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Abstract

Congenital Diaphragmatic Hernia (CDH) is a common and often lethal birth defect characterized
by diaphragmatic structural defects and pulmonary hypoplasia. CDH is isolated in 60% of
newborns, but may also be part of a complex phenotype with additional anomalies. We performed
whole exome sequencing (WES) on 87 individuals with isolated or complex CDH and on their
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unaffected parents, to assess the contribution of de novo mutations in the etiology of
diaphragmatic and pulmonary defects and to identify new candidate genes. A combined analysis
with 39 additional trios with complex CDH, previously published, revealed a significant genome-
wide burden of de novo variants compared to background mutation rate and 900 control trios. We
identified an increased burden of likely gene disrupting (LGD, i.e. nonsense, frameshift, and
canonical splice site) and predicted deleterious missense (D-mis) variants in complex and isolated
CDH patients. Overall, an excess of predicted damaging de novo LGD and D-mis variants relative
to the expected frequency contributed to 21% of complex cases and 12% of isolated CDH cases.
The burden of de novo variants was higher in genes expressed in the developing mouse diaphragm
and heart. Some overlap with genes responsible for congenital heart defects and
neurodevelopmental disorders was observed in CDH patients within our cohorts. We propose that
de novo variants contribute significantly to the development of CDH.

Keywords
congenital diaphragmatic hernia; de novo; insulin growth factor; cohesin; POGZ; NAA15

INTRODUCTION

Congenital Diaphragmatic Hernia (CDH) represents one of the most common birth defects
(1:2500-3000) (Pober 2007; Stolar and Dillon 2012), with approximately 1600 children born
every year in the United States with this condition. CDH is characterized by defective
diaphragm development and pulmonary hypoplasia, and is associated with significant
morbidity and mortality. Many patients require invasive interventions such as extracorporeal
membrane oxygenation (ECMO) and assisted ventilation (Garcia et al. 2014). Long-term
complications including pulmonary hypertension, asthma, gastroesophageal reflux, feeding
disorders, and developmental delays are common in survivors. Hospitalizations are frequent
and extended, resulting in economic and societal burden. In spite of considerable advances
in treatment and improved outcomes, the overall mortality remains high.

Multiple lines of evidence support genetic contributions to the etiology of CDH, including
the identification of diaphragm defects in monogenic model organisms, recurrent human
copy number variants (“genomic hotspots”), and monogenic conditions associated with
CDH in humans (Veenma et al. 2012; Wynn et al. 2014). More than 60 loci have been
associated with CDH in rodents or humans, yet the cause of CDH for most patients remains
elusive. Recently, WES studies have identified high priority candidate genes for CDH using
systems biology integration of rare sequence variants with gene expression data and protein-
protein interaction networks of previously known CDH genes (Longoni et al. 2014a).

De novo mutations are a major cause of birth defects and other conditions affecting
reproductive fitness (MVeltman and Brunner 2012). A fundamental role for de novo variants
was demonstrated in congenital heart disease (Homsy et al. 2015), autism spectrum
disorders (Neale et al. 2012; Michaelson et al. 2012), and schizophrenia (Xu et al. 2011;
Gulsuner et al. 2013). Recently, de novo mutations were discovered in a large fraction of
syndromic congenital heart disease cases, compared to a relative abundance of inherited
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high-risk variants with incomplete penetrance in isolated congenital heart disease (Sifrim et
al. 2016). Trio studies designed to identify de novo and recessive mutations are emerging as
a valuable tool for screening undiagnosed genetic conditions (Zhu et al. 2015).

Familial clustering of CDH has been reported in very rare kindreds with multiple affected
individuals (Wolff 1980; Pober 2008). Despite the small number of familial cases, the
majority of probands with CDH have no family history of CDH, leading to the hypothesis
that de novo variants are an important and relatively frequent etiological mechanism, as
CDH was nearly always lethal before the introduction of neonatal respiratory support and
surgical repair in the modern era. A screen for de novo variants was therefore performed in a
cohort of 39 sporadic CDH trios with multiple birth defects (Yu et al. 2015). Within this
cohort, a minimum of 15% were estimated to have de novo predicted pathogenic variants;
however, the sample size was limited, and larger studies are needed for replication and to
better estimate the fraction of cases due to de novo mutations. In this report, we combine the
results of these original 39 trios with 87 new trios, greatly expanding the power of this study,
and we demonstrate significant genome-wide enrichment for likely deleterious de novo
sequence variants in a cohort of CDH trios with no family history of CDH. The enrichment
was greater for complex cases, but was also present in isolated CDH. Our study provides
further insight into the genetic architecture of CDH and suggests novel genes and pathways
for this condition.

De novo variants in complex and isolated CDH

WES was performed on a cohort of 87 parent proband trios, enrolled at the Massachusetts
General Hospital (MGH) and Boston’s Children Hospital. Clinical assessment by a
geneticist was conducted whenever possible and patients with known causative
chromosomal anomalies or mutations were excluded from the study (clinical and genetic
findings are summarized in Supplementary table S1). Familial relationships were confirmed
by identity-by-descent estimation in PLINK (Purcell et al. 2007).

In this group, the gender distribution was M:F 1:0.6 (54:33). Two fetal samples did not have
an assigned sex reported on their enrollment forms and were determined genetically. The
distribution is consistent with previously observed male gender bias of 1:0.69 in CDH
(McGivern et al. 2015). The type of diaphragmatic defect was predominantly left sided
Bochdalek; however, patients with right or bilateral hernias were also present. Additionally,
our series included four cases of eventration, three of diaphragm agenesis, one of Morgagni,
and one of an anterior hernia in a Pentalogy of Cantrell case. Phenotypically, 33 (37.9%) of
probands had a diagnosis of complex CDH, i.e. the co-occurrence of diaphragmatic defects
and congenital anomalies except lung hypoplasia (Pober et al. 2010). The most frequent
comorbid features were cardiac defects, including atrial and ventricular septal defects and
hypoplastic left heart syndrome (HLHS). While some morphologic features and
neurodevelopmental conditions can become apparent with time, the isolated cases in this
study had no additional anomalies at the time of last contact with a study physician. Five
cases with insufficient phenotypic characterization to make any conclusive determination are
marked as ‘unclassified’ for the purpose of this study.
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Probands and parents were sequenced in three batches: Yale, UW1, and UW?2. Yale and
UW1 probands were published as part of a separate study (Longoni et al. 2014). Exome
quality and coverage metrics are available in Supplementary table S2. Among the CDH
trios, 70% (61/87) of the probands carried at least one de novo variant. In 18.4% (16/87) of
patients, de novo variants were predicted to be likely gene-disrupting (LGD), i.e. categorized
as nonsense, frameshift, or splice site variants. One or more de novo missense variants were
present in 50.5% (44/87).0f the trios, and 34.5% (30/87) had at least one variant predicted to
be damaging by MetaSVM (Dong et al. 2015). Two patients had in-frame deletions and an
in-frame insertion. Severity measures and defect size, classified according to Ackerman et
al. (2012), were collected in 31/87 probands; no correlation was observed between defect
size and mutation status.

The complete annotated list of variants is provided in Supplementary table S3. The datasets
generated analyzed during the current study are available in the doGAP repository
(accession No. phs000783.v2.p1). Among the genes with either de novo LGD or predicted
damaging missense variants, no gene had more than one de novo event.

Excess of damaging de novo variants

In order to increase the power of the study, data from 39 previously published trios with
complex CDH recruited by the DHREAMS study (www.cdhgenetics.com) were included in
the subsequent analyses (Yu et al. 2015) (Figure 1). In the subset of patients with a complex
phenotype, an average of 1.12 de novo variants per patient were identified in the Boston
cohort and 1.02 in the DHREAMS cohort. The number of de novo events per patient was
consistent with a Poisson distribution in the Boston cohort and in the combined groups
(Supplementary figure S1).

In the combined cohorts, an excess of de novo variants was found in complex CDH cases
compared to the expected background mutation rate (Samocha et al. 2014; Ware et al. 2015)
(Table 1). A twofold enrichment (FE) in the frequency of de novo variants was observed for
D-mis, determined by MetaSVM, and LGD variants (Poisson test p=0.008 and 0.02,
respectively). A group of control trios (N=900) (De Rubeis et al. 2014; lossifov et al. 2014),
consisting of unaffected siblings and parents enrolled in the Simons Foundation Autism
Research Initiative Simplex Collection (SSC) study (www.simonsfoundation.org), were
jointly called and analyzed through the same pipeline as cases. In the control group, no
significant differences with the background mutation frequency were detected. Similarly, no
enrichment was identified for synonymous or for combined B-mis (benign missense) and D-
mis de novo variants (All-mis). The enrichment of LGD and D-mis variants was also present
when comparing CDH trios and control trios directly.

The de novo frequency for the more common phenotype of isolated CDH phenotype was
calculated for 49 Boston cases. In this group of patients, who represent the majority of
patients with CDH, marginal enrichment was identified for LGD (FE=2.04, p=0.03), but not
for D-mis variants (Table 1).

Based on the differential between the observed frequency of de novo variants in CDH cases
and the expected mutation background frequency, we estimate that 20 (43%, or 0.37/0.21)
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(Table 1) of de novo LGD or D-mis reported in our study may contribute to the formation of
diaphragmatic defects. Specifically, 21% of complex cases had an excess of LGD and D-mis
variants, while 12% of isolated CDH patients had an excess of LGD variants.

Genes with de novo variants in CDH are expressed in the embryonic diaphragm and heart

We hypothesized that genes with predicted pathogenic mutations would be expressed during
a critical stage in the developing diaphragm, comparable to murine E11.5 pleuro-peritoneal
folds. Transcriptome data from this tissue are available in the Gene Expression Omnibus
(GEOQ) database (Series GSE35243) (Russell et al. 2012). We defined high diaphragm
expression as the top quartile of probe sets based on RMA (Robust Multi-Array Average)-
normalized expression levels of microarray data (Yu et al. 2015). An increased burden of de
novo variants in complex cases was detected in the group of highly expressed genes in the
diaphragm. This burden was particularly striking for LGD variants (Figure 2 and
Supplementary figure S2).

LGD and D-mis de novo variants expressed in the upper quartile of the developing
diaphragm and confirmed by Sanger sequencing are listed in Table 2. The confirmation rate
of de novo variants called bioinformatically was over 90% in the group of variants that
underwent Sanger sequencing. An enrichment analysis (amp.pharm.mssm.edu/Enrichr, last
accession on 10/21/2016) (Chen et al. 2013) indicated over-representation of several
transcription factor targets (Lachmann et al. 2010), most notably targets of the CDH-
associated CHD~7 gene (Supplementary table S3).

As cardiac anomalies are the most common CDH-associated birth defects, accounting for
14.3% of patients without associated chromosome anomalies (McGivern et al. 2015), we
investigated whether the de novo mutations identified in our cohorts were mapped to genes
expressed in the developing heart derived from RNA-seq of E14.5 129SvEv mouse embryos
(Zaidi et al. 2013). A significant enrichment in genes expressed in the top quartile of gene
expression in the embryonic heart was confirmed.

Expression profile during lung development

We hypothesized that differential expression in specific phases of lung development is an
indication of which genes are likely to affect branching morphogenesis and result in lung
hypoplasia, an important component of the CDH phenotype (Donahoe et al. 2016). Primary
defects of branching morphogenesis, resulting in lung hypoplasia, were shown in teratogenic
(dual-hit hypothesis) (Keijzer et al. 2015) and genetic models of CDH (reviewed in Kinane
et al. 2007).

Genome wide expression levels were previously assessed during lung development at 26
time points throughout murine lung development in three inbred strains (GEO Series
GSE74243), providing stage-specific transcriptional profiles (Beauchemin et al. 2016). We
used unsupervised hierarchical clustering of the 71 genes with de novo variants in our
cohorts to identify their expression pattern during in the embryonic, pseudoglandular, and
canalicular phases (Figure 3). Among the genes expressed during branching morphogenesis,
three (MAA15, POGZ, and SIN3A) have LGD variants in our cohort and EXAC pLI scores
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of 1.0, suggesting intolerance to haploinsufficiency, i.e. genes in which heterozygous loss of
function mutations are expected not to be tolerated (Lek et al. 2016).

Protein-protein interaction networks

GeNets (http://apps.broadinstitute.org/genets), a biological network analysis and
visualization platform developed and housed at the Broad Institute, was used to analyze the
de novo gene set discovered in our cohorts based on functional genomic data. A pathway
analysis based on InWeb3 data (Lage et al. 2007) was performed on every gene with at least
one de novo LGD or D-mis and expressed in the upper quartile of the developing diaphragm
(Table 2), together with previously known CDH genes (Supplementary table S5). The results
indicated that de novo sequence variants, although not recurring in any genes in our cohorts,
form significant networks (p = 0.002), or communities, based on protein-protein
interactions. Nine communities were identified, representing significant modules of pathway
relationships among the genes of interest (Figure 4). Five communities, among them,
contained one or more candidate genes with de novo variants.

A second pathway analysis, based only on genes with at least one de novo LGD or D-mis
variant, revealed four communities. Regardless of the filtering strategy used, whether by
high expression in the developing diaphragm or heart, three communities overlapped
consistently around the key genes (nodes), ACTG1, HSPD1, and LONPI, suggesting their
possible involvement in the pathogenesis of CDH (Supplementary figure S3).

Co-expression network analysis

The expression patterns of functionally related genes are expected to be similar temporally
and across various perturbations, allowing for the identification of blocks of co-expressed
genes. As an alternative way of integrating the gene expression data we therefore searched
for co-expressed modules significantly enriched for CDH genes to prioritize candidate genes
with de novo variants. We constructed a co-expression network and identified modules of
genes with similar expression patterns based on the developing diaphragm expression data in
56 microarrays (Russell et al. 2012), using the R-package WGCNA (weighted gene
correlation network analysis) (Langfelder and Horvath 2008). We then identified modules
having significant overlap with the list of genes known to be involved in CDH pathology,
manually curated from the literature and from available public data bases, followed by a
Gene Ontology (GO) term enrichment analysis (Supplementary table S6 provides the GO
terms of CDH enriched modules). The modules with significant overlap are involved in
muscle differentiation, transcription regulation, cellular development, extracellular matrix,
and cell division, among others.

Significantly, the expression modules identified overlapped with the protein-protein
interaction pathways described above, substantiating their importance in CDH pathogenesis
by an independent systems biology approach. The most suggestive similarities were the
GenNets nodes and the WGCNA “pink” module, converging on IGF2/IGF1R signaling and
muscle cell specification, and the “yellow” module, implicating cohesin complex function.
The other modules, significantly enriched for CDH genes, are related to energy production
and they are likely correlated with increased muscularization of diaphragm tissue and a
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miscellaneous collection of genes important in signal transduction and transcription factors
(Supplementary table S6).
DISCUSSION

Genome wide burden of de novo variants

Historically, most individuals with CDH are the first members in their family to be
diagnosed, partly because of the high morbidity and mortality resulting in impaired
reproductive fitness. Conversely, the continuous emergence of sporadic cases suggests a role
for causative mutations arising in the germline, as seen also in patients with congenital heart
defects (Zaidi et al. 2013). De novo mutations leading to diaphragmatic defects have been
reported anecdotally, as well as systematically, in smaller cohorts ((Yu et al. 2015) and
Supplementary table S7). The present study was designed to confirm the contribution of de
novo variation to human diaphragmatic defects and to provide a list of high priority CDH
candidate genes.

Genetic contribution to the etiology of CDH has been previously demonstrated in cohorts of
sporadic patients (Longoni et al. 2014a). A significant burden (p< 0.01, based on empirical
distribution) was discovered for predicted pathogenic variants in well-characterized CDH
genes. A previous trio study was performed on a small group of patients with complex, or
syndromic, CDH (Yu et al. 2015), in which 15 de novo predicted deleterious sequence
variants were identified. De novo variants in genes highly expressed in the developing
diaphragm were significantly more frequent in CDH cases than in controls, a situation
similar to what has been observed in congenital heart defects (Sanders et al. 2012; Zaidi et
al. 2013). However, the same enrichment was not observed on a genome-wide level, likely
because the study was underpowered to detect such an effect.

Here, we identified a significant enrichment of LGD or D-mis variants in complex CDH
cases and enrichment of LGD variants in isolated cases, which represent the majority of
CDH patients although they currently rarely receive a genetic diagnosis (Longoni et al.
2014b). Due to the extremely low frequency of de novo mutations, finding multiple de novo
variants in the same gene associated with the same or overlapping phenotypes is considered
strong evidence for causality (Samocha et al. 2014). Even combining all available exome
data from CDH patients, no genes showed de novo predicted pathogenic variants in more
than one individual with CDH; however, variants in some of these genes were identified in a
cohort of CDH probands previously studied by WES (Longoni et al. 2014a). These findings
underscore the genetic heterogeneity of CDH, and sequencing of additional trios will be
necessary to enhance the discovery of causative genes.

Finally, in the combined cohorts examined in this study, we identified de novo variants in
several genes previously reported in association with congenital heart disease and/or
neurodevelopmental conditions, highlighting the complexity of phenotypes associated with
diaphragmatic defects and the pleiotropic effects of CDH-associated genes. These
phenotypes will be discussed below, with an emphasis on genes functioning as central nodes
in the protein-protein interaction networks discovered in this study.
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Comorbidity with neurodevelopmental conditions

The Pogo Transposable Element With Znf Domain (POGZ [OMIM:*614787]) has been
identified as the causative gene for White-Sutton syndrome (OMIM:#616364) in a large-
scale WES study of individuals with neurodevelopmental disorders (White et al. 2016).
Proband T57 in our cohort is a male who presented with a right-sided Morgagni hernia,
microcephaly, seizures, abnormal ears, micropenis, facial dysmorphism, and optic nerve
hypoplasia. In this patient, we detected a p.F879P fs (NM_015100:c.2635_2638del) de novo
variant.

A patient with a p.T922H fs mutation in POG.Zwas previously reported with microcephaly,
short stature, global developmental delay, non-ocular visual impairment, failure to thrive,
and multiple congenital abnormalities, including diaphragmatic hernia and a duplicated renal
collecting system (White et al. 2016). All the frameshift mutations in POGZ, in addition to
the mutation identified in patient T57, are predicted to disrupt three C-terminal-domains
(CENP-B like DNA, DDE, and coiled-coil) (White et al. 2016).

The observed increased incidence of CDH in patients with this syndromic form of autism
spectrum disorder and other neurobehavioral challenges may be due to the pleiotropic
effects of POG.Zon the development of many organs during embryogenesis because of its
role in kinetochore assembly, mitotic sister chromatid cohesion, and mitotic chromosome
segregation.

After manual curation of our trio dataset, two additional patients were discovered to carry
rare inherited and predicted pathogenic POGZ variants. Patient T62 had an isolated left-
sided Bochdalek hernia, and has a heterozygous ¢.4086A>C transversion (rs374364810),
inherited from an apparently unaffected mother, resulting in the p.Glu1362Asp missense
change, predicted to be damaging by PolyPhen-2 (URL.: http://genetics.bwh.harvard.edu/
pph2/) and MutationTaster (URL: http://www.mutationtaster.org/). The second patient, T46,
had a left-sided Bochdalek hernia, atrial septal defect, and congenital hip dysplasia. She is
heterozygous for the paternally inherited p.Arg1285GIn missense variant caused by the c.
3854G>A substitution, predicted damaging by MutationTaster. Both variants are extremely
rare in EXAC with allele frequencies of 6.59x107° (allele count: 8/121400) and 7.417x107°
(9/121350), respectively. Reported pathogenic mutations in POG.Z are consistently de novo
(White et al. 2016) and larger studies will be necessary to determine whether inherited
variants increase the risk for CDH. In these cases, parents were not examined for subclinical
phenotypes which have been recently reported in CDH families (Yu et al. 2013).

Among the candidates with de novo mutations, the Cytoplasmic y-actin gene (ACTG1)
protein is at the center of a sub-network predicted based on de novo variants identified in the
CDH cohorts, which could indicate a role for actin-related function in the development of
diaphragmatic and lung defects.

We identified the p.E167K de novo missense variant in AC7GJ1 in a CDH patient with
multiple minor anomalies and autism. Missense mutations in AC7GZ (NM_001614.2),
which is expressed in the top 10th percentile of transcripts in the developing diaphragm, or
in its paralog AC7B have been previously associated with the rare Baraitser-Winter
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syndrome (BRWS [OMIM #614583]) (Riviere et al. 2012). Characteristic findings in BRWS
include congenital ptosis, high-arched eyebrows, ocular colobomata, and lissencephaly
(\Verloes et al. 2015). Other missense mutations in the same gene cause dominant
progressive deafness (DFNA20/26) (Zhu et al. 2003) and are considered to be milder than
those reported in BRWS. Functional studies suggest that BRWS mutations are gain-of-
function, as they were shown to increase F-actin content and to impact F-actin dynamics
when stimulated with latrunculin A, which induces cytoskeletal depolymerization (Riviére et
al. 2012). Deletions of 7p22 (ACTB) or 17925.3 (ACTGI), however, result in a different
phenotype than BWRS. Notably, a patient with 7p22.1-p22.3 deletion
(chr7:1,174,615-5,819,144, hg19) displayed right-sided CDH and various cardiac defects
(\Verloes et al. 2015).

Comorbidity with congenital heart defects

The N-Alpha-Acetyltransferase 15, NatA Auxiliary Subunit (MAA15, [OMIM:*608000])
encodes an acetyltransferase subunit and has a role in maintaining cell proliferation (Sugiura
et al. 2003). Its downregulation by retinoic acid results in neuronal differentiation (Sugiura
et al. 2003). Two LGD variants were discovered in an exome study of 1213 trios recruited in
the Pediatric Cardiac Genetics Consortium or the Pediatric Heart Network (P=4.67 x 107°,
Poisson test against expectation) (Homsy et al. 2015). In the congenital heart defect study, a
nonsense variant was discovered in a patient with pulmonary stenosis, single left coronary
and tetralogy of Fallot. The second patient, with a frameshift mutation, had presented with a
complex cardiac phenotype which included heterotaxy, hypoplastic right ventricle, and
pulmonary stenosis. In our cohort, we identified a patient with isolated CDH and a
frameshift variant (NM_057175:¢.239_240del, p.H80fs).

Genes with de novo variants in CDH networks

Network analysis allowed us to identify functional subnetworks containing genes with de
novo variants in the Boston and DHREAMS cohorts.

The insulin growth factor (IGF) signaling controls cell proliferation, differentiation and
survival, and it is important for organogenesis. Insulin-like growth factor-1 receptor (1gflr)
(Epaud et al. 2012) and its ligands Igfl (Liu et al. 1993) and Igf2 (Borensztein et al. 2013)
have been associated with lung and diaphragm defects, the latter probably due to abnormal
terminal muscle differentiation. Further, IGF signaling promotes alveolar and vascular
maturation during late phases of lung development (Nagata et al. 2007), which are critical
for the postnatal course of CDH patients. The regulation of Igfir-mediated signaling is
complex and includes Nedd4 (Cao et al. 2008) and Grb10 (Morrione et al. 1999), which
affect stability of the receptor. In the Boston cohort, we identified a patient with complex
CDH and a frameshift mutation in GRB10that could alter IGF1R turnover.

Cohesin complexes are required for proper sister chromatid cohesion during meiosis and
mitosis, and have additional roles in DNA repair and transcription (Peters et al. 2008). Smcl
and Smc3 directly at their hinge domains and at the opposite end through the mediation of
Sccl, thus forming a ring-like structure around chromatin. Mutations in components of the
cohesin complex cause autosomal dominant (M/PBL, SMC3) and X-linked recessive
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(SMC1A) Cornelia de Lange syndrome, which is frequently associated with CDH (Schrier
etal. 2011). A patient with a de novo variant in the Stromal Antigen 2 (S7TAGZ2) gene,
encoding a structural component of the complex, was identified in the DHREAMS cohort.
The mechanism whereby defects in cohesin biology affects diaphragm development is
unknown.

Conclusions

Because of the high mortality of CDH, the emergence of sporadic cases is consistent with a
role for de novo mutations. Combining cohorts from two separate studies, it was possible to
gain supporting evidence that de novo variants contribute significantly to the development of
CDH.

METHODS

Patients

The study subjects were enrolled in the “Gene Mutation and Rescue in Human
Diaphragmatic Hernia” (1 P01 HD068250) study according to the Partners Human Research
Committee and Boston Children’s Hospital clinical investigation standards (Protocol
2000P000372 and 05-07-105R, respectively). Standard patient evaluation included a
thorough genetic examination by our study geneticists or the referring geneticist/physician,
analysis of the family pedigree, a questionnaire (87/87), and clinical and/or research
chromosome microarrays (65/87) (Supplementary table 1). Medical records and operative
notes were reviewed for phenotypic classification. Sporadic cases without a known
chromosomal or genetic cause for their diaphragmatic defect were chosen, but variants of
uncertain function were not considered exclusion criteria. Parents are not clinically affected
with CDH. Exome results on some of the probands (N=33) had been reported as part of a
previous cohort study (Longoni et al. 2014a) (dbGAP accession no. phs000783.v1.pl).
Procedures relative to samples enrolled in the DHREAMS study are outlined in the relevant
publications (Yu et al. 2014; Yu et al. 2015).

Sample processing

The DNA samples were extracted using a standard phenol-chloroform protocol (Epstein-
Barr Virus transformed Lymphoblastoid Cell Lines, LCLS) or dedicated Qiagen kits (whole
blood samples or primary cultured fibroblasts). After extraction, the DNA was measured by
Qubit® 2.0 Fluorometric Quantitation (Life Technologies), and gel electrophoresis was
performed to assess DNA quality.

Whole Exome Sequencing (WES)

Library construction and exome capture were automated (Perkin-Elmer Janus Il) in 96-well
plate format. 1 ug of genomic DNA was subjected to a series of shotgun library construction
steps, including fragmentation through acoustic sonication (Covaris), end-polishing and A-
tailing, ligation of sequencing adaptors, and PCR amplification with 8 bp barcodes for
multiplexing. Libraries underwent exome capture using the Roche/Nimblegen SeqCap EZ
v2.0 or v3.0. The library concentration is determined by triplicate qPCR and molecular
weight distributions verified on the Agilent Bioanalyzer (consistently 125 + 15 bp). Lastly,
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100 bp paired-end sequencing was performed on the IlluminaHiSeq2000 platform (Illumina,
Inc, San Diego, California, USA). The sequencing reads generated were combined with
previously sequenced probands (Longoni et al. 2014a) and 38 trios (Yu et al. 2015).
Sequencing metrics are provided in Supplementary table S3. Linked genotype and
phenotype data was deposited in doGAP (accession no. phs000783.v2.pl).

De novo variant calling

Burden test

Raw sequencing data for each individual were aligned to the human reference genome (build
hg19) using Burrows-Wheeler Aligner (BWA 0.7.5a) (Li and Durbin 2010). The alignment
files of probands and parental samples were converted from a sequence alignment map
(SAM) format to a sorted, indexed, binary alignment map (BAM) file (SAMtools version
0.1.19) (Li et al. 2009). To improve alignments and genotype calling, BAM files were re-
aligned with the GATK IndelRealigner, base quality scores recalibrated, and duplicate reads
removed by the GATK base quality recalibration tool. Variants were called using GATK
HaplotypeCaller with recommended best practices for germline SNP & Indel discovery in
whole genome and exome sequence (URL.: https://software.broadinstitute.org/gatk/best-
practices/bp_3step.php?case=GermShortWGS).

Rare variants were classified for downstream analysis based on their predicted effect on
protein function. Sequence variants (SNVs and indels) were filtered to identify Mendelian
errors, i.e. false positives, and potentially de novo rare variants. We used an established
approach to distinguish candidate de novo mutations from false positives by calculating the
Bayesian score(s) of the data for all three subjects of a trio and the allele frequency in the
reference data bases (Yu et al. 2015; Homsy et al. 2015). Missense variants were labeled as
D-mis if predicted to be damaging by MetaSVM or by the combination of CADD > 15,
SIFT and polyphen-2 predicted damaging. Gene-level constraint metrics were as in Lek et
al. (2016) using cutoffs of Z-score=3 for intolerance to missense variants and pL1=0.9 for
intolerance to LGD variants.

The expected number of de novo mutations in each class was calculated for CDH patients
based on the background mutation frequency (Homsy et al. 2015) and compared to the
observed number in the combined Boston and DHREAMS cohorts. The excess is
determined by enrichment rate (r), which is defined as the average number of de novo LGD
or D-mis variants per case / average number of variants per control. The percentage of cases
with excess of LGD or D-mis variants is then (r-1)/r. Exact Poisson test, implemented in R,
was used to test of the null hypothesis. The most severe predicted functional effect for each
variant was used in the burden test calculations. D-mis was defined as predicted to be
damaging by metaSVM in the burden analysis (Homsy et al. 2015).

Sanger sequencing

Sequence variants reported in the manuscript (Table 2) were confirmed in independent
proband and parental samples. Fragments were obtained by PCR amplification using the
Qiagen Taq PCR Master Mix, the cycle sequencing reaction was carried out using the
Applied Biosystems BigDye v3.1 Cycle Sequencing Kit, with separation on an ABI3730XL
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DNA Analyzer. Primers (18-22-mer oligos) were designed within 300 bases on either side
of the variant using the NCBI Primer-BLAST (http://www.ncbi.nlm.nih.gov/tools/primer-
blast/) (Ye et al. 2012).

Pathway analysis and network integration

Microarray gene expression data was transformed into a diaphragm developmental network
using the Weighted Gene Correlation Network Analysis as implemented in the R-package
WGCNA (Langfelder and Horvath 2008). In this network edges represent correlation of
gene expression trends across the developmental time points. GeNets (http://
apps.broadinstitute.org/genets) was used for biological network analysis and visualization,
implementing machine learning to identify previously unknown pathway relationships and
discover functional modules based on protein-protein interaction data from InWeb3 (Lage et
al. 2007).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Study flowchart
Two groups of patients (UW1 and Yale) were sequenced as part of a previous study

(Longoni et al. 2014). The corresponding parental samples and additional complete trios
were sequenced in batch UW2. A cohort of 39 full trios (DHREAMS, Yu et al. 2015) was
also used for the de novo mutation analysis and enrichment calculations.

analysis
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Fig 2. Diaphragm and heart expression of genes with de novo variants
(a) LGD and D-mis variants (red) in complex CDH patients are plotted according to gene

ranking by expression levels in the developing diaphragm (x axis) and in the developing
heart (y axis) and compared to other variants in the same cohort (grey). (b) Complex CDH
patients have an increased burden of LGD and D-mis variants in the first quartile of
diaphragm expression relative to control trios. Bars depict the fold enrichment for each class
of de novo sequence variant in the Boston and DHREAMS cohorts. Asterisks indicate p-

values of 0.0003.
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Fig. 3. Heatmap of lung expression data

(a) The 71 genes with de novo sequence variants in CDH patients cluster in three groups
according to gene expression in the mouse pre- and post-natal lungs. (b) Gene expression
profiles throughout lung development are shown for each of the 12 genes with high
expression in the embryonic lung, including the NAA15, HSPDI1, POGZ, and SIN3A mouse
orthologs. Each bar corresponds to a different time point in mouse development from E9.5

to P56. Stages in lung development are indicated by purple (embryonic), cyan

(pseudoglandular), green (canalicular), yellow (saccular), and orange (alveolar).

Normalization methods are as in (Beauchemin et al. 2016)
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Fig. 4. Protein-protein network analysis
Protein-protein interaction analysis based on the InWeb3 network (GeNets) revealed nine

communities (center) of interacting gene products. Nodes represent CDH genes with genetic
and functional evidence in Homo sapiens and/or Mus musculus, as well as candidate CDH
genes with de novo mutations reported in this study. Communities with one or more de novo
candidate genes (red) are magnified to provide greater detail. Larger circles indicate more
central nodes. Thicker edges indicate interactions of the highest confidence, while dotted
lines indicate interactions between nodes in different networks
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