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Abstract

Congenital diaphragmatic hernia (CDH) is a developmental defect of the diaphragm that causes
high newborn mortality. Isolated or non-syndromic CDH is considered a multifactorial disease,
with strong evidence implicating genetic factors. As low heritability has been reported in isolated
CDH, family-based genetic methods have yet to identify the genetic factors associated with the
defect. Using the Utah Population Database, we identified distantly related patients from several
extended families with a high incidence of isolated CDH. Using high-density genotyping, seven
patients were analyzed by homozygosity exclusion rare allele mapping (HERAM) and phased
haplotype sharing (HapShare), two methods we developed to map shared chromosome regions.
Our patient cohort shared three regions not previously associated with CDH, i.e. 2911.2-q12.1,
4p13 and 7g11.2, and two regions previously involved in CDH, i.e. 8p23.1 and 15926.2. The latter
regions contain GATA4and NR2F2, two genes implicated in diaphragm formation in mice.
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1X31-)lew1a1ems 1X31-){Jewiaremsg

1Xa1-)lewarems

Arrington et al. Page 2

Interestingly, three patients shared the 8p23.1 locus and one of them also harbored the 15926.2
segment. No coding variants were identified in GATA4 or NR2FZ, but a rare shared variant was
found in intron 1 of GATA4. This work shows the role of heritability in isolated CDH. Our
family-based strategy uncovers new chromosomal regions possibly associated with disease, and
suggests that non-coding variants of GATA4 and NR2F2may contribute to the development of
isolated CDH. This approach could speed up the discovery of the genes and regulatory elements
causing multifactorial diseases, such as isolated CDH.
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congenital diaphragmatic hernia; Utah population database; shared segment analysis; GATA4,
NR2F2

INTRODUCTION

Congenital diaphragmatic hernia (CDH) is a severe neonatal defect with an incidence of
1/2,500-5,000 births and characterized by incomplete diaphragm formation. There are three
major types of CDH: Bochdalek (posterolateral defect, most common), Morgagni (anterior
defect), and central (rare). CDH can present either as an isolated defect, i.e. non-syndromic
(~70% of cases), or in association with other defects, i.e. non-isolated or syndromic (~30%
of cases) [Beurskens et al., 2009]. It results in pulmonary hypoplasia secondary to the
migration of abdominal organs into the chest, and carries a mortality of about 40% despite
the use of advanced therapies, including extracorporeal membrane oxygenation [Mah et al.,
2009]. Mortality is mostly attributable to pulmonary vascular bed abnormalities and
consequent pulmonary hypertension.

The etiology of isolated CDH remains largely unknown [Klaassens et al., 2009]. Support for
a genetic contribution comes from the association of specific genetic syndromes with CDH,
and the finding of copy number variants in up to 30% of both non-isolated and isolated cases
[Beurskens et al., 2009; Bielinska et al., 2007; Czeizel and Kovacs, 1985; Holder et al.,
2007; Klaassens et al., 2007; Norio et al., 1984; Pober, 2008; Pober et al., 2005; Slavotinek
et al., 2006; Srisupundit et al., 2010; Wat et al., 2009; Wat et al., 2011]. Additionally,
various genes and gene families have been implicated in diaphragm formation in mice,
including Nr2f2 (aka Coup-TFIl), Zfom?2 (aka Fog-2), Gata4, Sox7, Wtl, Pdgfra, Slit3, and
the sonic hedgehog signaling pathway [Ackerman et al., 2005; Beurskens et al., 2010;
Beurskens et al., 2007; Bleyl et al., 2007; Jay et al., 2007; Kreidberg et al., 1993; Wat et al.,
2012; You et al., 2005]. The most notable molecular pathway involved in CDH involves
retinoic acid-mediated activation of NRZ2FZwhich interacts with ZFPMZ2to modulate the
transcriptional activity of GATA4 [Holder et al., 2007]. In mice, diaphragmatic defects
result from inhibition of retinoic acid as well as knockout of Nr2f2, Zfpm?2, and Gata4
[Ackerman and Greer, 2007]. In human CDH, recurrent chromosomal abnormalities have
been found in genomic regions harboring NR2F2 (15q926), ZFPMZ2(8922-923), and
GATA450X7(8p23.1), providing further evidence for involvement of genetic factors in
CDH [Holder et al., 2007]. Despite the abundance of evidence, candidate gene studies have
met with limited success and currently the only gene known to cause isolated human CDH is
ZFPM?Z2[Ackerman et al., 2005; Bleyl et al., 2007; Wat et al., 2011].

Historically, isolated CDH has been considered to be a multigenic disease, postulated to
arise from de novo mutational events because familial/sibling recurrence risks are low,
between 0.9 and 2% [Czeizel and Kovacs, 1985; Holder et al., 2007; Pober, 2008; Pober et
al., 2005]. We hypothesized that heritability plays a role in isolated CDH, and used the Utah
Population Database (UPDB) [Slattery and Kerber, 1993], a unique resource that combines
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pedigree data with medical diagnoses, to identify a cohort of distantly related patients with
the defect. The finding of distantly related CDH patients allowed us to use powerful family-
based genetic methods to hone in on chromosomal regions associated with isolated CDH.
Overall, our approach provides a new paradigm, not feasible in individual patients or small
families, for identifying genetic variants associated with isolated CDH and other rare
multigenic diseases.

MATERIALS AND METHODS
CDH Cohort Identification

The UPDB is a unique resource located at the University of Utah consisting of computerized
records for over 6.5 million individuals [Slattery and Kerber, 1993]. The central component
of the UPDB is an extensive set of Utah family histories in which family members are
linked to demographic and medical information. The UPDB has been linked to the
electronic health records in the University of Utah and Intermountain Healthcare systems
and a search of the ICD-9 code for CDH was used to identify a cohort of interrelated
patients with isolated CDH and no other associated developmental anomalies, including
cardiovascular defects. Seven individuals were selected for genotyping because they share
multiple common ancestors (Figure 1) and the UPDB calculated the disease burden within
these pedigrees to be significantly higher than in the general population. By enriching our
study cohort with interrelated CDH patients from families with significant disease burden,
we hoped to discover non-random, disease-associated shared genomic segments. Due to the
interrelatedness of the CDH patients and the possibility of additional relationships unknown
to the UPDB, no single pedigree structure was assumed a priori to be CDH-associated.
Therefore, we compared genotype data between all patient-parent pairs, irrespective of a
known relationship, to search for shared chromosomal regions.

Patient Enrollment and Phenotyping

With University of Utah Institutional Review Board approval, individuals and available
parents from the isolated CDH cohort were enrolled in the study after informed consent, and
blood samples were collected for DNA isolation. Medical records were reviewed for
demographic and clinical data.

DNA Isolation

DNA was isolated from peripheral blood samples using a Gentra Autopure LS (Qiagen,
Valencia, CA). DNA samples were analyzed by agarose gel electrophoresis to confirm the
integrity of the DNA and quantitated using Picogreen (Invitrogen).

SNP Genotyping, CNV Analysis and Shared Segment Analysis

High-density genotyping was performed for 1.1 million SNP markers using the Illumina
Human Omnil-Quad BeadChip in the Genomics Core at the University of Utah on seven
patients with CDH and available parents (for patients 94214 and 93848, only the mothers
were available for genotyping; for the other five patients, genotyping was performed on both
parents). An additional 61 control subjects were also genotyped, consisting of 24 children
without CDH and their available parents. SNP genotypes for all 80 subjects were called by
the Illumina GenomeStudio 2011.1 software using HumanOmnil-Quad v1-0_H.bpm SNP
manifest and HumanOmnil-Quad_v1-0_H.egt cluster files. Only dbSNP markers with 100%
call rate were used for further analysis. To exclude copy number variation as the cause of
CDH in our patient cohort, genotype data were analyzed using the CNV Package of
GoldenHelix SNP & Variation Suite (SVS) 7 and predicted effects of copy number changes
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were assessed using DECIPHER (http://decipher.sanger.ac.uk/) and/or the Database of
Genomic Variants (http://projects.tcag.ca/variation/).

Shared segments were identified using both Microsoft Excel and an automated R-script,
version (available on request) of homozygosity exclusion rare allele mapping (HERAM).
Genotype data for all CDH patients were compared in a pairwise manner using each parent
in turn as a putative obligate carrier (total of 66 comparisons were performed). For each
parent-offspring pair, the genome was apportioned into bins of 1 centimorgan (cM) and both
reciprocally-homozygous (AA and BB at the same SNP) and rare-shared alleles (AB
genotype, with rare B allele) were counted within each bin. In the analysis of 4 individuals
(two patient-putative obligate parent pairs), rare alleles were defined as having a minor
allele frequency (MAF) <0.1. MAFs were derived from CEU genotypes collected by the
International HapMap Project. Using this MAF cutoff, ~650 rare shared alleles were found
across the genome, a sufficient number to identify clusters of rare alleles within regions
lacking reciprocally-homozygous alleles and confirm that such regions are indeed shared
rather than SNP-poor. Figure 2 demonstrates the two-stage process employed by HERAM to
detect shared segments. Shared segments are defined as the co-occurrence in parent-
offspring pairs of gaps in reciprocally homozygous alleles and enrichment of rare alleles
within the gaps where enrichment was arbitrarily defined as > 0.5 rare alleles/cM, which is
more than two times the density of rare alleles across the genome assuming a uniform
distribution.

Shared segments identified by HERAM were verified by a more time- and labor-intensive
method that examines sharing of phased haplotype data (HapShare). This method has been
used previously to identify a 5 cM shared segment containing APC in an extended colon
cancer pedigree [Neklason et al., 2008]. For HapShare, markers with Mendelian errors,
detected using the pedigree algorithm option of PBAT Family-Based Quality Assurance in
GoldenHelix SVS 7, were excluded from the analysis. Non-polymorphic markers were also
removed, and linkage disequilibrium (LD) pruning was carried out using an R? threshold of
0.95 with the composite haplotype method (CHM) in GoldenHelix SVS 7. After culling the
data, a total of 561,052 dbSNP marker genotypes remained and were used in the phased
haplotype sharing analysis.

Maternal and paternal haplotypes were assigned for each marker based on a Mendelian
inheritance model (Supplemental Table I, genotype-to-haplotype conversion). HapShare was
carried out in 2 steps. First, each phased paternal and maternal haplotype from the seven
CDH patients (total of 14 haplotypes) were compared to each other in a pair-wise manner to
identify identical shared segments. Shared segments were defined as regions where at least
one informative inclusion marker (haplotype 1/haplotype 2 = A/A or B/B) was flanked by
exclusion markers (haplotype 1/haplotype 2 = A/B or B/A) at both ends. Shared segments
were not disrupted by non-informative calls. Because paternal and maternal haplotypes can
be determined even when genotypes are only available for one parent and a child, a total of
91 pair-wise combinations were analyzed using this approach. Next, when sharing was
observed among CDH subjects, the shared haplotype was compared against paternal and
maternal haplotypes of 24 children who did not have CDH (total of 48 haplotypes) to
determine whether a shared segment might be a common haplotype.

For both HERAM and HapShare, only autosomal markers were analyzed. Also, a HapMap
recombination map was required to determine the size/location of shared genomic segments.
This map was generated for Omnil-Quad dbSNPs using the following website: http://
hapmap.ncbi.nlm.nih.gov/downloads/recombination/2011-01_phasell_B37/. For dbSNPs
absent from the HapMap recombination data, the marker position was interpolated from the
two nearest flanking HapMap SNPs.
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Candidate Gene Screening

PCR primers for coding elements in GATA4, SOX7, NRZ2F2and ZFPMZ2 were designed
using the Exon Primer utility (http://ihg.gsf.de/ihg/ExonPrimer.html) and used to amplify
DNA from CDH patients with shared segments containing these genes (PCR Primers are
shown in Supplemental Table I1). For the analysis of ZFPMZ, all patient DNA samples (10
ng/sample) were amplified in duplicate by PCR using Platinum 7ag DNA polymerase
(Invitrogen, Carlsbad, CA) and analyzed using a plate-based Lightscanner (Idaho
Technology) as previously described [Arrington et al., 2012; Arrington et al., 2008].
Samples giving abnormal profiles were purified by treatment with 4.1 of Exo-SAP-/T
(USB, Cleveland, OH) at 37°C for 2 hours and 80°C for 15 minutes and then submitted to
the University of Utah DNA sequencing core for analysis to confirm Lightscanner results.
For the analysis of GATA4, SOX7, and NR2FZ, DNA from patients sharing segments
containing these genes were amplified; the PCR fragments were purified and analyzed by
direct DNA sequencing, as above. DNA sequence data were compared with published data.

To establish the involvement of heritable factors in isolated CDH, we leveraged the
resources of the UPDB to identify a cohort of distantly related isolated CDH patients
belonging to kindreds with significant familial standardized incidence ratios (FSIR) (2.7 to
19.9, p=0.001 to 0.0001) [Kerber, 1995]. The numbers of living affecteds in each kindred
ranged from 3 to 12, with affected individuals being separated by an average of
approximately 12 meioses. Within these kindreds, we focused on seven patients recruited to
participate in the study (Figure 1). Each of the seven CDH patients is related to at least one
other patient and, in some cases, several other CDH patients (Figure 1), making them an
ideal cohort to uncover non-random, disease-associated chromosomal regions for CDH.

All patients and available parents were genotyped and the data analyzed for copy number
variants. All copy number changes = 0.4 Mb in size were analyzed for possible disease-
association. Four duplicated regions and one deleted region were identified among the CDH
cohort (Table I). None of the segments has been previously associated with CDH and all
segments were predicted to be copy number polymorphisms by DECIPHER and/or the
Database of Genomic Variants. A gene-by-gene analysis of these segments did not reveal
any known CDH candidates.

Since no single ancestral relationship could be assumed to associate with disease more
strongly than another, and knowledge of common ancestors could be incomplete because the
UPDB only includes pedigree information from the last six-seven generations, we used a
method to map shared chromosomal regions that does not require specific pedigree
information. HERAM is a method we recently developed to identify shared chromosomal
segments between patient-patient and/or parent-offspring pairs using both parents as
putative obligate carriers. This conceptually simple method involves a two-step comparison
of SNP data to identify shared regions (Figure 2). The first step borrows from the
homozygosity haplotype method [Jiang et al., 2009; Thomas et al., 2008] (Figure 2, upper
panel), and the second step adds information about rare alleles (Figure 2, lower panel).
HERAM is based on two ideas. First, parent-offspring pairs who share a heritable genetic
risk variant are never reciprocally homozygous within the shared region (e.g., AA in one
individual and BB in another). Second, rare alleles are enriched in shared regions (e.g., AB
genotype for SNPs with rare minor alleles). Regions that are both devoid of exclusionary,
reciprocally homozygous SNPs and enriched for rare shared alleles are identical-by-state.
For shared chromosomal regions extending more than a few centimorgans (cM), identity-by-
state is considered equivalent to identity-by-descent.
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In our patient cohort, the average number of meioses separating patients was 12.6; range: 8-
16. Interestingly, recent work by Huff et al. shows that individuals separated by >7 meioses
rarely share segments greater than 6 cM [Huff et al., 2011]. Therefore, we used this segment
size as a general reference for potentially non-random, disease-associated segments.

Results of the shared segment analysis are summarized in Table II. HERAM analysis of all
possible combinations of parent-offspring pairs identified two shared genomic segments
larger than 6 cM, one at 8p23.1 (22.2-28.4 cM: 6.2 cM) and another at 15926.2 (111.7-
126.7 cM: 15 cM). HERAM plots depicting the shared regions on chromosomes 8 and 15
and genes within these segments are shown in Figure 3. Two additional large shared
segments slightly less than 6 cM were found at 4p13 (62.5-68.3 cM: 5.8 cM) and 7q11.2
(84.3-88.5 cM: 4.2 cM). Sharing of all four segments was independently confirmed by
HapShare. HapShare also identified an additional 4.7 cM segment at 2911.2—q12.1 (119.5-
124.2 cM). Retrospective analysis of HERAM data revealed that two miscalls prevented the
2011.2-g12.1 segment from being identified. HapShare results are graphically depicted on
HapMap centimorgan recombination maps (Figure 4 and Supplemental Figure 1). None of
the shared segments identified among the CDH cohort were found to be common haplotypes
when compared to paternal and maternal haplotypes from the 24 children who did not have
CDH (Figure 4b, d and Supplemental Figure 1b,d, and f). Overall, HERAM results were
validated by HapShare analysis with the caveat that Mendelian errors must be culled from
the genotype data before HERAM analysis to ensure that shared regions are not missed.

The two shared segments on chromosomes 8 and 15 coincide with recurrently deleted/
duplicated regions in non-isolated human CDH [Holder et al., 2007; Klaassens et al., 2005;
Scott et al., 2007; Wat et al., 2009; Wat et al., 2011], and contain genes that cause CDH in
mutant mice [Beurskens et al., 2007; Jay et al., 2007; You et al., 2005]. Segment 8p23.1 is
the second most commonly deleted region in human CDH and its strongest candidate gene,
GATA4, causes ventral, midline diaphragm defects in heterozygous mice [Jay et al., 2007].
Another strong candidate gene, SOX7, is immediately adjacent to but not within the shared
segment on 8p23.1. Recent work has shown that Sox7-deficient mice also have ventral,
midline diaphragm defects [Wat et al., 2012] and that SOX7 may transcriptionally regulate
GATA4[Wat et al., 2009]. The 15926.2 locus is the most commonly deleted segment in
patients with non-isolated CDH. Of the genes residing within this segment, NR2FZ, is the
strongest CDH candidate because its activation is regulated by retinoids, and tissue-specific
ablation of Ar2f2in mice causes posterolateral CDH. The finding of known CDH genomic
regions provides strong support for the concept that large shared chromosomal regions in
distantly related CDH patients likely harbor disease-causing genes. Interestingly, these
susceptibility regions appear to have been inherited though multiple unaffected “carrier’
individuals suggesting that they are not sufficient to cause CDH, consistent with the idea
that isolated CDH is multigenic.

The shared segments on chromosomes 2 and 4 have not been linked to isolated CDH
previously. No obvious candidate genes reside within the shared segment on chromosome 2
but the segment on chromosome 4 contains SH/ISAS3, a gene that plays a role in mesoderm
maturation by attenuating FGF signaling [Pei and Grishin, 2012]. The 7q11.2 segment
resides within the Williams syndrome locus and includes ELN (encoding for elastin).
Though none of the genes in this locus has been directly implicated in CDH, ELNis a
putative candidate gene because proper post-translational modification of elastin by lysyl
oxidase (encoded by LOJX) is necessary for normal diaphragm formation [Hornstra et al.,
2003]. In addition, a recent case report shows a patient with Williams syndrome with a right-
sided Morgagni hernia [Rashid et al., 2009].
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A diagram displaying the nearest known ancestral relationships between patients with the
shared genomic segments on chromosomes 8 and 15 is shown in Figure 5. Only four CDH
patients are shown in this figure since patients 93351, 94214 and 95208 did not share these
genomic segments. Known relationships exist between most patient-parent pairs shown in
this figure (Figure 1), but for one parent-offspring pair, no common ancestor was identified
by the UPDB. Because the family history data contained in the UPDB goes back six-seven
generations, the unknown founders are likely very remote. Regardless, the sharing of a large
genomic segment indicates that these patients are related, and because they also share a rare
phenotype, the shared segments are potentially non-random and associated with disease.

Three patients (93848, 94074 and 93906) share a segment on 8p23.1 (Figure 5). Patients
93848 and 94074 are very distantly related (separated by 13 meioses) making it highly
unlikely to share a 6 cM genomic segment by chance [Huff et al., 2011], and even more
unlikely to randomly share a segment previously implicated in CDH. Patient 93906 shares a
smaller 8p23.1 segment (24.2-28.4 cM) with the other two patients through an unknown
founder, suggesting that he may be even more distantly related. Interestingly, GATA4 s still
contained within the smaller shared region.

In addition to sharing the region on 8p23.1, patient 93848 shares a genomic segment on
15026.2 with 93739 (Figure 5). Although these two patients are only separated by 8
meioses, sharing a large 15 cM segment previously implicated in CDH [Klaassens et al.,
2005; Scott et al., 2007] is not likely a random occurrence, suggesting that a CDH
susceptibility variant resides within the shared region on 15g26.2. The finding of more than
one shared segment in patient 93848 raises the possibility of multigenic involvement in
isolated CDH.

With respect to hernia location (Table 111), there was no clear genotype-phenotype
correlation. Of the three patients with the 8p23.1 segment, one had a left-sided Morgagni
hernia, one had a central defect and the other had a right-sided Bochdalek hernia (Figure 5).
The patient with the central defect shares the 15926.2 haplotype with a patient who was born
with a left-sided Bochdalek hernia (Figure 5).

Although none of the patients in our cohort were found to share the 8g23.1 segment that
contains ZFPM_2, we screened this gene for coding variants, but none were found. We also
found no deleterious coding variants in GATA4, but we did find a rare shared variant in
intron 1. The variant SNP, rs73203482 (c.-458+5G>A, NM_002052.3) (MAF 0.038), is
located at the +5 position of the splice donor site of non-coding exon 1. Analysis of the
variant using online algorithms produces mixed results. Netgene2 predicts no effect, Fuitfly
predicts reduced confidence in the splice donor, and ExonScan predicts loss of the splice
donor. Future work will be needed to determine whether this variant has a functional effect
on GATA4 expression. No deleterious coding or promoter variants were found in NR2F2 or
SOX7 (data not shown). Curiously, no other group has ever reported a CDH-causing
mutation in GATA4, SOX7or NR2F2. Possible explanations for the paucity of
susceptibility variants within these genes include the following: 1) coding variants only
cause a small fraction of CDH; 2) these genes do not cause human CDH despite strong
evidence from animal models suggesting otherwise; or 3) susceptibility variants reside
within non-coding, regulatory elements that alter gene expression.

DISCUSSION

A fundamental problem that has prevented researchers from discovering the genetic factors
involved in isolated CDH has been the inability to identify extended families with the defect.
We have done this using the UPDB, and we employed family-based genetic approaches to
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identify chromosomal regions strongly associated with CDH. At least two of the regions
identified by HERAM and HapShare in our small CDH cohort are good candidates for
harboring CDH susceptibilities. Our methods offer several advantages over the current
techniques used to identify causative alleles in rare, multigenic disorders. First, they are
relatively inexpensive and require few patients. In contrast, methods such as GWAS are
costly and require numerous patients, a significant drawback for studying rare diseases.
While CNV analysis is useful in defining disease-associated genomic regions, it precludes
identification of specific gene/variant(s) responsible for disease. Although candidate gene
screening can identify disease-associated genes, it is often fruitless in complex diseases such
as CDH, even when there is abundant evidence pointing to a gene’s involvement in disease
(as seen with GATA4and NR2F2in CDH). Our method overcomes these limitations by
identifying shared genomic regions strongly associated with disease in a limited number of
distantly related individuals. More importantly, since the genomic segments we have
identified are not associated with copy number variation, future work will focus on
identification of pathogenic variants within shared segments in our patient cohort using
next-generation sequencing. Overall, our strategy has the potential to speed discovery of
disease genes in CDH and other rare diseases.

Through the use of a unique genealogical resource in Utah we have identified distantly
related patients with isolated CDH. Several of these patients share genomic segments
previously linked to CDH because they contain genes implicated in diaphragm development
in animal models. Although we have yet to discover disease-causing variants, combining our
family-based strategy with next-generation sequencing has the potential to efficiently and
cost-effectively identify causative variants in rare, multigenic disorders such as isolated
CDH.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Heritability playsarolein isolated CDH

Pedigrees obtained from the UPDB showing seven interrelated isolated CDH patients that
were genotyped and subjected to shared segment analysis. Note that some patients are
related to each other through multiple founders. By enriching our study cohort with distantly
related CDH patients, we hoped to increase the probability of finding shared, disease-
associated segments. The disease burden in these pedigrees (humber of affecteds/number of
descendants) is significantly higher that the incidence of isolated CDH in the general
population, suggesting the presence of a heritable component.
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Figure 2. Rationale for using HERAM to identify heritable candidate regions for a disease
HERAM is based on two ideas. First, within a shared genomic segment (red segment),
alleles will never be reciprocally homozygous (that is, AA in one individual and BB in
another) at the same SNP. In the upper panel, reciprocally homozygous alleles are boxed.
Note that there are no boxes in the shared segment and that boxes define the boundaries of
the shared segment. Second, rare-shared alleles are enriched in shared genomic segments.
These are shown in the lower diagram with boxed AB genotypes, where the MAF of the B
allele is <0.1. Regions that are both devoid of exclusionary reciprocally homozygous SNPs
and enriched for rare shared alleles are identical-by-state, and likely identical-by-descent
when the segment is large (= 6 cM) and individuals are distantly related. MAF= minor allele
frequency.
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Figure 3. HERAM analysisin isolated CDH kindreds revealslarge shared chromosomal regions
a. 8p23.1 (22.2-28.4 cM) and b. 15¢926.2 (111.7-126.7 cM). HERAM plots were generated
by dividing each chromosome into bins of 1 ¢cM and counting the number of reciprocally-
homozygous and rare-shared alleles within each bin (reciprocally-homozygous alleles are
shown in blue and rare shared alleles in red). Shared regions are identified by the co-
occurrence of gaps in the homozygous exclusion map = 6 cM and enrichment of rare shared
alleles within the gaps. The vertical grey bar represents the location of the centromere. The
names and approximate location of genes contained within each shared region are shown
below the HERAM plots. Shared regions on chromosomes 8 and 15 coincide with
recurrently deleted and duplicated segments found in patients with non-isolated CDH and
contain the candidate genes GATA4 and NR2FZ, respectively.
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Figure 4. HapShar e confirmsthat 8p23.1 and 15026.2 are shared and uniqueto isolated CDH
kindreds

aand c: a total of 91 pair-wise combinations were evaluated for shared segments across the
entire genome (7 isolated CDH patients, total of 14 haplotypes). Results for chromosome 8
(a) and 15 (c) are plotted along HapMap centimorgan (cM) recombination maps. The
maximum number of consecutive inclusion markers across each chromosome is shown at
the bottom of the plot and depicted as the height of a segment along the Y axis. b and d: the
shared haplotypes were compared against paternal and maternal haplotypes from 24 children
who did not have CDH (total of 48 haplotypes) to eliminate the possibility of common
haplotypes. Neither the chromosome 8 (b) or 15 (d) shared segment was found to be a
common haplotype.
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Figure 5. Pedigree structure of the four patients sharing chromosomal regions 8p23.1 and
15026.2

Most relationships coincide with those identified by the UPDB, but one involves unknown
founders that are likely very remote. Disease susceptibilities within shared segments were
inherited though multiple unaffected “carrier’ individuals suggesting that they are not
sufficient by themselves to cause CDH. Patient 93848 shares more than one segment which
raises the possibility that she inherited two genetic susceptibilities, supporting a multigenic
model for CDH. There is no clear phenotype-genotype relationship among patients with
shared segments.
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Table |

Copy number changes (CNC) detected in the CDH cohort.

Patient | Type CNC Location (GRCh37/hg19) | Size(bp)
93906 Duplication | chr2:89128221-91923634 2,795,413
95208 Duplication | chr10:46220450-47966358 1,745,908
93739 Duplication | chr14:19433398-20424184 990,786

93848 Duplication | chr15:20019161-22455504 2,436,343
94074 Deletion chr15:22589211-23688944 1,099,733
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Table Il

Hernia phenotype in the patient cohort.

Patient | Phenotype

93351 Left-sided Bochdalek hernia
93739 Left-sided Bochdalek hernia
93848 Central hernia

93906 Left-sided Morgagni hernia
94074 Right-sided Bochdalek hernia
94214 Agenesis of the left diaphragm
95208 Left-sided Bochdalek hernia
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