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Congenital diaphragmatic hernia (CDH) is a common (1 in 3,000 live
births) major congenital malformation that results in significant
morbidity and mortality. The discovery of CDH loci using standard
genetic approaches has been hindered by its genetic heterogeneity.
We hypothesized that gene expression profiling of developing
embryonic diaphragms would help identify genes likely to be
associated with diaphragm defects. We generated a time series of
whole-transcriptome expression profiles from laser captured em-
bryonic mouse diaphragms at embryonic day (E)11.5 and E12.5
when experimental perturbations lead to CDH phenotypes, and
E16.5 when the diaphragm is fully formed. Gene sets defining
biologically relevant pathways and temporal expression trends
were identified by using a series of bioinformatic algorithms. These
developmental sets were then compared with a manually curated
list of genes previously shown to cause diaphragm defects in
humans and in mouse models. Our integrative filtering strategy
identified 27 candidates for CDH. We examined the diaphragms of
knockout mice for one of the candidate genes, pre–B-cell leukemia
transcription factor 1 (Pbx1), and identified a range of previously
undetected diaphragmatic defects. Our study demonstrates the
utility of genetic characterization of normal development as an in-
tegral part of a disease gene identification and prioritization strat-
egy for CDH, an approach that can be extended to other diseases
and developmental anomalies.
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Congenital diaphragmatic hernia (CDH) encompasses a broad
spectrum of developmental defects including complete ab-

sence (diaphragmatic aplasia), well-circumscribed defects or
“holes” (posterolateral and central CDH), and thinning and/or
muscularization defects (eventration and sac type CDH). Despite
advances in surgical techniques and neonatal management, lim-
ited improvements in survival and long-term morbidity have been
realized over the past two decades (1–3). Among CDH cases, 40%
have a phenotype that also includes other malformations or
associations with genetic syndromes (complex CDH) (2, 4). Such
extreme phenotypic variability, likely reflecting multiple etiolo-
gies, and limited knowledge of diaphragm developmental pro-
cesses have slowed the pace of gene discovery (5). Mice, however,
provide a surrogate system to elucidate the molecular mecha-
nisms active during diaphragm morphogenesis and those per-
turbed in CDH (6, 7).
The diaphragm develops between embryonic day (E)10.5 to

E15.5 in mice, corresponding to the 4th to 10th weeks of human
gestation (6). Among the different components of the primordial
diaphragm, the pleuroperitoneal folds (PPFs) are the anlagen of
its lateral muscular component where ≈80% of human defects
occur (4, 8). PPFs taper medially from the lateral cervical body
wall and fuse ventrally with the septum transversum and the
posthepatic mesodermal plate (9–12).
Previous whole-transcriptome studies in other organ systems,

such as the mouse lung and heart, have demonstrated connections

between transcriptional programs in normal development and
those perturbed in disease processes (13–15). Similar correlations
have been described between diaphragmmorphogenesis and CDH
only at the level of individual genes (8, 16–18). In this study, we
analyzed global trends in gene expression in the PPFs (at E11.5 and
E12.5) compared with in the mature diaphragm (at E16.5) by using
Short Time-series Expression Miner (STEM) (19) to cluster genes
by similarities in temporal expression patterns, as well as Gene Set
Enrichment Analysis (GSEA) (20, 21) to assess the expression data
in the context of biological processes and signaling pathways. Based
on the assumption that CDH candidate genes would have similar
temporal expression trends andwould be part of the samebiological
pathways as those already implicated in CDH, we used known
CDH-associated genes as “baits” to filter gene sets and to identify
novel candidates. One such gene, pre–B-cell leukemia transcription
factor 1 (Pbx1), validated this strategy by demonstrating previously
undetected diaphragm defects in knockout mice.

Results
Generation of Expression Data from Laser-Captured Developing
Diaphragms. Transcriptional profiles were generated from laser-
capture microdissection (LCM) in C57BL/6J mouse diaphragms
at three timepoints during normal embryonic development.
Gene expression trends were characterized within the PPF tissue
at E11.5 and E12.5 (Fig. 1 A and B) and within the mature di-
aphragm at E16.5 (Fig. 1C).
There were no statistically significant changes in gene ex-

pression between E11.5 and E12.5 (Welch’s t test, P < 0.01).
However, a comparison of early (combined E11.5 and E12.5)
versus late (E16.5) diaphragm transcript levels revealed 871
probes corresponding to 770 genes listed in the Mouse Genome
Informatics (MGI database; March 2011) that were differentially
expressed (Welch’s t test; P < 0.01) (Dataset S1). Unsupervised
hierarchical clustering of the differentially expressed probes
resulted in two distinct groups (1), genes up-regulated within the
fully muscularized diaphragm and (2) genes up-regulated within
the primordial diaphragm; these groups are further described in
Fig. S1. Five genes within the second cluster were known to be
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associated with abnormal diaphragm development in murine
models of gene inactivation (Slit3, Pdgfrα, Mmp2, Gli3, and Ilf3),
and two others are orthologs of genes associated with syndromic
forms of human CDH (STRA6 and GPC3) (22–30) (cumulative
enrichment P = 2.9 × 10−4), suggesting that CDH-associated
genes are active during early diaphragm formation.
Genes above the median of normalized hybridization intensities

for intronic probes were interpreted as expressed (Dataset S2). It is,
however, possible that genes below the thresholds are expressed,
but below the detection capacity of the array.

Temporal Trends in Gene Expression and Molecular Pathways Active
During Diaphragm Development. To identify significant temporal
expression trends (profiles) during diaphragm development and
the genes associated with each profile, we used the STEM clus-
tering system. STEM analysis revealed five gene expression pro-
files; three (8, 13, and 12) (Fig. 2A) showed upward trends in gene

expression at E16.5 when the diaphragm is fully muscularized,
whereas two (7 and 2) (Fig. 2A) showed highest expression during
early development (E11.5 and E12.5). Their functional and phe-
notypic signatures were analyzed by using Visual Annotation
Display (VLAD) to test for enrichment of terms in the Gene
Ontology (GO) (31) and Mammalian Phenotype (MP) ontology
(32). Genes clustering within STEM profiles 8, 13, and 12 were
associated with muscle development and metabolism (GO), and
with abnormal muscle and cardiovascular phenotypes (MP).
Genes in STEM profiles 7 and 2 were associated with transcrip-
tional regulation and cell proliferation (among others) (GO), and
with embryonic lethality, as well as developmental abnormalities
of the body wall (among others) (MP) (Dataset S3).
Because the biological significance of gene expression differ-

ences can often be more readily appreciated in the context of
pathways, we performed GSEA. Seventy-five GO and 33 canonical
pathway gene sets correlated with late diaphragmatic development,
i.e., members of this list tended to occur among the genes up-reg-
ulated at E16.5. The highest ranking sets (with an acceptable false
discovery rate of <25%) were associated with structural muscle
proteins and mitochondria. One hundred thirteen GO gene sets
and 16 canonical pathways correlated with the E11.5 and E12.5
timepoints; among them 12 GO gene sets and 15 canonical path-
ways had a false discovery rate of <25% (Dataset S4). These
pathways include the WNT, TGFβ, ALK, and axonal guidance, all
of which are important in mesodermal differentiation, a key com-
ponent of the early developing diaphragm (33–35).

Gene Selection and Prioritization. Toprioritize candidate genes from
the analysis of diaphragm development transcriptional profiles, we
used a strategy based on the hypothesis that novel CDH candidate
genes have similar temporal expression trends and participate in
the same biological pathways as those already implicated in CDH.
Accordingly, all five STEM gene sets were assessed (by hyper-
geometric distribution after correction for multiple testing) for
enrichment of 48 genes previously shown to be associated with
mouse models of CDH and/or in human genetic conditions that
have CDH as part of their phenotype (Dataset S5). Similarly all 31
biological pathway gene sets obtained by GSEA were also exam-
ined for overrepresentation of the same 48 genes.

Fig. 1. Expression study of microdissected tissue. (A and B) Unstained and
unfixed transverse cryosections of E11.5 (A) and E12.5 (B) mouse embryo be-
fore (Left) and after (Right) laser capture microdissection (LCM) (H, heart;
*, fused dorsal aorta). Captured tissue is outlined in red. (C) Sagittal cryosection
of an E16.5 mouse embryo showing an anatomically mature diaphragm
(arrow) (**, microdissected diaphragm). (D) Unsupervised hierarchical cluster-
ing of 871 differentially expressed probes (Welchmodified t test) identifies two
distinct clusters [the early (E11.5, E12.5) and late (E16.5)] Additionally, E11.5
and E12.5 separate in two subclusters, except for one outlier.

Fig. 2. Expression of CDH candidate genes in E12.5 transverse sections. ZFPM2 (A) and MEIS2 (B) are expressed in diaphragmatic and lung bud mesenchyme.
RUNX1 (C) and GATA6 (D) expression are restricted to the most lateral primordial diaphragmatic mesenchyme and are not expressed in the lung or body wall.
CRABP2 (E), TGIF1 (F), and EZH2 (G) are expressed in the PPFs.
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As a result, this filtering strategy revealed a single STEM
profile (profile 7) (301 genes) and five GSEA gene sets (totaling
216 genes) (Table 1) that passed the significance threshold. In-
terestingly, all genes in these gene sets were expressed at highest
levels in the primordial diaphragm compared with the mature
diaphragm. The top priority CDH candidates were predicted to
belong to the intersecting subset of genes that overlapped both
biological (GSEA) and temporal (STEM) contexts (Fig. S2 B
and C). This approach resulted in a list of 31 prioritized genes:
Alx1, Casp8ap2, Chd3, Crabp2, Efna5, Epha3, Epha4, Epha7,
Ephb2, Ezh2, Fzd2, Gata6, Gli3, Hells, Hmga2, Ilf3, Khdrbs1,
Meil2, Pbx1, Phf21a, Robo1, Runx1, Sema3a, Smarca1, Smarcc1,
Snai2, Tgif1, Twist1, Uhrf1, Unc5c, Zfpm2. Among these priori-
tized genes, 27 were considered candidates as four [Gli3, Ilf3,
Zfpm2 (Fog2), and Robo1] had already been causally associated
with diaphragm defects (Dataset S5).

Expression of Prioritized Genes in Primordial DiaphragmMesenchyme.
To delineate expression patterns and to validate the prioritized
genes in the developing diaphragm, we performed immunohis-
tochemistry (IHC) on E11.5 and/or E12.5 PPF tissue of C57BL/
6J mouse embryos on seven candidates [Zfpm2, Meis2, Runx1,
Gata6, Crabp2, Tgif1, Ezh2 (Fig. 2), and Pbx1 (Fig. 3A)] for
which appropriate antibodies were available and hybridization
was successful. ZFPM2 expression was detected throughout the
midlung field, as well as the PPF mesenchyme. PBX1 was ex-
pressed in the PPFs and other mesenchymal tissues, as was
MEIS2, a PBX1 binding partner. RUNX1 expression was detec-
ted in the primordial diaphragm just medial to the body wall
and in the liver; no expression was seen in the lungs, body wall, or
limb buds at this stage. GATA6 expression was restricted to the
lateral PPF regions, whereas CRABP2, TGIF1, and EZH2 were
expressed diffusely in the PPF. Additionally, expression of Pbx1
was confirmed by reverse transcription–quantitative PCR (RT-
qPCR) (Fig. 3B).

Pbx1 Knockout Mice Have Diaphragmatic Defects. To determine
whether the 27 genes were worthy candidates, Pbx1 was selected
for functional validation of the prioritization strategy. The choice
of Pbx1 was based purely on feasibility, namely embryonic sur-
vival up to E15.5; it was not biased by biological preconceptions.
Whereas wild-type embryos expressed PBX1 in the mesenchymal
tissues of the PPF, lungs, and body wall by IHC analysis (Fig.
3A), Pbx1−/− embryos (36) did not (Fig. 3A, Inset). These mice
were generated by insertion of a PGK-neo cassette in exon 3,
upstream of the homeodomain (36). Three knockout litters
composed of four homozygote mutant embryos, eight hetero-
zygotes, and nine wild types, were harvested at E15.5. Of these
embryos, three homozygote mutants were suitable for examina-
tion of whole diaphragms; homozygotes, but not heterozygotes,
showed diaphragmatic and muscle patterning defects (Fig. 4 D–

F). Two mutants had left-sided posterolateral defects with an
intact membrane but absent musculature. In one, the fundus of
the stomach was herniated into the thorax. This mutant also had
abnormal muscular patterning with a region of enhanced vas-
cularity adjacent to the circumscribed posterolateral defect (Fig.

3F). Expression of muscle markers (PAX3, MYOD, MYOG)
was abnormal in E11.5 Pbx1 mutants (details in Fig. S3).

Discussion
To determine whether the genes important for development
are those perturbed in congenital anomalies affecting the dia-
phragm, we generated gene expression datasets that represent
a global transcriptional survey of genes and biological pathways
active during early (E11.5/E12.5) and late (E16.5) diaphragm
embryogenesis. The molecular environment of the early di-
aphragm is characterized by elevated expression of embryonic
“master regulator” genes involved in a variety of signaling
pathways critical for early developmental processes (i.e., tissue
specification and patterning) (37, 38), whereas in the late di-
aphragm, enhanced expression of genes associated with differ-
entiated skeletal muscle system processes, such as muscle
contraction, maintenance, and energy metabolism, was observed.
We identified 27 CDH candidate genes by using a prioritiza-

tion strategy to filter the transcriptome datasets. Many of the 27
genes play cooperative roles in critical embryonic signaling
pathways including retinoic acid (RA) signaling (Crabp2, Tgif1,
Pbx1, Gata6, Ezh2), WNT canonical signaling (Fzd2, Pbx1,
Gata6), TGFβ signaling (Tgfβ2, Tgif1, Pbx1), and Ephrin sig-
naling/axon guidance (Epha3, Efna5, Epha4, Epha7, Ephb2,
Sema3a, Unc5c) (39–47).
The human orthologs of these 27 genes do not map to previously

identified CDH “hotspots” (i.e., recurring deletions or duplications
that confer risk for CDH) (5), although a cytogenetic duplication
that potentially involves the PBX1 locus may confer risk for CDH
(48). Taken as a whole, these observations suggest our approach to
gene discovery is complementary to genomic studies.
Among the 27 candidates, Pbx1 was selected to validate the

prioritization strategy. Examination of Pbx1 knockout embryos at
E15.5 revealed a range of diaphragmatic muscularization and tis-
sue patterning defects (Fig. 4). Pbx1 encodes a three amino acid
loop extension (TALE) homeodomain protein that functions as
a transcriptional cofactor central to numerous regulatory networks
that modulate cell specification, segmental patterning of gene
expression, and mesenchymal precursor cell migration (49, 50).
PBX1 is known to interact with HOXA5 and HOXB5 (among

others) (51, 52), which were identified as being expressed in
the primordial diaphragm (as per STEM and GSEA). Because
PBX1 directs local RA production by transcriptional regulation
of Aldh1a2 in murine hindbrain mesoderm (46), we extrapolate
that loss of PBX1 in the primordial diaphragm may lead to de-
creased RA. This decrease in RA, in turn, may affect tran-
scription the RA regulated Hoxa5 and/or Hoxb5 genes (53, 54)
(Fig. 4). Furthermore, rodents treated with the RA inhibitor
nitrofen, a common model of CDH-associated pulmonary hy-
poplasia, showed abnormal expression patterns of HOXA5 in
the developing lung buds (55).
In addition to RA, other signaling pathways, such as SHH,

WNT, and TGFβ (49, 50, 56, 57), are considered important for
proper diaphragm formation (42), because genes involved in the
SHH pathway (e.g., Gli2, Gli3), the WNT pathway (e.g., Ctbp1,
Ctbp2), and the TGFβ pathway (e.g., Fbn1) are associated with

Table 1. Enrichment analysis

Profiles and gene sets Program (database) P value Overlap with CDH associated genes

Profile 7 STEM 4.46 × 10−7 Gli3, Gpc3, Ilf3, Mmp2, Pdgfra, Robo1, Stra6, Wt1, Zfpm2
Regulation of transcription, DNA dependent GSEA (CP) 1.21 × 10−5 Gli2, Gata4, Zfpm2, Rarb, Nr2f2, Ilf3
Regulation of RNA metabolic process GSEA (CP) 1.50 × 10−5 Gli2, Gata4, Zfpm2, Rarb, Nr2f2, Ilf3
Axon guidance GSEA (CP) 2.76 × 10−3 Efnb1, Slit3, Robo1
Transcription repressor activity GSEA (CP) 6 × 10−3 Zfpm2, Nr2f2, Ilf3
Basal cell carcinoma GSEA (CP) 0.035 Gli2, Gli3
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CDH phenotypes in knockout mice and/or in humans (24, 58,
59). PBX1 has been shown to influence SHH signaling during
early embryonic patterning of the limb and neural tube with its
MEIS and PKNOX1/HOX binding partners via Gli3 (60, 61).
Furthermore, PBX1, in a complex with TGIF1/PKNOX1 and
SMAD proteins, modulates transcription of TGFβ pathway tar-
get genes in pituitary cells (56), and also up-regulates genes in-
volved in WNT signaling via interaction with PKNOX1/MEIS2
proteins in murine midface ectoderm (62). Expression of these
PBX1 interactors was identified in the primordial diaphragm (as
per STEM and GSEA). Therefore, we surmise that abnormal
Pbx1-mediated regulation of transcription factors involved in
one or several diaphragm-associated signaling pathway(s) (RA,
SHH, WNT, and/or TGFβ) may lead to the tissue patterning
and muscularization defects observed in diaphragms of E15.5
knockout mice. Abnormal expression patterns of MYOD1 in the
developing diaphragm anlagen of Pbx1 mutants at E11.5 may
result from impaired initiation of myogenesis. The homeodomain
proteins PBX and MEIS have been shown to be necessary for
MYOD1 binding of the Myog promoter and, possibly, other
downstream targets, thus promoting the myogenic fate (63–65).
Among the 27 candidates, 8 are associated with human or

mouse phenotypes, in which CDH was not among the spectrum
of defects according to MGI or OMIM. The failure to detect
CDH does not negate our prioritization approach, because CDH
may be a subtle defect only visible upon careful scrutiny or occur
as a low penetrant component of the overall phenotype. Addi-
tionally, mutations in some of the prioritized genes may not be
compatible with life.

In conclusion, the unbiased transcriptome data generated
herein have significantly expanded the number of high quality
candidates for CDH. These candidates warrant follow-up in
resequencing studies of human CDH cohorts, where risk alleles

Fig. 3. PBX1 expression and characterization of Pbx1 null mutant diaphragms. (A) IHC labeling of PBX1 shows expression in the E11.5 primordial diaphragm.
The cartoon (Upper Left) indicates the plane of section. (Inset) PBX1 is not expressed in the mutant mouse PPF. (B) RT-qPCR validation of Pbx1 expression levels
indicate significant down-regulation (±SEM) E11.5–E16.5 (*) and E12.5–E16.5 (**) (P < 0.05, two-tailed Welch t test). (C–F) Dissected diaphragms of E15.5 Pbx1
mutants (D–F) and control embryo (C) viewed from the abdomen. (D) Circumscribed muscularization defect of the left posterolateral aspect of the diaphragm
(indicated by a red arrow) and diffuse decreased muscularization in the lateral regions bilaterally. *, Due to abnormal fusion of the heart to the anterior
aspect of diaphragm and thoracic wall, a section of diaphragm was removed during heart dissection. (E) Multiple areas of abnormal muscle patterning in the
anterior and posterior regions of the diaphragm (white arrows), with an abnormal band of tissue (dotted line). We observed reduced musculature in the
crural region, without an independent opening for the IVC. (F) Herniated stomach fundus (yellow arrow). Abnormally increased vascularity (dotted arrow). E,
esophagus; IVC, inferior vena cava; SC, spinal cord.

Fig. 4. PBX1 transcriptional regulation in the PPFs. PBX1 may function
downstream of the RA pathway and act via a feedback loop involving
Aldh1a2 (46) (details in the text). Yellow boxes represent genes in significant
STEM and/or GSEA gene sets; *, CDH-associated genes; red letters, members
of the prioritized list of candidates.
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may be detected by mutational burden tests in case-control
studies. The diaphragmatic defects identified in Pbx1 knockout
mice provide proof of principle that prioritization strategies are
capable of predicting CDH-associated genes and illustrate the
power of integrating normal developmental expression data from
the mouse with previous knowledge of mouse and human dis-
ease-causing mutations. Furthermore, genes involved in the
causation of severe diaphragm anomalies, such as CDH, become
candidates for causing less severe diaphragm-related pheno-
types, for example gastroesophageal reflux. We predict that this
approach can be generalized to a wide array of congenital
anomalies that exhibit genetic heterogeneity.

Materials and Methods
Animals. Tissue collections for LCM, IHC, and for diaphragm examinationwere
performed as detailed in SI Materials and Methods.

LCM. LCM, RNA extraction, purification, and amplification were performed as
detailed in SI Materials and Methods.

Expression Arrays.Geneexpression experimentswereperformedonAffymetrix
Mouse Gene 1.0_ST microarrays. The RNA from multiple laser captured tissues
was pooled for each embryo, but each embryo was analyzed separately. Hy-
bridization was performed according to the manufacturer’s instructions.

Data Analyses. The microarray data from E11.5, E12.5, and E16.5 embryos
were normalized in the R statistical programming environment (version 2.9.2)
by using Robust Multichip Averaging [RMA; ref. 66; implemented in the
Affymetrix package for R (http://bioconductor.org/packages/2.1/bioc/html/
affy.html)]. Differentially expressed genes were identified by using Welch’s t
test, assuming unequal variances, with a Bonferroni correction. Significance
was set at P < 0.01. To determine genes expressed at each time-point, the
median of the normalized hybridization intensities for 5,222 probes
designed to correspond to introns was calculated by using an R script and
used as a threshold (for E11.5 and E12.5, the median was 6.3; for E16.5, the
median was 6.2). Groups of genes with similar temporal expression patterns
were identified by using STEM (http://gene.ml.cmu.edu/stem/) (19), a modi-
fied k-means clustering algorithm (a method which partitions data in
a predefined number of groups, based on their mean) (67). In GSEA, a con-
tinuous phenotype label and a Pearson metric was applied to rank genes
and gene sets enriched at a nominal P < 0.05 and a false discovery rate
<0.25, as discussed by Subramanian et al. (20).

Candidate Gene Prioritization. A list of 48 known diaphragm defect genes
(Dataset S5) was generated by manually curating data from several sources
including PubMed; Online Mendelian Inheritance in Man, OMIM, McKusick-
Nathans Institute of Genetic Medicine, Johns Hopkins University (Baltimore),
and the National Center for Biotechnology Information, National Library of
Medicine (Bethesda, MD) [last accession November 2010]; and the Mouse
Genome Informatics (MGI) database, The Jackson Laboratory [last accession
November 2010]. STEM and GSEA both partition the expression data into
subsets of genes that participate in a common pathway (GSEA) or specific
temporal expression profiles (STEM). To identify the subsets most likely to
contain unique CDH genes, we reasoned that unique CDH causing genes are
likely to belong to the pathways or expression profiles most enriched for
known disease genes, used as “baits”. We measured the representation of
CDH-associated genes in the different GSEA pathways, or STEM-derived
expression datasets, using a hypergeometric distribution (a probability test
describing the number of successes in a number of draws from a finite
population) (68), and considered only gene sets that were significantly
enriched (P < 0.05 after adjustment for multiple hypothesis testing). For
example, if an enriched GSEA-defined pathway contained 10 genes of which
8 were known to cause CDH, the two remaining genes would be likely to be
involved in CDH themselves. Although some genes occur in more then one
pathway, each enrichment calculation is independent, thus preventing bias.

RT-qPCR. qPCR experiments and data normalization were performed as de-
tailed in SI Materials and Methods.

IHC. IHC was performed as described (69). Sections were visualized with the
ABComplex/HRP Vectastain Detection System according to manufacturer’s
protocols (Vector Laboratories) after 3,3′-diaminobenzidine (DAB) en-
hancement (Sigma) (CRABP2, EZH2, GATA6, MEIS2, MYOD1, MYOG, PAX3,
PBX1b, TGIF1, ZFPM2), or by the VECTASTAIN ABC-AP KIT (AP-1000) (Vector
Laboratories) (RUNX1). The combinations of primary and biotinylated sec-
ondary antibodies are listed in Table S1.

Note. During the preparation of the manuscript, another gene among the
novel candidates (Fzd2) was implicated as causal of CDH (47), further sub-
stantiating the effectiveness of our gene discovery approach.
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