two-thirds of these subjects had

iHLHS. CAPN2 failed to meet the minimum allele count

threshold of 10, and no significant genome-wide associa-

tions were identified for any common variant or gene

tested. Accordingly, we turned to testing in a model organ-

ism to validate the functional consequences of the CAPN2

variants significantly associated with iHLHS.

Functional characterization of CAPN2 and HLHS-

associated variants in heart development

To assess the in vivo requirement for CAPN2 in vertebrate

heart development, we employed embryos of the frog Xen-

opus laevis. Although this amphibian develops a three-

chamberedheart,manymolecular, cellular, andmorphoge-

netic aspects ofXenopus cardiogenesis are identical to those

of higher vertebrates.54Moreover, the single ventricle in the

frog heart has been found to be similar to the mammalian

left ventricle,55,56 making Xenopus an excellent model for

testing the potential role of CAPN2 variants in left-ventric-

ular morphogenesis and the pathogenesis of HLHS.57

To perform CRISPR-mediated editing of the Xenopus

capn2 locus, sgRNAs targeting capn2 were injected, along

with Cas9 protein, into a blastomere of the early embryo

that is fated to contribute to the heart.46 These reagents

were confirmed to produce indels within the capn2 locus

in injected embryos (Figure S2). In contrast to control em-

bryos that were injected with capn2 sgRNA alone, which

rarely exhibit heart defects (4.9%, n ¼ 125; Figures 3A and

3F), 57.3% (n¼ 185) of embryos injectedwith capn2 sgRNA

plus Cas9 protein had hypoplastic ventricles with reduced

ventricular cavities (Figures 3Band3F), analogous to theun-

derdeveloped left-ventricle morphology and small ventric-

ular chamber found in human HLHS patients.58 Impor-

tantly, co-injection of CRISPR reagents with wild-type
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(WT) capn2 mRNA led to a significant (>50%) reduction

in the number of embryos with abnormal hearts (27.1%,

n ¼ 151; p < 0.05; Figure 3F). The restoration of normal

ventricle morphology byWT capn2mRNA (Figure 3C) con-

firms that the hypoplastic ventricle phenotype is specific to

the loss of capn2 function. As a further confirmation of the

specificity of the capn2 CRISPR-Cas9-induced heart defect,

we utilized a second loss-of-function reagent: amorpholino

oligonucleotide that binds to the Capn2 translation start

site to knock down levels of Capn2 protein. This indepen-

dent strategy also resulted inheartswithhypoplastic ventri-

cles rescuable by exogenous WT capn2 mRNA (Figure S3).

Having confirmedby twodifferent experimental strategies

that loss of function of Capn2 is responsible for HLHS-like

ventricle phenotypes in vivo, we then used the Xenopus sys-

tem to explore the potential pathogenicity of individual-spe-

cific human CAPN2 variants. Two different CAPN2 variants

observed in our cohort, c.707C>T/pS236F and c.1112C>T/

p.A371V, were selected for further studies because they were

bothpresent inmultiple affected individuals,were conserved

inXenopus, andwere predicted to be damaging to theCAPN2

protein. The human CAPN2707C>T variant results in a serine

(S) to phenylalanine (F) mutation within the protein coding

region at position 236. This S residue and flanking residues

are conserved in the Xenopus capn2 ortholog. Likewise, the

human CAPN21112C>T variant results in an alanine (A) to

valine (V) mutation at position 371, in a region also well

conserved in theXenopusortholog.This evolutionary conser-

vation of the variant domains suggests that these regions of

CAPN2 may be important for protein function.

To test this prediction, we determined whether Xenopus

capn2mRNAs containing the C-to-T transitions correspond-

ing to the human CAPN2707C>T and CAPN21112C>T variants

were, like WT capn2 mRNA, capable of rescuing CRISPR-

Cas9-induced HLHS-like ventricle phenotypes. We did not

observedecreasedviabilityofmutantembryosprior to termi-

nation for heart morphology studies. While the Xenopus

capn2 mRNA corresponding to the CAPN2707C>T variant

(‘‘707mRNA’’) was able to restore aWT ventricle phenotype

(32.8%, n ¼ 108; Figure 3D), the frequency of rescue was

slightly less than that elicited by WT capn2 mRNA and did

not quite achieve statistical significance (Figure 3F), suggest-

ing that the CAPN2707C>T variant may represent a mildly

hypomorphic allele. In contrast, injection of capn2 mRNA
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Figure 1. Discovery association tests
(A–D) Comparison of SKAT-O (A and B) and burden (C and D) approaches to gene-based rare variant aggregate association analysis. Man-
hattan (B andD) andQQ (A andC) plots demonstrate thatCAPN2 is themost significantly associated gene tested, regardless of approach.
A low median l value for the SKAT-O QQ plot (A) suggests genomic deflation in this approach.
corresponding to the human CAPN21112C>T variant (‘‘1112

mRNA’’) was unable to reduce the frequency of hypoplastic

ventricle phenotypes at all (64%, n ¼ 59, p < 0.01 vs. þWT

mRNA; Figures 3E and3F), suggesting this variantmay repre-

sent a more damaging hypomorphic or null allele. Taken

together, these animal models cause hypoplastic ventricle

phenotypes and suggest that human CAPN2707C>T and

CAPN21112C>T variants are hypomorphic alleles, supporting

thehypothesis thatvariants inCAPN2 increase riskof iHLHS.
Human
Discussion

Gene-based association testing of rare variants identified

CAPN2 as a candidate gene for iHLHS. Functional studies

ofCapn2 inXenopus laevisdemonstrated that it is important

for ventricle morphogenesis, as loss of capn2 function re-

sults in hypoplastic ventricles and reduced ventricular

chambers, similar to the heart malformations found in

human HLHS. Consistent with a role in ventricular
Genetics and Genomics Advances 4, 100232, October 12, 2023 7



Figure 2. CAPN2 variants identified in individuals with isolated hypoplastic left heart syndrome (iHLHS)
Gene diagram of CAPN2 (GenBank: NM_001748.4) with locations of variants identified in individuals with iHLHS. Black dots represent
variants present in the association subset of the cohort, blue dots represent variants identified in samples excluded from the association
analysis due to lack of ancestry-matched controls.
morphogenesis andHLHS, peak expressionof capn2 inXen-

opus coincides with the formation of the linear heart tube

and precedes looping and ventricular wall thickening and

trabeculation.59 The addition of exogenous WT capn2

mRNA was sufficient to restore a normal ventricle pheno-

type, confirming that the morphological changes observed

are specific to the loss of normal capn2 function. In

contrast, attempts to rescue the phenotype with mRNAs

encoding Xenopus orthologs of the CAPN2707C>T and

CAPN21112C>T variants were less successful than the WT

mRNA, suggesting these variants are hypomorphic alleles

and insufficient to causeHLHS independently. This finding

is consistentwith the observation that, in all the trioswhere

parents were available for analysis, one unaffected parent

transmitted the variant to their affected child. Thus,

c.1112C>T and c.707C>T appear to be risk alleles with

moderate effect size. Alternatively, the unaffected parents

might havemild CHDs that have, to date, gone undetected.

CAPN2 encodes a large catalytic subunit of the calpain sys-

tem of calcium-activated cysteine proteases.60 CAPN2 is not

known to underlie any MCs, although homozygous loss of

Capn2 is embryonic lethal inmice, resulting in cardiovascu-

lar defects.61 CAPN2 protein is most strongly and consis-

tently expressed inmyoblasts engaged inmusclefiber forma-

tion in the developing heart,62 where it localizes to cellular

focal adhesion sites.63 Focal adhesions are structures that

physically anchor the cell to the extracellular matrix and

are also used for regulatory signaling. CAPN2 plays a vital

role in regulating integrin-dependent cell adhesion dy-

namics,64–67 which are essential for coordinated cell migra-

tion during myoblast migration and differentiation.68–70

CAPN2 cleaves and releases focal-adhesion-specific compo-

nents, such as PTK2, TLN1, spectrins, and PXN,65 from focal

adhesion complexes resulting inmodulatedRAC1/RHOA ac-

tivity64,71,72 and increased turnover of focal contacts. Capn2

is expressed in the heart at embryonic stage 30, during linear

heart tube formation (stages29–32), andprior to loopingand

ventricular looping (evident at stage 35).73 This suggests the

underlying defect causing iHLHS could occur early in heart

development; future in vivo studies could investigate poten-

tial mitral stenosis defects or heart inflow/outflow function

to establish the specific timing of Capn2-related HLHS.
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Our findings suggest that one pathogenic mechanism for

iHLHS may be cardiac-specific disruption of focal adhesion

dynamics. Calpain activity can be activated in response to

oxidative stress,74 hyperglycemia,75 physical stress (via b-in-

tegrins),76 and fasting,77 collectively linking CAPN2 with

environmental stress response. Indeed,CAPN2has been spe-

cifically implicated in the pathogenesis of adult cardiac hy-

pertrophy following cardiac stresses such as hypertension,

hypoxia, orhyperglycemia.78Given thatmanybirthdefects,

including HLHS, occur much more frequently among dia-

betic mothers,79,80 our results may help to explain how in

utero glucose-induced Ca2þ overload or oxidative stress81

could play a role in the pathogenesis of HLHS by triggering

cardiac cell apoptosis via the calpain pathway.

Analysis under Mendelian models of inheritance found

an explanatory known P variant in only 4 families, explan-

atory ACMG LP or P variants in 23 families, and PP variants

in previously reported candidate genes for HLHS/CHDs in

only 19 (totaling 46/331, 13.9%) families, although this

may be an underestimate due to incomplete trios in the

cohort. PP variants were limited toMYH6,MYRF,NOTCH1,

KDM6A, and KMT2D, each of which underlies an MC-

MMS. No PP variants were found in HAND1, RBFOX2,

NKX2.5, or GJA1, genes for which data supporting their

roles as risk factors for HLHS are limited.14,82,83 PP variants

were also not found in either SAP130 (MIM: 609697) or

PCDHA13 (MIM: 606319), of which hypomorphic alleles

increase the risk of HLHS in mice and have been hypothe-

sized to play a role in HLHS in humans.24 The low fre-

quency of known P or PP variants in known/candidate

HLHS/CHD genes contrasts with the higher frequency of

suspected P variants found in many studies completed to

date that lump HLHS with other CHDs into broader

phenotypic classes (e.g., ‘‘left-sided lesions’’).17,19,84 More-

over, many if not most of these variants were found in in-

dividuals with additional clinical findings such as intellec-

tual disability or malformations of other organ systems.20

Accordingly, the relatively low frequency of large-effect al-

leles found in the cohort we studied may more accurately

reflect the contribution of such variants to iHLHS.

Despite the relatively modest sample size and therefore

limited statistical power to survey the exome, we were able
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Figure 3. CRISPR-Cas9-mediated functional studies of CAPN2 variants in vivo
Xenopus laevis embryos were injected with capn2 single guide RNA (sgRNA) alone (control; A), capn2 sgRNA plus Cas9 protein (to elicit
capn2 indels and loss of Capn2 function; B), or capn2 sgRNA/Cas9 co-injected with WT capn2 mRNA (C), mutant capn2 mRNA engi-
neered to contain the orthologous human CAPN2707C>T variant (707 mRNA; D), or mutant capn2 mRNA engineered to contain the or-
thologous human CAPN21112C>T variant (1112 mRNA; E). Injected F0 embryos were allowed to develop through cardiogenesis and
immunostained for Troponin T (red) to highlight the outflow tract (oft) and ventricle (v) of the heart (top row); optical sectioning
was used to visualize the internal ventricular chamber (arrows, bottom row). In contrast to controls (A), embryos with CRISPR-Cas9-
mediated loss of function of Capn2 (B) develop a hypoplastic ventricle and reduced ventricular chamber. Normal phenotype (C) is
restored by co-injecting exogenous WT capn2 mRNA, confirming specificity of the phenotype. Co-injection of 707 mRNA can also
restore normal ventricle phenotypes (D), although the frequency of rescue was not statistically significant (F), indicating that the
CAPN2707C>T variant may be a mildly hypomorphic allele. Co-injection of 1112 mRNA is unable to rescue the HLHS-like phenotype
at all (E and F), indicating the CAPN21112C>T variantmay represent a null allele with respect to function necessary for normal ventricular
development. (F) Results were quantified from three independent trials (n ¼ 14–57 embryos per condition, per experiment); error bars
indicate standard deviation. Significance of differences between the percentage of HLHS-like phenotypes in each condition is noted.
Scale bars, 100 mm.
to identify a candidate gene encoding a protein involved in

the focal adhesion and the calpain proteolytic pathways,

implicating these pathways as potential contributors to the

pathogenesis of iHLHS. Nevertheless, variants in CAPN2

and in known/candidate HLHS/CHD genes were found in

only aminority of our cohort, suggesting thatmultiple other
Human
yet undiscovered genes contribute to risk for iHLHS. It is

possible that P variants inCAPN2may underlie an anatomic

subtype of iHLHS; deep clinical phenotype data for CAPN2

variant carriers would be necessary to investigate this hy-

pothesis but are unavailable to us after participant de-identi-

fication in this genetics study. Our modest sample size
Genetics and Genomics Advances 4, 100232, October 12, 2023 9



required sharingof samples anddataacrossmultiple cohorts.

This highlights a strength of both careful phenotypic assess-

ment and curation as well as the advantages of international

collaboration to discover genetic risk factors for rare, isolated

birth defects.

Data and code availability

For NBDPS participants, the sequence data are not publicly

available due to IRB restrictions. The study questionnaires

and process for accessing the data used in this study

are described at https://www.cdc.gov/ncbddd/birthdefects/

nbdps-public-access-procedures.html. The code book and

analytic code may be made available upon request.

Sequence data for the Nationwide Children’s Hospital and

Hospital for Sick Children Research (Heart Centre Biobank

Registry) cohorts are available in the AnVIL through dbGaP:

phs000693. Sequence data for the Helsinki University Chil-

dren’s Hospital (‘‘The genetics of LVOTO defects’’ study)

cohort and the NBDPS cohort are not permitted to be shared

due to lack of consent to genomic data sharing.
Supplemental information

Supplemental information can be found online at https://doi.org/

10.1016/j.xhgg.2023.100232.
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