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Abstract

Background—Congenital diaphragmatic hernia (CDH) is a common birth defect affecting 1 in
3,000 births. It is characterized by herniation of abdominal viscera through an incompletely
formed diaphragm. Although chromosomal anomalies and mutations in several genes have been
implicated, the cause for most patients is unknown.

Methods—We used whole exome sequencing in two families with CDH and congenital heart
disease, and identified mutations in GATAG in both.

Results—In the first family, we identified a de novo missense mutation (c.1366C>T, p.R456C)
in a sporadic CDH patient with tetralogy of Fallot. In the second, a honsense mutation (¢.712G>T,
p.G238*) was identified in two siblings with CDH and a large ventricular septal defect. The
G238* mutation was inherited from their mother, who was clinically affected with congenital
absence of the pericardium, patent ductus arteriosus, and intestinal malrotation. Deep sequencing
of blood and saliva derived DNA from the mother suggested somatic mosaicism as an explanation
for her milder phenotype, with only approximately 15% mutant alleles. To determine the
frequency of GATA6 mutations in CDH, we sequenced the gene in 378 patients with CDH. We
identified one additional de novo mutation (c.1071delG, p.VV358Cfs34*).

Conclusions—Mutations in GATAG have been previously associated with pancreatic agenesis
and congenital heart disease. We conclude that, in addition to the heart and the pancreas, GATA6
is involved in development of two additional organs, the diaphragm and the pericardium. In
addition we have shown that de novo mutations can contribute to the development of CDH, a
common birth defect.

Keywords

Congenital diaphragmatic hernia; de novo mutation; GATAG; somatic mutation; whole exome
sequencing

INTRODUCTION

Congenital diaphragmatic hernia (CDH [OMIM 142340]) is a birth defect characterized by
the herniation of abdominal viscera into the chest cavity through the incomplete formation
of the diaphragm. The prevalence of CDH is approximately 1 in 3,000 births.[1] Newborns
with CDH often have severe respiratory distress resulting from pulmonary hypoplasia and
pulmonary hypertension, which contribute significantly to its morbidity and mortality. CDH
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can occur as an isolated defect but occurs with other anomalies approximately 40% of the
time.[1]

Chromosomal anomalies, including whole chromosome and segmental aneuplodies, are
currently the most commonly recognized genetic cause of CDH.[2] Mutations in single
genes have also been identified in patients with syndromic CDH.[3] However, the etiology
remains unknown in most CDH patients. This is likely due to the historically high mortality
in CDH, resulting in very few multiplex families amenable to traditional linkage analysis.
De novo rare variants have been identified as a cause of sporadic diseases with decreased
reproductive fitness,[4] and a pathogenic de novo variant in GATA4 was recently identified
as a cause of CDH.[5] Lango Allen et al identified a de novo ¢.1516+4A>G mutation in
GATAG in a patient with pancreatic agenesis and CDH. [6] Whole exome sequencing (WES)
has enabled the rapid and systematic identification of rare, causative variants in Mendelian
disorders. We used WES in two families with CDH and congenital heart defects, and
identified mutations in GATA binding protein 6 (GATA®) in both. Sequencing of a cohort of
378 patients with CDH identified one additional patient with a GATA6 mutation. This is, to
our knowledge, the largest cohort of CDH to undergo targeted sequencing to date. Since less
than 1% of patients with CDH have mutations in GATAG, our data suggest that CDH is
genetically heterogeneous, and additional loci remain to be discovered.

MATERIALS AND METHODS

Participants

We studied the subset of patients without pathogenic chromosomal anomalies who were
recruited as part of DHREAMS (Diaphragmatic Hernia Research & Exploration; Advancing
Molecular Science) study, which was approved by the Institutional Review Boards at
Columbia University, Washington University Medical Center/St. Louis Children’s Hospital,
University of Pittsburgh, Cincinnati Children’s Hospital and Medical Center/University of
Cincinnati, Omaha Children’s Hospital/University of Nebraska, University of Michigan/CS
Mott Children’s Hospital, and VVanderbilt University Medical Center.[2] Medical records
were reviewed and family history of diaphragm defects and major malformations was
extracted from the medical record by project coordinators. Informed consent was obtained
from all parents or guardians. Family 2 was recruited at Seattle Children’s Hospital after
informed consent with approval by the Institutional Review Board at Seattle Children’s
Hospital.

Clinical Information

We sought to identify mutations by exome sequencing of two families with CDH, one
sporadic and one familial. In family 1 the proband (family 1:11-1) had a left sided CDH,
tetralogy of Fallot (TOF) and a single umbilical artery. At the age of 3 his development has
been normal, and he has had no hyperglycemia. His parents are unaffected. In family 2 the
proband (family 2: 111-1) presented perinatally with CDH and a large ventricular septal
defect (VSD). No dysmorphic features or other anomalies were noted. He survived surgical
repair of his CDH, but died shortly thereafter due to intractable pulmonary hypertension. His
mother’s medical history was notable for the presence of patent ductus arteriosus (PDA) as a
full-term infant, and congenital absence of the pericardium, which was asymptomatic but
noted intraoperatively during her PDA repair. She was also found to have intestinal
malrotation, diagnosed and repaired at 25 years of age. Her second pregnancy was
terminated after prenatal diagnosis of left sided CDH and large VSD. Autopsy of that fetus
also showed bilateral cervical ribs, absent right 12t rib and left ureteral duplication.
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Exome Sequencing Analysis

Three members of family 1 and six members of family 2 were analyzed by exome
sequencing (Figure 1). Genomic DNA extracted from whole blood was fragmented and
exomes were captured using the Agilent SureSelect™ Human All Exon kit (family 1) and
the Nimblegen SeqCap EZ Human Exome Library v2.0 (family 2). The captured DNA was
sequenced with 100 bp paired-end reads (family 1) or 50 bp reads (family 2) on an Illumina
HiSeq 2000 according to the manufacturer’s protocol. Sequencing reads were aligned to the
human genome reference sequence human assembly hg19 using BWA (Version 0.5.9),[7]
and GATK (Unified Genotyper; version 1.0) was used to refine local alignment of reads,
recalibrate base quality score, and call variants (single nucleotide variants (SNVs)/indels)
within targeted regions. In addition to the default filters in GATK, variants were further
filtered for genotype minimum quality of 30, minimum quality over depth of 5, minimum
strand bias —0.10, and maximum fraction of reads with mapping quality of zero at 10%.
Annotated variants were subsequently filtered to exclude the variants greater or equal to 1%
of minor allele frequency based on dbSNP135 and the 1000 genomes project (Family 1) and
the NHLBI Exome Variant Server (Families 1 and 2). Variants predicted to be pathogenic
by either SIFT or PolyPhen2 were further analyzed. De novo SNVs were identified when
heterozygous in proband and homozygous for the common allele in the parents.

After filtering, additional prediction tools were applied to obtain more detailed pathogenicity
scores for each variant. These included SeattleSeq Annotation 134, ANNOVAR, Pmut, and
MutationAssessor.

Mutation screening and variant validation

Primers were designed to confirm potentially pathogenic variants and to sequence all the
coding exons and splice junctions of GATAG in 104 CDH patients with congenital heart
disease from DHREAMS by Sanger sequencing (Applied Biosystems, Foster City, CA). We
screened an overlapping set of 357 CDH patients from the DHREAMS cohort, as well as
184 controls from Coriell plates NDPT020 and NDPT090, which together represent a group
of unique and unrelated Caucasian males (n=59) and females (n=125) who were assessed as
being neurologically normal at the time of collection (age 19-46 years). None have any first
degree relative with a known primary neurological disorder. For more detailed information
see (http://ccr.coriell.org). To avoid the large amount of time and money that would be
required for Sanger sequencing all 541 samples we used Molecular Inversion Probes (MIPs)
to capture all exons and exon/intron boundaries (5bp flanking) of GATAG.[8] This method
requires minimal DNA input and due to the extensive multiplexing of samples prior to
sequencing,[9] is cost effective. Briefly, pooled MIPs were used to capture 50 nanograms of
each proband’s DNA. PCR was performed using universal primers with the introduction of
unique eight-base barcodes on the tagged reverse primer. Pooled libraries were subject to
massively parallel sequencing using 101 paired end protocol on an Illumina MiSeq.
Candidate variants identified by MIP capture were confirmed by Sanger sequencing.
Mutations are reported using standard HGVS nomenclature (GATA6 RefSeq NM005257.4).

Somatic mosaic analysis of 1l-1

An independent pair of MIPs was designed to capture the region around chr18:g.
19751817G>T, where the pathogenic variant in GATAG in family 2 was found. 100
nanograms of DNA derived from saliva or blood was used for capture, and experiments
were performed in triplicate. The remainder of the procedure, including PCR and
sequencing, was as described above under mutation screening.
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We detected a total of 31,005 variants in the proband from family 1, including 25,014 single
nucleotide variants (SNVs) and 5,991 indels in the proband (Figure 1, supplementary table
1). After filtering, 5 de novo SNVs and 15 indels remained. Three of the five germline
missense de hovo SNVs present in the blood (GATAB, ¢.1366C>T, p.R456C; S_C5A9, c.
172C>T, p.R58C; EMEL, ¢.634G>A, p.G212R) were confirmed by Sanger sequencing.
Paternity and maternity were confirmed by segregation of multiple variants. None of 15
indels were confirmed by Sanger sequencing. Of the three de novo SNVs identified, GATA6
was identified as the likely pathogenic cause because the same rare variant has been
previously reported in another two patients with pancreatic agenesis. In addition functional
studies showed that this variant inhibited the ability of GATA6 to bind to and activate
expression of target genes [6]. The heterozygous SNV ¢.634G>A (p.G212R) in EMEL is
rs146272309 and has been identified in 2 of 2203 African Americans and none of the 4300
European Americans in EVS. The majority of the prediction algorithms suggest that the
p.G212R is of low functional impact. Furthermore, the residue G212 is not highly conserved
across species. The heterozygous SNV ¢.172C>T (p.R58C) in SLC5A9 has been identified
in 1 of 2203 African Americans but not in 4300 European Americans in EVS. The residue
R58 in S_LCH5A9 was predicted to be pathogenic by the majority of algorithms. This gene is
not highly expressed in heart, lung, or muscle,[10] suggesting that this variant was less
likely to be the pathogenic cause of CDH.

Family 2 was analyzed independently. A total of 98,955 variants were detected in these 6
individuals (Figure 1). Given the close embryonic relationship between the pericardium and
the diaphragm, as well as the presence of a congenital heart defect in both the mother and
her children, we hypothesized that a de novo mutation in 11-2 that was subsequently
inherited by I11-1 and 111-2 was likely. We filtered for de novo variants in I1-2 that were not
found in the NHLBI Exome Variant Server and were non-synonymous or potentially
affected splicing, identifying a total of 6 candidate variants (see supplementary table 2), one
of which was stop-gained (GATA®G, ¢.712G>T; p.G238*). Sanger sequencing confirmed that
this mutation was de novo in 11-2 and inherited by both affected offspring (Figure 1B). Of
the remaining 5 variants, 3 did not segregate to both affected children, one was present in
1000 genomes with a minor allele frequency of 0.16 (in a region not covered in the Exome
Variant Sever), and the other was a conservative change present in other vertebrates and
predicted to benign.

We additionally examined genes containing rare/novel and functional variants from the
proband of family 1 with genes containing rare/novel and functional variants found in
affected individuals from family 2. In addition to GATAG there were 7 other overlapping
genes, all of which were missense variants either not evolutionarily conserved or were
predicted to be benign (see supplementary table 3). All of these variants were inherited from
unaffected individuals and are unlikely to be contributing to our patient’s phenotypes.

We hypothesized that somatic mosaicism might explain the significantly milder phenotype
seen in 11-2 compared with her offspring. This was suggested by the decreased mutant peak
height on Sanger sequencing (Figure 1B). To quantitatively measure the percent mosaicism
in 11-2, we performed targeted deep sequencing (average coverage of 450x) of the mutated
region of GATAG from both a single blood and saliva derived DNA sample. Only 16% of
alleles from saliva and 15% of alleles from blood were mutant (Table 1), suggesting that the
€.712G>T mutation is post-zygotic.

We sequenced GATAG in an additional 104 patients with CDH as well as congenital heart
defects by Sanger sequencing, and did not identify any additional mutations. Mutations in
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GATA4, a paralogue of GATAG, have recently been identified in only 1 of a cohort of 96
patients with CDH,[5] so we reasoned that a larger cohort might be needed to find additional
patients with GATA6 mutations. We took advantage of a recently described high throughput
targeted sequencing approach,[8] using molecular inversion probes (MIPs) to screen a
cohort of 357 patients with CDH (clinical information in supplementary Table 4), 83 of
whom overlapped with those Sanger sequenced. In screening for all types of rare variants,
we identified one additional de novo GATA6 mutation (c.1071delG, p.V358Cfs34*) in a
patient with CDH and an atrial septal defect, which was not found in 1000 genomes or EVS.
Sanger sequencing of the proband and both parents confirmed that the mutation was present
and de novo. We used the same technique to screen a cohort of control individuals, and did
not find any of the mutations reported here among 184 controls screened.

DISCUSSION

Here, we have used both WES and targeted capture to identify three unrelated families with
CDH and GATA6 mutations. Although GATAG mutations have previously been reported in
patients with congenital heart disease and pancreatic agenesis,[6, 9] we have expanded the
phenotypic spectrum to include CDH. We identified a somatic mutation in GATA6 in a
patient with a PDA, intestinal malrotation, and congenital absence of the pericardium, who
passed the mutation to two offspring who were affected with CDH and congenital heart
disease. Lastly, we screened a total of 378 patients with CDH and found only one additional
case with a GATA6 mutation, suggesting that mutations in GATAG are likely to account for
<1% of all patients with CDH. Given the embryonic lethality of GATA6 null mice,[11] it is
possible that GATA6 mutations may result in spontaneous fetal demise which might account
for the low frequency in livebirths.

Several lines of evidence support the pathogenicity of these mutations. The de novo
missense variant (family 1: ¢.1366C>T p.R456C) is in a highly conserved zinc finger region
of GATAG (Figure 2). This mutation has been previously reported in two patients with
pancreatic agenesis.[6] One of these patients also had truncus arteriosus, perimembranous
vertricular septal defect, developmental delay and seizures. The other patient had TOF,
developmental delay and an umbilical hernia. Our patient had no evidence of pancreatic
agenesis or developmental delay, but did have CDH, TOF and a single umbilical artery.

The de novo frameshift mutation (c.1071delG, p.VV358Cfs34*), identified in a patient with
CDH and atrial septal defect, has not been previously reported, but two other frameshift
mutations have been reported nearby (c.1036_1042del, p.T346Pfs*44 and ¢.1108_1121dup,
p.G375Sfs*22).[6, 9] The T346Pfs*44 mutation was reported in a patient with pancreatic
agenesis, congenital heart disease, and neurocognitive deficits.[9] Interestingly, this
mutation was inherited from a father who was diagnosed with diabetes at 46 years of age,
leading the authors to suggest that GATA6 mutations could contribute to later onset, milder
phenotypes. The G375Sfs*22 mutation was de novo and the patient had pancreatic agenesis
and TOF.[6] The most likely outcome of these frameshift mutations is mMRNA instability via
nonsense mediated decay (NMD), resulting in haploinsufficiency. The recent report of a 4.7
Mb interstitial deletion that contains GATAG (and 24 other RefSeq genes) in a patient with
complex congenital heart disease supports a haploinsufficient pathogenesis.[12]

The nonsense mutation (family 2: ¢.712G>T; p.G238%*), identified in two siblings with CDH
and a large VSD, has not been previously reported. The mother of these patients carried this
mutation as well, but with a mutant allele frequency from saliva and blood of only ~15%.
This suggests that her relatively milder phenotype, which included PDA, intestinal
malrotation, and congenital absence of the pericardium, may be the result of somatic
mosaicism. There are less than 400 cases of congenital absence of the pericardium reported
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in the literature, but it is often asymptomatic and discovered incidentally.[13] Congenital
absence of the pericardium, in association with CDH, has been reported several times.[14,
15] This is the first report, to our knowledge, of a genetic cause for this rare condition.
Additionally, since both the pericardium and the diaphragm are embryonically derived from
the septum transversum, our results support a role for GATAG in specification or
maintenance of this embryonic structure.

Our results underscore the importance of sensitive phenotyping in gene discovery using
exome analysis. Congenital absence of the pericardium may be underreported as it is most
often asymptomatic and found incidentally,[13] as was the case with our patient (11-2) when
it was discovered during surgery for her PDA. If we had not recognized 11-2 as being
phenotypically affected, we might not have included her parents in the exome analysis, and
the family 2: ¢.712C>T variant we identified would have appeared to be inherited from an
unaffected parent. This mechanism, in which post zygotic mutations contribute to mild or
even subclinical phenotypes in one generation, but are then passed on as constitutional
mutations causing more severe congenital phenotypes in the next, may be a more common
inheritance mechanism for apparent “sporadic” birth defects than is currently appreciated.

There are 34 GATA6 mutations reported in the literature (Figure 3). Allen et al. identified 14
mutations (6 missense, 5 indel and 3 splice) in GATAG in their pancreatic agenesis patients.
[6] All of those patients had additional phenotypes, including congenital cardiac defects,
developmental gastrointestinal disorders, neurocognitive abnormalities and additional
endocrine abnormalities. Among them, one patient with a de novo mutation at c.
1516+4A>G had a left CDH without congenital heart disease.[6] The other 20 mutations (3
nonsense, 7 missense and 7 indels and 3 splice) were identified in patients with congenital
cardiovascular malformations, pancreatic insufficiency or neonatal diabetes.[9] In addition
to the cardiac and pancreatic phenotypes associated with GATA6 mutations, we add CDH to
the phenotypic spectrum. There was no evidence of hyperglycemia or pancreatic
insufficiency in any of our patients. One of them (I11-2) had a full autopsy which confirmed
the presence of pancreatic tissue, though it was noted to be associated with the mesentery of
the small bowel and not in its usual location. At present we do not have an explanation for
the phenotypic variability among patients with GATA6 mutations.

GATAG is a zinc finger containing transcription factor that plays a crucial role in
differentiation and organogenesis. It is highly expressed in heart, lung, gut and gonads.[16]
Similar to GATA4, GATAG has two zinc fingers as a well as a GATA-N transactivation
domain. The Arg456 residue is located at the surface of the C-terminal zinc finger (Figure
2). The R456C mutation, which is predicted to disrupt DNA binding,[6] has been reported in
three unrelated patients (including this report), making it the most common mutation seen in
GATAG to date.

Genetic studies in mice have shown that GATAG is essential for lung development[17]
through regulation of Wnt signaling.[18] Chimeric and explant-based experiments in mice
support a direct role for GATAG in branching morphogenesis and surfactant expression.[17]
These results suggest that, in some cases, the pulmonary hypertension and lung hypoplasia
associated with CDH are due to an abnormal developmental program and not simply due to
mechanical compression of herniated viscera against developing lung.

In mice, GATAG is expressed in the septum transversum mesenchyme as well as the
primordial diaphragmatic mesenchyme[19, 20]. Interestingly, GATAG expression is
restricted to the lateral pleuroperitoneal folds (PPFs) [19], suggesting a potential explanation
for the observation that the vast majority of CDH is located in this posterolateral region. All
of our CDH patients had left sided posterolateral diaphragmatic hernias. No pericardial
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abnormalities were identified in individuals 11-1 (family 1) or 111-1 and 111-2 (family 2), and
all three had either autopsy or surgeries that would have identified an absence of the
pericardium. Although the mechanisms of embryonic development of the human diaphragm
remain controversial[21], our demonstration that mutations in GATAG can cause
posterolateral CDH support the importance of the lateral pleuroperitoneal folds in human
diaphragm development.

In summary, we used WES to identify de novo mutations in GATAG in patients with CDH
and congenital heart disease. Since all three GATA6 mutations were identified in CDH
patients with other cardiac malformations, patients with CDH and congenital heart disease
should be prioritized in screening for GATA6 mutations. Multiple phenotypes have been
described with the same mutation in GATAG suggesting that additional modifying genes or
environmental factors determine which organ systems will be affected. Our data suggests
that WES will provide a powerful tool to identify genes and mutations associated with CDH.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Pedigrees of CDH families analyzed by WES
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A. Filled, dark blue indicates subjects affected with CDH. Filled light blue indicates
congenital absence of the pericardium. +/+ indicates reference genotype, —/+ indicates
heterozygosity for the mutation. B. Sequence chromatograms of affected individuals of
family 1 (c.1366C>T, p. R456C) and family 2 (c.712G>T, p.G238*) are shown. Note that
the peak height of the mutant allele in 11-2 is less than 50%. CDH (congenital diaphragmatic
hernia), TOF (tetralogy of Fallot), SUA (single umbilical artery), PDA (patent ductus
arteriosus), CAP (congenital absence of the pericardium), malro (intestinal malrotation),
VSD (ventricular septal defect), ribs (bilateral cervical ribs and absent right 12t rib), dup

ureter (duplicate left ureter).
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Figure2.
A. Protein structure of GATA6 C-terminal zinc finger bound to DNA. A. Protein Data Bank
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SCANCOTTTITTLWARNAEGEPYCNACGLYNK
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SBCANCOTTTITTLWARNARGEPVCNACGL YNK
SCANCOTTTITTLWRARNAEGEPYCNACOLYNK
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BCEMNCHTTHTISLWRARNPAGEPVCNACOLY YK

SCANCHTTTTTLWARNAEGEPYCNACGLYNKX
£

R454

entry 3dfv, visualized using VMD1.9.1. [22, 23] Two C-terminal zinc finger domains of
GATAG (chains C and D) are shown bound to DNA (in grey). Residue Arg456, highlighted
in red, participates directly in DNA binding. B. Amino acid alignment of a portion (Ser443
to Lys473) of C-terminal zinc finger in GATAG from different species. Arginine 456 is

highlighted.
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Figure 3. GATA6 mutations
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Filled squares are coding exons of GATAG. All identified disease causing mutations are
indicated. Mutations identified in this study indicated in red. Mutations that have been
identified in greater than one family are also indicated. The c. 1516+4A>G mutation,
indicated in blue, was identified in a patient with pancreatic agenesis and left diaphragmatic
hernia.[6] Mutations are according to RefSeq NM005257.4. See main text for references for

other mutations.
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Table 1
Evidence for somatic mosaicism in 11-1 (family 2)"

Source Ref (G)reads Alt(T)reads % Altreads Total
blood 399 26 6% 425
blood 501 132 21% 633
blood 66 9 12% 75

saliva 451 109 19% 560
saliva 497 54 10% 551
saliva 358 95 21% 453
control 519 0 0% 519

*
The region of GATAG containing the ¢.712G>T mutation (chr18:9.19751817G>T) was captured from blood- or saliva-derived DNA and
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sequenced at high depth. The number of reference and mutant alleles are shown. The weighted average percent of mutant alleles is 16% from saliva

and 15% from blood. Results from each independent experiment (performed in triplicate) are shown.
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