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Abstract Hypoplastic left heart syndrome (HLHS) is
a severe congenital heart defect (CHD) that necessitates
staged, single ventricle surgical palliation. An increased
frequency of bicuspid aortic valve (BAV) has been
observed among relatives. We postulated number of mutant
alleles as a molecular basis for variable CHD expression
in an extended family comprised of an HLHS proband and
four family members who underwent echocardiography
and whole-genome sequencing (WGS). Dermal fibroblast-
derived induced pluripotent stem cells (iPSC) were pro-
cured from the proband—parent trio and bioengineered into
cardiomyocytes. Cardiac phenotyping revealed aortic valve
atresia and a slit-like left ventricular cavity in the HLHS
proband, isolated bicuspid pulmonary valve in his mother,
BAV in a maternal 4° relative, and no CHD in his father
or sister. Filtering of WGS for rare, functional variants that
segregated with CHD and were compound heterozygous in
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the HLHS proband identified NOTCHI as the sole candi-
date gene. An unreported missense mutation (P1964L) in
the cytoplasmic domain, segregating with semilunar valve
malformation, was maternally inherited and a rare missense
mutation (P1256L) in the extracellular domain, clinically
silent in the heterozygous state, was paternally inherited.
Patient-specific iPSCs exhibited diminished transcript lev-
els of NOTCH1I signaling pathway components, impaired
myocardiogenesis, and a higher prevalence of heteroge-
neous myofilament organization. Extended, phenotypi-
cally characterized families enable WGS-derived variant
filtering for plausible Mendelian modes of inheritance, a
powerful strategy to discover molecular underpinnings of
CHD. Identification of compound heterozygous NOTCH1
mutations and iPSC-based functional modeling implicate
mutant allele burden and impaired myogenic potential as
mechanisms for HLHS.

Introduction

The molecular basis of hypoplastic left heart syndrome
(HLHS) is poorly understood. Characterized by an under-
developed left ventricle, aortic and mitral valves, and
aorta, children born with this severe congenital heart defect
(CHD) require staged, single ventricle surgical palliation
or cardiac transplantation for survival. The fundamental
principle of blood flow-induced fetal cardiac growth sug-
gests that HLHS could be caused by developmental arrest
of myogenesis, valvulogenesis, and/or vasculogenesis.
Although HLHS typically occurs as a sporadic, apparently
non-Mendelian disorder, genetic underpinnings of HLHS
are implicated by recurrence risks of 2—4 % in families with
one affected child and 25 % in families with two affected
children (Norwood et al. 1983). Furthermore, screening
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echocardiography in first-degree relatives has identified
less severe, often asymptomatic CHD including bicuspid/
stenotic aortic valve, hypoplastic aortic arch, and coarcta-
tion of the aorta (Loffredo et al. 2004; Wessels et al. 2005;
McBride et al. 2005). Heterozygous NOTCHI mutations
have in fact been identified in patients with a spectrum of
left-sided cardiac malformations, including HLHS (Garg
et al. 2005; Mohamed et al. 2006; McKellar et al. 2007;
McBride et al. 2008; Iascone et al. 2012; Foffa et al. 2014).
Functional characterization of mutant Notchl (G661S and
A683T) in mouse fibroblasts did not demonstrate altered
protein expression, but both mutations reduced ligand-
induced signaling (McBride et al. 2008) and ultimately
impaired the efficiency of epithelial to mesenchymal cell
transition (EMT) (Riley et al. 2011). Incomplete penetrance
of NOTCH missense mutations with extreme variability of
intra- and inter-familial phenotypic expression implicates
unknown genetic or environmental modifiers (Garg et al.
2005; McBride et al. 2008).

Here, we utilized whole-genome sequencing (WGS) for
disease gene discovery in an extended, phenotypically char-
acterized family comprised of a proband with HLHS and 1°
and 4° relatives with semilunar valve malformations. This
approach enabled inheritance-based filtering for rare, func-
tional variants and revealed compound heterozygosity as
an explanation for CHD severity. Procurement of induced
pluripotent stem cells (iPSC) from the proband—parent trio
provided for the first time a patient-specific cellular model
of genetically defined HLHS, revealing impaired myogenic
potential.

Methods
Study subjects

Five family members, including the proband with HLHS,
provided written informed consent under a research pro-
tocol approved by the Mayo Clinic Institutional Review
Board. Cardiac anatomy was assessed by two-dimensional
echocardiography in all family members. Genomic deoxy-
ribonucleic acid (DNA) was isolated from peripheral-blood
white cells or saliva for all five family members and dermal
fibroblasts were procured from the proband—parent trio.

Genomic and bioinformatics analyses

Array comparative genomic hybridization using a custom
180 K oligonucleotide microarray (Agilent, Santa Clara,
CA) was performed on DNA from the proband with a
genome-wide functional resolution of approximately 100
kilobases. Deletions larger than 200 kilobases and duplica-
tions larger than 500 kilobases were considered clinically
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relevant. WGS of DNA and variant call annotation were
performed utilizing the Mayo Clinic Medical Genome
Facility and Bioinformatics Core. Paired-end libraries were
prepared using the TruSeq DNA v2 sample prep kit fol-
lowing the manufacturer’s protocol (Illumina, San Diego,
CA). Each whole-genome library was loaded into four
lanes of a flow cell and 101 base pair paired-end sequenc-
ing was carried out on Illumina’s HiSeq 2000 platform
using TruSeq SBS sequencing kit version 3 and HiSeq data
collection version 1.4.8 software. Reads were aligned to
the hg19 reference genome using Novoalign version 2.08
(http://novocraft.com) and duplicate reads were marked
using Picard (http://picard.sourceforge.net). Local realign-
ment of insertion/deletions (INDELs) and base quality
score recalibration were then performed using the Genome
Analysis Toolkit version 1.6-9 (GATK) (McKenna et al.
2010). Single-nucleotide variants (SNV) and INDELs were
called across all samples simultaneously using GATK’s
Unified Genotyper with variant quality score recalibration
(DePristo et al. 2011).

Variant call format files with SNV and INDEL calls from
each individual were uploaded and analyzed using Ingenu-
ity® Variant Analysis™ software (QIAGEN, Redwood City,
CA, USA) where variants were functionally annotated and
filtered by an iterative process. First, a filter was put into
place to select for rare, high-quality heterozygous variants
that (a) had a read depth of at least 10; (b) were not adja-
cent to a homopolymer exceeding 5 base pairs; (c) were
present in <5 whole-exome sequencing (WES) datasets
collected from 147 individuals not affected with HLHS; (d)
were not identified within the top 1 % most exonically vari-
able genes; and (e) were present at a frequency <1 % in the
Exome Variant Server (WES data from 6503 individuals)
(Exome Variant Server 2014) and/or 1000 Genomes (WGS
data from 1092 individuals) (The 1000 Genomes Consor-
tium 2012). Functional variants were defined as those that
impacted a protein sequence, canonical splice site, micro-
RNA coding sequence/binding site, enhancer region, or
transcription factor binding site within a promoter validated
by ENCODE chromatin immunoprecipitation experiments
(Raney et al. 2014). Using WGS data from five family
members, rare functional variants were then filtered for (a)
segregation with CHD and (b) compound heterozygosity in
the HLHS proband.

Linkage analysis

All five family members underwent genotyping and locus
mapping using the Omnil (I.1, 1.2, II.1 and II.2) or Omni
2.5 (I.3) SNV chip. The average call rate for SNVs and
individuals was greater than 98 %. A total of 593,743
SNVs overlapped between genotyping chips and had a
call rate over 95 % with a minor allele frequency (MAF)
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among the genotyped individuals above 5 %. Genomic
positions from Rutgers were incorporated into the data
for linkage analysis (Matise et al. 2007). The number
of SNVs was reduced to 13,991 when imposing the fol-
lowing criteria: MAF greater than 20 %, Hardy—Wein-
berg P > 1073, and pairwise 7> < 0.05. Population allele
frequencies for linkage analysis were retrieved from the
CEU population in the November 23, 2010 release of
the 1000 genomes data (The 1000 Genomes Consortium
2012). Data were prepared using SAS (version 9.3, SAS
Institute, Cary, NC), R (vesion 3.0.2, R Foundation for
Statistical Computing, Vienna, Austria), PLINK (version
1.07) and VCFTools (version 0.1.7) (Purcell et al. 2007,
Danacek et al. 2011). Parametric linkage analyses were
performed with Merlin (Version 1.1.2) (Abecasis et al.
2002), modeling dominant inheritance and specifying the
following variables: phenocopy rate 0.005, dichotomous
liability classes (‘affected’” and ‘unaffected’) and a 100 %
penetrance model.

iPSC and patient-specific cardiomyocyte analysis

Cell culture Reprogrammed iPSCs (ReGen Theranostics,
Rochester, MN) from the proband—parent trio were main-
tained on mouse embryonic fibroblasts in DMEM/F12
supplemented with 20 % KOSR, recombinant human FGF
basic (20 ng/ml; R&D Systems, Minneapolis, MN), non-
essential amino acids (EMD Millipore, Billerica, MA),
L-glutamax, and 2-mercaptoethanol (Sigma, St. Louis,
MO). Unless specified otherwise, cell culture reagents were
purchased from Invitrogen (Carlsbad, CA). For compari-
son of mRNA transcript levels in iPSCs, all clones were
adapted to mTeSR (StemCell Technologies, Vancouver,
British Columbia) prior to sample collection. To differ-
entiate iPSCs into the cardiac lineage, cells were cultured
for one passage on Geltrex (LDEV-Free, hESC-qualified,
reduced growth factor) in MEF-conditioned medium (iPSC
maintenance medium conditioned for 24 h by MEFs)
for depletion of feeder cells, then dissociated using Try-
pLE Select and plated as a monolayer. At confluence, the
medium was changed to RPMI supplemented with B27
(minus insulin), which served as the maintenance medium
for differentiating cells. For days 0—4 of cardiac differen-
tiation, Activin A (10 ng/ml; R&D Systems) and BMP4
(20 ng/ml; R&D Systems) were included in the medium.
To obtain cardiomyocytes from the proband’s iPSCs for
myofilament analysis, medium was supplemented with
Activin A (100 ng/ml) for the first 24 h, and for days 1-5
the differentiation medium included BMP4 (10 ng/ml) and
FGF basic (5 ng/ml). The differentiating cells were main-
tained in 5 % oxygen for days 0—14. All iPSC-derived car-
diomyocytes were transferred to coverslips at day 30 and
harvested at day 50.

Gene expression Total RNA was extracted with TRIzol
Reagent (Invitrogen) and purified using a Qiagen RNeasy
Mini Kit. cDNA synthesis was completed using reagents
supplied in the iScript cDNA Synthesis Kit (Bio-Rad Labo-
ratories, Hercules, CA).

gPCR reactions consisted of cDNA, TagMan Universal
PCR Master Mix (Life Technologies, Carlsbad, CA), and
PrimeTime predesigned assay primers (Integrated DNA
Technologies, Inc., Coralville, IA), and were completed
using an Applied Biosystems 7500 Real-Time PCR System.
Primer sets included HESI (Hs.PT.56a.4181121), HEYI
(Hs.PT.56a.4299267.g), NOTCH]I-intracellular domain
(Hs.PT.58.39600723), and GAPDH (Hs.PT.39a.22214836).

Immunofluorescent staining iPSCs and iPSC cardiomyo-
cytes were fixed with 4 % paraformaldehyde (Sigma), per-
meabilized with 0.5 % Tween20 (Sigma) and blocked over-
night with SuperBlock Blocking Buffer. Primary antibodies
included Sox2 (EMD Millipore), SSEA3 (Stemgent, Cam-
bridge, MA), and Tra-1-60 (EMD Millipore) for iPSCs, and
a-actinin (clone EA-53; Sigma) and sarcomeric myosin
heavy chain (MF20) (Developmental Studies Hybridoma
Bank, Iowa City, IA) for iPSC cardiomyocytes. Secondary
antibodies were conjugated with an Alexa Fluor® 488, 568,
or 633 dye. Samples were mounted with ProLong® antifade
reagent with DAPI. Images were acquired on a Zeiss LSM
510 Meta confocal microscope.

Flow cytometry Differentiating iPSCs were dissociated
into a single cell suspension by treatment with Worthing-
ton Biochemical Type 2 Collagenase II followed by 0.05 %
Gibco® Trypsin—-EDTA, and then exposed to the LIVE/
DEAD® Fixable Near-IR Dead Cell Stain. Cells were fixed
and permeabilized using IntraPrep (Beckman Coulter, Indi-
anapolis, IN) and stained with MF20 Alexa Fluor® 488
(eBioscience, San Diego, CA). Data were collected with
a Gallios flow cytometer (Beckman Coulter) and analyzed
with Kaluza 1.2.

Statistics Data are presented as the mean + SEM. Sig-
nificant differences were calculated with a two-tailed Stu-
dent’s 7 test with Welch’s correction when appropriate using
Prism5 (Graphpad Software, La Jolla, CA). A P < 0.05 was
considered significant.

Results
Family phenotype

We identified and phenotypically characterized a family
of White European ancestry, comprised of three individu-
als with CHD of varying severity (Fig. 1). On the first day
of life, the proband (II.2) was diagnosed with HLHS with
severe mitral stenosis, aortic valve atresia, slit-like left
ventricular cavity, and hypoplastic ascending aorta (4 mm
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Fig. 1 Pedigree of family with
variably expressed congenital
heart disease. Genotypes indi-
cate presence (+) or absence
(—) of the NOTCHI-P1256L
and/or NOTCHI-P1964L amino
acid substitution. The proband,
with the severe CHD phenotype
of HLHS, was compound het-
erozygous for these mutations.
A filled triangle designates the |
proband whereas an asterisk

(*) indicates family members
who underwent whole-genome
sequencing

P1964L
P1256L

P1964L
P1256L

-/-
+/-

diameter). He had no apparent extra-cardiac abnormalities.
His 1° family members underwent screening echocardiog-
raphy for our research study. His mother (I1.2) was asymp-
tomatic with a bicuspid pulmonary valve (BPV) and his
father (I.1) and sister (Il.1) had no CHD. Family history
and medical records review revealed a 4° maternal relative
(1.3) previously diagnosed with BAV at age 32, who under-
went aortic valve replacement at age 41 for progressive cal-
cific aortic valve stenosis. Maternal history was notable for
two prior miscarriages at 8 and 11 weeks gestation.

Whole-genome sequencing and bioinformatics analysis

Array comparative genomic hybridization analysis
excluded aneuploidy in the HLHS proband. To identify
pathogenic coding or regulatory SNVs or INDELs, WGS
was carried out on all five family members. Each sample
yielded approximately 1.5 billion 101 base paired-end
reads which passed quality control standards with 95 % of
the reads mapping to the genome. After marking and fil-
tering out duplicate reads, over 99 % of the hgl9 human
reference genome had coverage. The average depth across
the genome was 42X and an average of 95 % of the gene
body regions (exons, introns, and 5 and 3’ untranslated
regions) demonstrated a minimal read depth of 20 reads.
Each family member had approximately 5 million vari-
ants which, upon filtering for rarity, function and mode of
inheritance, were reduced to two missense mutations in the
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-/-

+/-

Hypoplastic left heart syndrome
Bicuspid pulmonary valve

Bicuspid aortic valve

No congenital heart defects (male)

Unknown cardiac phenotype (female)

+cOl0="™N

Miscarriage

HLHS proband (Fig. 2). Both mutations were identified
in NOTCHI, encoding neurogenic locus notch homolog
protein 1. The mutation on the paternal allele localized to
extracellular EGF-like domain 32 (exon 23: ¢.3767 C > T,
p-P1256L), while the mutation on the maternal allele local-
ized to the intracellular ankyrin 2 domain (exon 31: ¢.5891
C > T, p.P1964L) (Fig. 3a). NOTCHI has a residual vari-
ant intolerance score of 0.33 %, indicating its tolerance of
genetic variation is less than 99 % of other genes (Petrovski
et al. 2013), and the altered amino acid residues are highly
conserved across species (Fig. 3b). NOTCHI-P1964L,
an unreported mutation that segregated with variably
expressed CHD, was predicted to be damaging by both
SIFT (Ng and Henikoff 2001) and Polyphen2 (Adzhubei
et al. 2010). NOTCHI-P1256L was also identified in the
unaffected father and sibling and, while predicted to be
benign by SIFT (Ng and Henikoff 2001) and Polyphen2
(Adzhubei et al. 2010) is extremely rare in 28,800 ethni-
cally matched, unrelated European (Non-Finnish) indi-
viduals who comprise the Exome Aggregation Consortium
(ExAC) database (allele frequency = 0.000048) (Fig. 3c)
(Exome Aggregation Consortium 2015).

Linkage analysis
To validate our findings and ensure that mutations in

equally plausible candidate genes were not missed by
poor WGS coverage, we performed linkage analysis
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Fig. 2 Whole-genome sequenc-
ing data filtering scheme. An
iterative filtering approach was
applied to single nucleotide

and insertion/deletion vari-

ants identified in each family
member. Rarity and functional
impact of the variant were used
as inclusion criteria. Postulat-
ing that mutant allele burden
accounted for severity of the
congenital heart defect, variants
were subsequently filtered for
compound heterozygosity in the
proband, whereby the maternal

No CHD
Father
1.1

HLHS
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1.2

BPV
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1.2

BAV
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CHD
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39 Regulatory

heart syndrome, CHD congeni-
tal heart defect, BPV bicuspid I

pulmonary valve, BAV bicuspid

!

aortic valve

Compound

Heterozygosity
NOTCH1

recognizing that the family was underpowered for con-
clusive locus mapping. We identified seven equally plau-
sible loci (peak LOD scores of 1.1) based on haplotypes
shared by the three family members with CHD but not
the proband’s unaffected sibling. The five loci spanned
1421 genes, one of which was NOTCHI. The candidacy
of all 1421 genes was assessed based on an established
association with CHD, utilizing the Ingenuity® Variant
Analysis™ software Knowledge Base, a manually curated
resource that integrates data from top-tier scientific litera-
ture. In addition to NOTCH]I, there were 25 other genes
associated with CHD. However, none of these genes har-
bored a rare functional mutation. Visual inspection of the
raw data utilizing the Integrated Genomics Viewer (Rob-
inson et al. 2011) revealed ample coverage of each gene,
verifying that the segregating NOTCHI mutation was the
sole candidate.

In vitro modeling

Dermal samples were collected from the father, mother,
and proband and fibroblast outgrowths were expanded
in culture for a brief period prior to reprogramming
with a cocktail of lentiviruses carrying POUSF/OCT4,
SOX2, KLF4, or c-MYC. After a period of approxi-
mately 3 weeks, colonies with morphology similar to

human embryonic stem cells (hESCs) were selected and
expanded. Each established clone was characterized by
immunofluorescent staining for standard pluripotency
markers including SSEA-3, Tra-1-60, and Sox2 (Fig. 4a),
as well as Oct4 and Nanog (data not shown), yielding
three clones for the proband, three clones for the mother
and two clones for the father which underwent further
experimentation. Because it has been reported that sev-
eral Notch signaling pathway components are expressed
in hESCs (Yu et al. 2008), the mRNA transcript levels
for NOTCH]1 and its downstream targets HES/ and HEY!
were measured by RT-qPCR. The expression levels of
these components were similar among the clones estab-
lished for both parents. In contrast, the levels of these
components were approximately twofold lower in the
proband compared to parents (NOTCHI P = 0.005, HES1
P = 0.008, and HEYI, P = 0.007) (Fig. 4b). These data
indicate that the Notch signaling pathway is dysregulated
in the proband’s iPSCs. Next, all iPSC clones were dif-
ferentiated into the cardiovascular lineages starting from
a monolayer of cells and using an adaptive protocol that
combines Activin A and BMP4 in RPMI-based differen-
tiation medium for the first 4 days, followed by mainte-
nance in unmodified differentiation medium (Fig. 4c).
By day 16, robust areas of beating were observed in the
iPSC clones from the parents, and small beating clusters
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Fig. 3 Location and conservation of NOTCHI mutations. a The pro-
tein topology is shown, with location of maternal and paternal muta-
tions indicated by a purple “X”. b Amino acid identities of full-length
NOTCHI protein in other species compared to humans is indicated.
In addition, conservation of each region that contains the mutated

were observed with the iPSC clones from the proband.
At day 20, the differentiated cells were dissociated into
a single cell suspension and analyzed by flow cytometry
to determine the percentage of cardiomyocytes within
the cell population based on the expression of MF20.
On average, 65 % of the cells were MF20+ in the iPSC
clones for the parents, whereas only 17 % of the cells
were MF20+ with the iPSC clones from the proband
(P <0.0001) (Fig. 4d). For a final assessment, the myofi-
bril organization of d50 iPSC cardiomyocytes was exam-
ined by immunocytochemistry for the sarcomeric protein
a-actinin. In comparison to the iPSC-derived cardiomyo-
cytes obtained from the parents (n = 195), those obtained
from the proband’s iPSCs (n = 208) had a higher per-
centage of cells (42 vs. 11 %) in which sarcomeric
a-actinin exhibited either a punctate staining pattern or
short fragmented myofibrils in greater than one-fourth of
the total cellular area (P = 0.03) (Fig. 4e). However, no
differences were observed in the size of the iPSC cardio-
myocytes, which is similar to what has been reported for
iPSCs from patients with dilated cardiomyopathy (Sun
et al. 2012).
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residue (boxed) is shown, whereby filled circle indicates identical
residues. ¢ The identified NOTCHI mutations, verified by Sanger
sequencing, were rare (P1256L) or unreported (P1964L) in 28,800
European (Non-Finnish) individuals in the ExAC database

Discussion
Role of NOTCHL1 in cardiac development

NOTCH], encoding neurogeneic locus notch homolog pro-
tein 1, is a single-pass transmembrane receptor in the evolu-
tionarily conserved Notch signaling pathway that has been
shown to play a vital role in murine cardiac development
(High and Epstein 2008). Activation results in its cleav-
age and nuclear translocation of the intracellular domain
to guide transcription of downstream targets, which are
required during multiple phases of cardiogenesis. During
ventricular morphogenesis, elevated expression of Notchl
in the developing trabeculae is critical for differentiation of
cardiomyocytes and proper development of the ventricular
chambers (Grego-Bessa et al. 2007). Notchl is also neces-
sary for cardiac valvulogenesis due to its role in EMT, a
transformation of cells required for proper development
of cardiac valves (Timmerman et al. 2004). Mice lacking
functional protein due to a targeted homozygous Notchl
mutation die at embryonic day 10.5 (Swiatek et al. 1994)
with a collapsed endocardium and paucity of mesenchymal
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Fig. 4 Patient-specific induced pluripotent stem cells model impaired
cardiogenesis. a Morphology and immunostaining of induced pluri-
potent stem cells (iPSCs) with pluripotency markers (SSEA3, green;
TRA-1-60, red; Sox2, cyan; DAPI, blue). b Quantitative reverse-
transcription PCR was performed in three unique clones from the
HLHS proband and normalized to the levels measured for both par-
ents (two clones from the father and three clones from the mother).
A statistically significant difference (**) in levels of NOTCHI, HES1
and HEYI (P = 0.005, P = 0.008, and P = 0.007, respectively) were
observed in the proband. ¢ Differentiation approach to induce in vitro
cardiogenesis utilizing an adaptive Activin A/BMP4 tailored to clonal

cushion cells due to severe impairment of EMT (Tim-
merman et al. 2004). The association of NOTCHI with
valvulogenesis was also observed in zebrafish where its
constitutive activation lead to hypercellular cardiac valves
(Timmerman et al. 2004).

Heterozygous NOTCH1 mutations in CHD

NOTCH ] mutations associated with abnormal cardiac devel-
opment were first identified by genome-wide locus mapping
and mutation scanning in two families with a spectrum of
autosomal dominant CHDs including BAV, ventricular sep-
tal defect, tetralogy of Fallot, mitral stenosis, and mitral
atresia with left ventricular hypoplasia and double outlet
right ventricle (Garg et al. 2005). Within each family, iden-
tification of a heterozygous nonsense or frameshift mutation
resulted in a truncated NOTCH1 transcript. Subsequent can-
didate gene studies identified thirteen heterozygous muta-
tions in NOTCHI1 in individuals with BAV (Mohamed et al.
2006; McKellar et al. 2007; McBride et al. 2008; Foffa et al.

variations. d Quantification of cardiomyocyte yield by flow cytometry
after 20 days of differentiation demonstrates decreased cardiogenesis
in the HLHS proband (P < 0.0001). e Immunofluorescent staining
of d50 iPSC cardiomyocytes for a-actinin (AF488) and sarcomeric
myosin heavy chain/MF20 (AF568) for the father (leff) and proband
(right). Scale bar is 50 pM. Compared to iPSC cardiomyocytes from
both parents (n 195), iPSC cardiomyocytes from the proband
(n = 208) show a punctate sarcomeric a-actinin or cardiac troponin T
staining pattern in greater than one-fourth of the total cellular area or
abnormal sarcomeric organization of myofibrils (P = 0.03, two-tailed
Student’s 7 test)

2014), aortic valve stenosis (McBride et al. 2008), coarcta-
tion of the aorta (McBride et al. 2008), or HLHS (McBride
et al. 2008; Iascone et al. 2012). Ten were missense muta-
tions (eight extracellular, two cytoplasmic), all reported at
low frequencies in ~60,000 individuals who make up the
ExAC database (allele frequencies = 0.000008-0.013), sup-
porting their role as CHD susceptibility alleles with variable
expressivity. In contrast, three were unreported loss of func-
tion mutations, including an inherited nonsense mutation in
two family members with BAV (Foffa et al. 2014) and de
novo frameshift and splice site mutations in two unrelated
probands with HLHS (Iascone et al. 2012). Functional char-
acterization of two of the missense mutations, each linked
to diverse CHDs and reported in ExXAC (A683T = 0.0028
and G661S = 0.038), demonstrated impaired EMT due to
perturbed downstream Notchl signaling (Riley et al. 2011).
To our knowledge, genetic or environmental factors that
modify phenotypic expression of NOTCHI mutations and
account for the severe HLHS phenotype have not been iden-
tified previously.
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Compound heterozygous NOTCHI mutations
and impaired myogenic potential in HLHS

Using WGS and a family-based variant filtering approach,
we demonstrate for the first time compound heterozygous
NOTCHI mutations in a patient with HLHS. Our strategy
enabled a comprehensive survey of essentially all genes
with no a priori assumptions of gene candidates or disease
mechanisms. While advances are being made in elucidating
the complex genetics of CHD, complete understanding of
its genetic underpinnings remains a challenge due, in part,
to modifier genes/mutations. WGS is now able to provide all
of the unique variants in a personal genome, but pinpointing
those which are involved in the pathogenesis of CHD is not
a simple task (Gelb and Chung. 2014). Here, we capitalized
on maternal segregation of variably expressed CHD, using
the unaffected sibling as a subtractive filter, and specified
compound heterozygosity in the HLHS proband as a plau-
sible inheritance model. This provided robust evidence for
NOTCH]I as the top candidate, without imposing filters based
on imprecise in silico predictions of a variant’s biological sig-
nificance. The unreported P1964L mutation on the maternal
allele segregated with BPV and BAV in other family mem-
bers and is the first identified CHD-associated NOTCHI
mutation to reside within the intracellular ankyrin repeat
domain, disrupting a highly conserved consensus motif in the
first helix of ankyrin repeat 2 (Ehebauer et al. 2005). To our
knowledge, it is also the first NOTCHI mutation associated
with pulmonary valve malformation, implicating a role of
NOTCHI signaling in right heart development. The P1256L
mutation on the paternal allele is rare but clinically silent in
the father and sibling. This is consistent with other CHD-
associated NOTCHI missense mutations that are present in
control databases and variably penetrant (Mohamed et al.
2006; McKellar et al. 2007; McBride et al. 2008; Foffa et al.
2014). Our genetic data suggested a genotype—phenotype
relationship whereby mutant allele burden may determine the
degree of NOTCHI signaling impairment and correspond-
ing severity of phenotypic expression. We speculate that syn-
ergistic heterozygosity for mutations in different NOTCH1
signaling protein genes could underlie other cases of HLHS.
To validate that the identified compound heterozy-
gous NOTCHI mutations could significantly contribute
to HLHS, an in vitro platform was created to screen the
cardiogenicity of patient-specific iPSCs and examine the
myofilament organization of the iPSC-derived cardiomyo-
cytes for disease-susceptibility characteristics. Comparison
of NOTCHI1 transcript levels and two of its primary effec-
tors in iPSCs bioengineered from the proband and parents
indicated that the Notch signaling pathway was dysregu-
lated in the proband. As a consequence, the iPSC-derived
cardiomyocyte yield was diminished in conditions that
supported cardiomyogenesis. Moreover, in vitro culture of

@ Springer

the iPSC cardiomyocytes from the HLHS proband led to
increased sarcomeric disorganization and myofibril disar-
ray. While these data did not achieve statistical significance
when comparing the mother and father, it is plausible that
a single heterozygous mutation in NOTCHI confers sub-
tle changes in its expression and activity that require more
sensitive assays and/or additional clones. Our findings are
consistent with two previous studies that have reported
reduced cardiomyocyte yields and a higher prevalence of
myofibril disorganization in iPSCs derived from patients
with HLHS compared to unrelated controls (Jiang et al.
2014; Kobayashi et al. 2014). Uniquely, our study is the
first to model genetically defined HLHS with iPSC-derived
cardiomyocytes using parental cells as controls, provid-
ing further evidence for impaired myogenic potential as a
mechanism for HLHS.
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