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Genetic aspects of human congenital diaphragmatic hernia
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Abstract

Congenital diaphragmatic hernia (CDH) is a common major malformation affecting 1/3000—
1/4000 births, which continues to be associated with significant perinatal mortality. Much current
research is focused on elucidating the genetics and pathophysiology contributing to CDH to
develop more effective therapies. The latest data suggest that many cases of CDH are genetically
determined and also indicate that CDH is etiologically heterogeneous. The present review will
provide a brief summary of diaphragm development and model organism work most relevant to
human CDH and will primarily describe important human phenotypes associated with CDH and
also provide recommendations for diagnostic evaluation of a fetus or infant with CDH.
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Overview of congenital diaphragmatic hernia

Congenital diaphragmatic hernia (CDH) is a malformation of the developing diaphragm, a
mesodermally derived structure, separating the thoracic and abdominal cavities. Most often,
the malformation is an actual ‘hole’ or discontinuity in the diaphragm. Less often, the defect
is a thinning or undermuscularization, which is generally referred to as eventration or sac-
type CDH. Eventration defects were once considered distinct from cases with a
diaphragmatic ‘hole’, but because they have been observed together in the same patient and
even in members of the same family, this distinction is not always valid (1-4). Some
authorities consider the term CDH too limiting and prefer the designation congenital
diaphragmatic defect (5); however, given its widespread use in the medical literature, CDH
remains preferred. The consequences of a CDH, be it either a diaphragmatic hole or
undermuscularization, are often the same with upward displacement of the abnormal
diaphragm and varying degrees of compression of thoracic contents.

CDH embryology

Investigators agree that the diaphragm is a mesodermal structure that forms during weeks 4—
10 of human development. There is considerably less agreement regarding the specific
components contributing to the mature diaphragm. The long-held view (6) that the
diaphragm is ‘fused’ from four separate structures [the septum transversum, the esophageal
mesentery, the posterolateral coalescences known as the pleuroperitoneal folds (PPFs), and
ingrowth of musculature from the lateral body wall] is now being called into question. More
recent work suggests that a non-muscular diaphragmatic anlage first develops (7), with the
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septum transversum possibly contributing to anterior and central portions of this, and that all
diaphragmatic musculature stems from cervical myotome-derived muscle precursors which
migrate through the PPFs that appear at approximately day 37 of human embryonic
development (Carnegie stage 16) (8). In model organisms, experimentally induced defects in
the anlage result in CDH (7).

Type and side of CDH

Approximately 80-85% of diaphragmatic hernias occur on the left side, 10-15% on the right
side, while the remainder are bilateral defects (9,10). Independent of sidedness, most
diaphragmatic defects are reported to involve the posterior and lateral aspects of the
diaphragm, the so-called posterolateral or Bochdalek CDH. Extremely large defects are
sometimes called diaphragm agenesis or aplasia, and it is likely that they represent large
Bochdalek hernias rather than a distinct hernia type. Less than 5% of defects are reported in
other locations, such as the anterior portion of the diaphragm (e.g. Morgagni hernia) or the
central portion of the diaphragm. The fact that most defects are left sided is a robust finding,
but the proportion of cases with a posterolateral CDH is not precisely known. This is due to
the fact that systematic and precise anatomic localization of diaphragm defects has not been
performed in most studies. When Ackerman et al. examined diaphragms from 48 autopsied
CDH cases, they found that approximately 25% did not have typical posterolateral defects
but rather had central, anterior, unclassifiable, or mixed defect types (11). These
observations underscore the need for rigorous and systematic classification of CDH, which
will be required for establishing genotype—phenotype correlations in the future. A schematic
for collecting this information has been proposed (12).

Pulmonary hypoplasia

Lung hypoplasia with arrest of alveolar development at the mid-canalicular stage is an
almost universal finding in CDH and remains one of the major determinants of CDH-
associated morbidity and mortality. The lung ipsilateral to the hernia is particularly
hypoplastic. This observation stimulated the hypothesis that upward displacement of
abdominal contents into the chest mechanically compresses the lung, resulting in pulmonary
hypoplasia. Evidence is accumulating from experimental work that pulmonary hypoplasia is
bilateral and at least in some models is a primary developmental defect that co-occurs with
CDH (13). A “dual hit hypothesis’ of pulmonary hypoplasia proposes that the first hit is
primary pulmonary underdevelopment and that the second hit is mechanical compression.
The combination of two hits accounts for the fact that pulmonary hypoplasia is bilateral but
more severe in the lung ipsilateral to the diaphragm defect (14). Additionally, the pulmonary
vasculature is underdeveloped with aberrantly muscularized (typically overmuscularized)
pulmonary vessels, predisposing to pulmonary hypertension (15). If pulmonary hypertension
develops in a neonate with CDH, it can be refractory to treatment and significantly add to
morbidity and mortality.

Isolated CDH vs CDH + (non-isolated CDH)

In addition to defining the location and type of CDH, it is important to determine the overall
status of the individual in whom the diaphragm defect occurs. In approximately 60% of
cases, CDH is the only birth defect, and these cases are classified as having isolated CDH
(Fig. 1). Although additional problems commonly coexist with CDH (such as pulmonary
hypoplasia, intestinal malrotation, cardiac dextroposition, and left heart hypoplasia; Table
1), these are usually considered part of a CDH sequence and so their presence does not
negate designation of a case as having isolated CDH. The remaining approximately 40% of
CDH cases are classified as having CDH + (also referred to as complex, non-isolated, or
syndromic CDH) due to the presence of additional major malformations in other organ
systems, chromosome abnormalities, or single gene disorders (Fig. 1) (9,10,16,17).
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CDH mortality

Mortality for patients with CDH has declined during recent decades. However, it continues
to hover between approximately 30% and 50% in many series and can be even higher
among cohorts restricted to prenatally diagnosed cases (17). Recent data emanating from the
Congenital Diaphragmatic Hernia Study Group (consisting of 51 tertiary care centers from
around the world) reported that overall mortality prior to hospital discharge was 31% (18). A
major factor continuing to influence mortality is the ratio of CDH + : isolated cases as
mortality remains high for the former but has declined to as low as 10-20% for the latter
especially in centers with high volume and particular CDH expertise. A related factor that
influences the rate of mortality is referred to as ‘hidden mortality’. This describes
overrepresentation of cases at the mild end of the phenotypic spectrum in studies based at
referral or tertiary care centers, which can lead to an underestimation of mortality (19).
Another factor influencing mortality is hernia sidedness. In most series, patients with right-
sided CDH show higher mortality than those with left-sided CDH, and in all series, patients
with bilateral CDH show the highest mortality (17).

Timing and method of diagnosis

Approximately 60% of CDH cases are detected prenatally either by ultrasound examination
or by fetal magnetic resonance imaging (MRI) scan. These technologies are increasingly
accurate for detecting CDH but cannot reliably detect minor anomalies such as facial
dysmorphology. Algorithms that predict lung volume at birth are also becoming more
accurate and provide useful information for planning the location and method of delivery as
well as for prognosticating on morbidity and mortality (20,21). In approximately 10% of
individuals, CDH is diagnosed after the neonatal period, and the defect is either detected
incidentally or more commonly is diagnosed during a workup for respiratory symptoms,
such as tachypnea, or gastrointestinal symptoms such as abdominal pain, vomiting or
constipation (22).

Animal models

Several genetically modified model organisms with abnormalities of the diaphragm have
been reported. For example, posterior defects of the diaphragm occur in mice with genetic
alterations of Couptf2 (23) and Wt1 genes (24,25). Anterior and midline defects of the
diaphragm are found in Slit3 knockouts (26,27) and a subset of Gata4 null carrier mice (28),
respectively, while muscularization defects are found in the c-Met null model (7) and the
Fog2 hypomorph (13). Details on each of these models as well as other transgenic models
are provided in several recent excellent reviews (29-31). Bielinska and colleagues suggest
that the protein products of currently known CDH-associated genes fall into two major
categories: (i) transcription factors (such as Fog2 and GATA-4) or (ii) molecules involved in
cell migration, cell-cell signaling or mesodermal patterning (such as Slit3 and Glypican-3).
As additional genes are discovered, it will be instructive to learn the gene families and
corresponding pathways required for normal diaphragmatic development.

Human CDH

The bulk of human evidence supporting genetic causation of CDH derives from
observations in patients with CDH+. The most compelling findings to date include

1. recurring chromosome abnormalities in unrelated patients revealing CDH hot spots;

2. single gene disorders containing CDH as part of the core phenotype; genes for
many of these disorders are known and provide insight into pathways required for
normal diaphragm development;
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3. occurrence of multiplex CDH kindreds.

There is also limited evidence indicating genetic causation in patients with isolated CDH
(13).

Isolated (non-syndromic) CDH

In approximately 60% of cases, CDH is isolated, occurring in the absence of additional
congenital malformations (Fig. 1).

Associated findings

Labeling a case as having isolated CDH can be misleading because it suggests that the
individual is otherwise normal when in fact coexisting problems that affect medical
management and cause morbidity are often present. However, these cases are still
appropriately classified as isolated because the additional problems listed in Table 1 do not
represent independent malformations of other organ systems but rather are hemodynamic or
mechanical consequences of the diaphragmatic hernia. The presence of a small septal defect,
such as a muscular ventriculoseptal defect (VSD), poses a dilemma for classification
because inadequate information exists to know whether the combination of CDH + VSD
should be considered as isolated (given that small muscular VSDs often resolve
spontaneously) or as CDH+ and therefore impart a different recurrence risk than isolated
CDH.

Clustering of isolated CDH in kindreds

Although the vast majority of individuals have a negative family history, sibling recurrences
of isolated CDH are documented (3,32-39). However, it is not completely possible to
exclude the presence of CDH + in some of these cases due to limited physical examination
and/or diagnostic workup. Empiric data from several series of consecutively collected cases
reveal that sibling clustering of seemingly isolated CDH is low, on the order of 1-2%
(5,40,41). Therefore, sibling clustering of isolated CDH is a relatively rare occurrence.

Genetic workup

Prenatal diagnosis of isolated CDH either by ultrasound or by MRI scan should prompt a
thorough genetics evaluation. In addition to collecting a detailed pregnancy and family
history, a standard chromosome analysis and a fetal echocardiogram should be performed.
This workup is indicated even in cases with apparently isolated CDH because major as well
as minor anomalies can escape prenatal detection. Evaluation of a case first diagnosed
postnatally with CDH should be tailored to the findings observed on physical examination; a
chromosome analysis may not be required, especially if the patient is non-dysmorphic,
appropriately sized for gestational age, and without evidence of other birth defects following
appropriate diagnostic surveys.

Genetic counseling

Among the first questions families ask after learning about the diagnosis of CDH are ‘Why
did this happen?’ and ‘What caused this?’. The etiology of CDH is likely to be
heterogeneous and involve mutations in genes belonging to several pathways necessary for
normal diaphragm formation. Although mutations in single genes have been identified as the
cause of syndromic forms of CDH (e.g. LRP2 mutations cause Donnai—Barrow syndrome,
DBS) (42), only one case with apparently isolated CDH has been reported in association
with a de novo mutation in a major gene, FOG2 (13). This finding may represent the “tip of
the iceberg’. In other words, a high proportion of birth defects associated with reduced
survival (such as CDH) could be due to de novo mutations or de novo copy number variants.

Clin Genet. Author manuscript; available in PMC 2010 May 19.
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The low sibling clustering of (apparently) isolated CDH is also consistent with de novo
mutational events. However, these empiric data do not exclude polygenic or multifactorial
inheritance, but formal proof of an inheritance pattern responsible for the majority of
isolated CDH cases is lacking.

Teratogenic animal models of CDH are well described. A consistently reported CDH-
associated teratogen in experimental models involves vitamin A deficiency [reviewed in
(43)]. Evidence is beginning to accumulate that perturbations in vitamin A metabolism
might be associated with human CDH. The most robust evidence comes from cases with
CDH-+ in that mutations in the receptor for retinol-binding protein (STRAG), as well as
mutations in the gene LRP2 encoding a transmembrane receptor that reuptakes numerous
compounds including retinol-binding protein, cause Matthew-Wood (MWS) and DBS,
respectively (each further discussed below). In terms of isolated CDH, the data are sparse,
but a small cohort of newborns with CDH, half of whom had isolated CDH, were found to
have decreased levels of vitamin A at birth compared with controls (44). Most recently, an
epidemiological study in which the majority of cases had isolated CDH found that self-
reporting of decreased retinol intake (among the subset of women who were not vitamin
supplement users) was associated with an increased risk of CDH (45).

It is unknown if CDH occurs more commonly in twin pregnancies. When CDH is present in
one member of a monozygous (MZ) twin pair, the co-twin is unaffected more often than not,
although MZ twins concordant for CDH have also been reported (40). Similar to other
common birth defects that often show phenotypic discordance in MZ twins, possible genetic
mechanisms for CDH discordance include (i) epigenetic differences, (ii) multifactorial
inheritance, and (iii) non-identical genetic constitutions (e.g. twins having copy number
differences, or other genomic differences, contributing to their phenotypic differences).

If a fetus is diagnosed prenatally with isolated CDH and the pregnancy is not carried to term,
every effort should be made to collect as much information as possible including fetal
imaging (e.g. fetal MRI scan and echocardiogram), fetal karyotype, and a postnatal autopsy.
A sample of fetal DNA should also be obtained and stored for possible molecular testing. If
the results of the diagnostic studies performed are normal, then families should be counseled
that the recurrence risk for apparently isolated CDH is approximately 1-2%. This risk of
recurrence, extrapolated from available studies on CDH ‘precurrence’, is low but increased
at least 20-fold over the CDH occurrence rate in the general population so that subsequent
pregnancies should be monitored by fetal imaging (5,40,41).

CDH+ (also known as complex, non-isolated, or syndromic CDH)

As many as 40% of CDH cases have additional malformations as part of chromosome
aneuploidy, monogenic syndromes, or more commonly, a constellation of major and/or
minor anomalies that do not form a currently recognizable pattern or have an identifiable
genetic basis (Fig. 1). Selected examples of each of these categories are presented below.

Chromosome aneuploidy associated with CDH

Findings compiled from several studies reveal that, on average, chromosome abnormalities
are detected in approximately 10% of CDH cases (46-52). These data derive from routine
karyotyping and do not include small genomic deletions or duplications that can be
appreciated by the new higher resolution techniques such as array-based comparative
genomic hybridization (aCGH). Thus, the actual frequency of chromosome aneuploidy is
not known but is likely to be greater than 10%.

Clin Genet. Author manuscript; available in PMC 2010 May 19.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Pober

Page 6

Some of the common chromosome abnormalities detected by standard G-banded
chromosome analysis include trisomy 18, trisomy 21, and tetrasomy 12p (47,49,52-57).
Neither the frequency of CDH nor the reason that three 18 chromosomes increase the risk of
CDH is currently known. CDH does occur in individuals with trisomy 21 but the association
is not that common, and in fact, when a diaphragm defect is present, Morgagni-type hernias
predominate (58,59).

Two highly informative and thorough reviews provide lists and descriptions of recurring
chromosome deletions, duplications, and translocations (54,57). Analyses contained within
these reviews indicate the existence of several chromosome ‘hot spots’ that presumably
house genes important for diaphragm development. A complete discussion of chromosome
abnormalities in cases with CDH is beyond the scope of this review; instead, an overview of
selected “hot spots’ already assigned an Online Mendelian Inheritance in Man (OMIM)
number is provided.

Tetrasomy 12p (isochromosome 12p or Pallister-Killian syndrome) (OMIM
601803)—Findings in patients with tetrasomy 12p range from mild facial dysmorphology
and learning disabilities to multiple malformations, including CDH, that can be incompatible
with life. Prenatal vs postnatal diagnosis influences the pattern of anomalies observed,
although CDH always occurs in the minority of patients. CDH is present in approximately
10-20% of postnatally diagnosed cases (60,61) and in 33% of prenatally diagnosed cases
(62). The signs triggering consideration of the diagnosis of isochromosome 12p in infants or
children can be relatively subtle such as linear streaks of skin hyperpigmentation, sparse hair
bitemporally, coarse facies, mental retardation and seizures, while prenatal triggers include
the presence of multiple major malformations (such as CDH and brain malformations) along
with polyhydramnios, edema, and relative limb shortening.

The genetic basis of tetrasomy 12p accounts for its phenotypic diversity. Affected
individuals are tissue mosaics for four copies of the short arm of chromosome 12 by virtue
of having the normal chromosome 12 homologues plus a supernumerary isochromosome
consisting of two copies of 12p. This isochromosome is rarely recovered from cultured
lymphocytes so that a normal stimulated lymphocyte karyotype does not exclude the
diagnosis. Demonstration of the supernumerary isochromosome is far more readily
accomplished on cultured skin, amniocytes or chorionic villi (62). The current diagnostic
standard for isochromosome 12p is a chromosome study on a tissue other than blood. In the
future, molecular cytogenetic studies performed on samples derived from lymphocytes, such
as fluorescence in situ hybridization (FISH) and aCGH, may become a new diagnostic
standard, although at the same time, they may identify patients with very low-level
isochromosome 12p mosaicism and create new challenges for clinical interpretation.

The mechanism of isochromosome formation is not fully understood but misdivision of the
centromere during or just before maternal meiosis has been suggested (63). It is not
currently known which of the approximately 400 genes estimated to reside on chromosome
12p confer risk for CDH.

Del (15)(g26.1-926.2) (OMIM 142340, DIH1)—There is compelling evidence from more
than two dozen cases that loss of the 15026.1-026.2 interval significantly increases the risk
for abnormal diaphragm formation. Loss of this interval can result from one of several
mechanisms such as de novo deletions, unbalanced translocations, or formation of a ring
chromosome 15. In addition to CDH, commonly occurring abnormalities include growth
retardation, facial dysmorphology, and limb, renal, and cardiovascular malformations
(CVMs) (64). Mortality among patients with deletions encompassing this interval remains
very high. The facial dysmorphology of patients with del (15)(g26.1-926.2) is often
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described as ‘coarse’ accompanied by ‘hypertelorism’. Given overlapping facial appearance
with some ‘Fryns syndrome’ patients, perhaps this region houses a locus responsible for a
subset of patients falling within this phenotypic spectrum.

The deleted gene (or genes) located in the 15026 interval that increases the risk for
developing CDH is not currently known. The smallest region of deletion overlap is
approximately 3.5 million base pairs and may contain as few as half a dozen genes (64,65).
A compelling candidate gene within this region is COUP-TFII (chick ovalbumin upstream
promoter transcription factor I1), encoding a receptor in the steroid/thyroid hormone family.
The evidence implicating COUP-TFII in human CDH stems from several sources including
the following: COUP-TFII is located in the chromosome 15926 CDH hot spot (66); CDH
occurs in a Couptf2 conditional knockout mouse (23); and COUP-TFII is involved in the
retinol pathway (67), a pathway known to be important for normal diaphragm formation.
Despite evidence implicating COUP-TFII as a candidate gene, sequencing of several
hundred CDH patients to date has yet to reveal a coding region mutation (68—70).

Del (8)(p23.1) (OMIM 222400, DIH2)—Another CDH ‘hot spot’ revealed by cytogenetic
and molecular cytogenetic studies is (8)(p23) (47,53,55,71-74). The smallest deletion
characterized to date covers approximately 3.5 Mb (73), containing the candidate gene
GATAA4, known to be important for heart, lung, and diaphragm development (28,75).

8923 (OMIM 610187, DIH3)—Cytogenetic rearrangements of this region in patients with
CDH are few in number, and none have been characterized at the molecular level (49,76—
78). Despite this, localization of FOG2 to this region and the discovery of a de novo
mutation in a patient with fatal but apparently isolated CDH strongly suggest that this is a
CDH locus. Further evidence underscoring the importance of FOG2 in human CDH is the
presence of pulmonary hypoplasia and diaphragmatic eventration/sac-type hernias in a Fog2
hypomorphic mutant mouse model (13).

Del (4)(p16) (OMIM 194190, Wolf-Hirschhorn syndrome)—Patients with Wolf—
Hirschhorn syndrome (WHS) can have large 4p deletions detectable by standard
karyotyping or smaller ‘microdeletions’ detectable only by FISH or aCGH. Although CDH
is a relatively rare part of the WHS phenotype, it has been reported in more than a dozen
patients in association with variable-sized deletions (49,56,70,79-82). The smallest deletion
characterized at the molecular level is 2.6 Mb pairs (79), and molecular characterization of
additional cases is needed to define the CDH critical region.

+ der (22) t(11;22)(g23;q11) (OMIM 609029) and trisomy 22—Cases of CDH,
occurring with additional anomalies, have been reported in patients with trisomy 22 as well
as in patients with “partial trisomy 22q’ (83-87). The latter most commonly arises following
3:1 meiotic non-disjunction from a t(11;22) (q23.3; g1 1.2) balanced translocation carrier
parent. Thus, trisomy for one or more genes in this interval appears to confer risk for
developing CDH.

Del (1)(g41-q42.12)—Although not yet assigned an OMIM number, evidence is
accumulating that loss of one or more genes in this interval predisposes to CDH plus
additional anomalies (70,88-91). Screening of approximately 10,000 patients using targeted
aCGH identified 7 patients harboring a deletion of this interval, 2 of whom had CDH (92).
Both cases had previously normal routine karyotypes, the first published as a long-term
Fryns syndrome survivor by Van Hove et al. (93) and the second published and
characterized by Kantarci et al. (88). Combining results from all available cases, the smallest
region of overlap is approximately 1.2 Mb pairs. Several genes map to this region, but
Shaffer et al. suggest that deletion of the gene dispatched 1 (DISP1) is the prime candidate
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gene, given its interaction with sonic hedgehog (92). Our group has just identified a de novo
mosaic DISP1 variant in a highly conserved residue in a karyotypically normal CDH+
patient (94).

Known monogenic syndromes associated with CDH

A dozen or so syndromes have a well-documented association with CDH; several of these
disorders are listed in Table 2 and are described in greater detail below. Other syndromes
have CDH as an occasional finding; examples of these are Apert, Beckwith—-Weidemann,
CHARGE, Coffin-Siris, Goltz, Perlman, and Swyer syndromes. For further discussion of
these phenotypes, the reader is referred to Pober et al. (95). Important reasons for
recognizing monogenic syndromes that include CDH are proper genetic and recurrence risk
counseling, mutation testing if available, guidelines for prenatal evaluation, and potential
insight into pathways responsible for CDH that in turn could inform developmental
mechanisms and even therapy.

Cornelia de Lange syndrome (OMIM 122470 and 300560)—Cornelia de Lange
syndrome (CdLS) is a phenotypically striking and well-characterized multiple malformation
syndrome whose cardinal features include growth retardation, hirsutism, mental retardation,
and upper limb anomalies (ranging from subtle micromelia to dramatic oligodactyly) plus a
characteristic dysmorphic facial appearance (96). CDH has been reported in several cases
and in fact may be as prevalent as 5-10% (97). Prenatal detection of CDH and upper limb
defects should always raise suspicion about the diagnosis of CdLS (98).

The vast majority of cases are caused by de novo dominant mutations predominantly in the
gene Nipped-B-Like (NIPBL) present in approximately 50% of CdLS patients (96). More
rarely, mutations in the X-linked structural maintenance of chromosomes 1A (SMC1A) gene
cause CdLS. Genotype—phenotype correlations for CDH do not yet exist.

Craniofrontonasal syndrome (OMIM 304110)—Craniofrontonasal syndrome (CFNS)
is an X-linked disorder whose prominent findings involve, although are not restricted to, the
craniofacial region. Paradoxically, in this X-linked disorder, females are more severely
affected than males and typically manifest coronal craniosynostosis, hypertelorism, a broad
nasal bridge with a broad bifid nasal tip, facial asymmetry, frontal bossing plus a variety of
skeletal abnormalities including thorax and clavicular abnormalities, scoliosis and
longitudinally grooved fingernails. Males however are more likely to have hypertelorism or
telecanthus, short stature, and either no or only mild musculoskeletal abnormalities (99).
CDH has been reported in several CFNS patients, including both males and females
[reviewed in (100)]. Interestingly, the mutations found in two CFNS females who had CDH
were truncating rather than missense mutations (101).

CFNS is caused by mutations in the ephrin-B1 gene (EFNB1) coding for a transmembrane
protein that functions both as a ligand and as a receptor. The reason that females are more
severely affected than males is not fully understand. One hypothesis posits that mutation
carrier females fail to preferentially inactivate their mutant X chromosome, so they are
ephrin-B1 mosaics. Thus, carrier females have cellular patches of ephrin expression
surrounded by cellular patches of no expression, resulting in abnormal cellular signaling (so-
called “cellular interference’) (102). As predicted by the “cellular interference’ model,
mutant males are more mildly affected than females because complete lack of ephrin-B1
expression should be better tolerated than patchy ephrin-B1 expression. Males compensate
for the absence of ephrin-B1 by utilizing other ephrin ligands (103,104).

Clin Genet. Author manuscript; available in PMC 2010 May 19.
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Donnai—-Barrow syndrome/faciooculoacousticorenal syndrome (OMIM 222448)
— Initially reported as separate entities, recent work shows that DBS and
faciooculoacousticorenal syndrome (FOAR) are the same autosomal recessive disorder
caused by mutations in the low-density lipoprotein receptor-related protein 2 gene (LRP2).
LRP2 encodes the protein megalin, a transmembrane receptor important for endocytosis and
reuptake of numerous ligands (42).

DBS was first reported by Donnai and Barrow in 1993 (105). Based on their work as well as
findings from subsequent cases (42,106,107), invariant features of the DBS phenotype
include high myopia, hypertelorism, complete or partial agenesis of the corpus callosum,
sensorineural hearing loss, facial dysmorphology, and developmental delay. Approximately
half of the patients clinically diagnosed with DBS also have CDH and/or omphalocele,
while coloboma is less commonly seen. Features distinguishing patients diagnosed clinically
with FOAR have been macrocephaly (but not agenesis of the corpus callosum), proteinuria,
and infrequent occurrence of CDH (107-109). However, it is now known that proteinuria, in
fact a characteristic pattern of low-molecular-weight proteinuria, is present in all DBS/
FOAR patients. The human phenotype resulting from LRP2 mutations resembles that of the
Lrp2 (e.g. megalin) knockout mouse, although the mouse abnormalities of microophthalmia
and mild holoprosencephaly are not recapitulated in humans (110). The mechanism of action
by which absent or dysfunctional megalin protein causes the characteristic pattern of
structural birth defects seen in DBS/FOAR is not known; possible mechanisms include
disruption of megalin-sonic hedgehog interactions or failure to endocytose critical ligands,
such as retinol-binding protein required for normal development.

Mutations in LRP2 are scattered throughout the gene without evidence of a mutation ‘hot
spot’. In light of this and the fact that the gene is large containing 79 exons, clinical
suspicion about the diagnosis of DBS/FOAR should be bolstered by quantitative (not
dipstick) urine protein determination to look for low-molecular-weight proteinuria. If
proteinuria is present, then urine electrophoresis to look for the characteristic pattern of low
molecular moieties should be obtained, before proceeding to LRP2 sequencing (42).

In seven of eight mutation-proven DBS/FOAR cases, each parent carried a mutant allele as
expected for a disorder with autosomal recessive inheritance. However, one DBS/FOAR
patient, born to non-consanguineous parents, was homozygous for an LRP2 mutant allele
that was present only on the paternal haplotype. Microsatellite markers showed that the
proband had uniparental isodisomy for paternal chromosome 2 (111). Consequently, the
DBS/FOAR recurrence risk for this couple was reduced from 25% to virtually negligible.

Fryns syndrome phenotype—The clinical diagnosis most commonly made when CDH
occurs in the presence of additional malformations is that of Fryns syndrome. However, it is
not likely that all patients diagnosed as such have the same entity, indicating that etiologic
heterogeneity exists in this group. It may be more appropriate at this juncture to describe a
Fryns syndrome phenotype that encompasses clinically overlapping subsets of patients with
(i) autosomal recessive Fryns syndrome (OMIM 229850), (ii) patients with chromosomal
microdeletion and microduplication phenocopies, and (iii) patients with autosomal recessive
phenocopies due to mutations in other genes. The responsible gene (or genes) for any of
these subsets is not currently known.

Common features found in patients classified as having the Fryns phenotype can be grouped
into five categories (112) adapted from Fryns (113):

1. Diaphragmatic defect: any type of diaphragmatic abnormality including typical
CDH, an eventration, or sac-type hernia. Diaphragm defects are extremely common
although not a universal finding in patients diagnosed with Fryns syndrome.
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2. Pulmonary hypoplasia: pulmonary hypoplasia almost always accompanies CDH
and so this may not represent an independent diagnostic criterion. However,
pulmonary hypoplasia was reported in at least one case without diaphragmatic
abnormality on autopsy (114).

3. Facial dysmorphology: coarsened face, flattened nasal bridge, hypertelorism, and
nonspecific ear anomalies (113).

4. Distal digital hypoplasia: small nails and/or distal phalanges.

5. Characteristic pattern of additional anomalies: numerous malformations have been
reported in patients diagnosed with Fryns syndrome including but not limited to
CVMs (such as septal and conotruncal defects), renal anomalies (such as cystic
dysplasia), and brain malformations (e.g. agenesis of the corpus callosum and
Dandy-Walker malformation).

The occurrence of a similarly affected sibling counts as a sixth criterion. Lin et al. propose
that patients with classic (or narrowly defined) Fryns syndrome have at least four of the six
findings, while those with only three findings can be considered as having broadly defined
Fryns syndrome (112). The validity of this dichotomous classification schema is not
currently known and will remain unknown until the criteria are evaluated prospectively and/
or genetic mutations responsible for some cases falling within the Fryns phenotypic
spectrum are identified.

Prior to counseling autosomal recessive risk of recurrence to a couple who has conceived a
child with Fryns syndrome, aCGH should be performed on a DNA sample from the child
(74,88). Detection of a microdeletion or microduplication alters the recurrence risk and also
permits specific genetic testing in subsequent pregnancies.

Matthew-Wood syndrome (Spear syndrome, PDAC or PMD syndrome) (OMIM
601186)—MWS is a rare autosomal recessive disorder with a striking phenotype, most
often including microophthalmia or anophthalmia, pulmonary hypoplasia or agenesis, and
diaphragmatic defects. Chitayat et al. suggest that the acronym PDAC (Pulmonary
hypoplasia/agenesis, Diaphragmatic hernia/eventration, Anophthalmia/microphthalmia, and
Cardiac defects) replace the eponyms historically used to refer to this phenotype (115).
Mutations in STRA6 (a member of the stimulated by retinoic acid gene family) have been
found in some, but not all, cases with this constellation of anomalies (116). STRA6 encodes
for the transmembrane retinol-binding protein receptor that functions in cellular uptake of
retinol. Mutations in this important developmental gene interfere with morphogenesis of
multiple organs, possibly through disruption of normal retinoic acid signaling.

Multiple vertebral segmentation defects (OMIM 277300)—CDH has been reported
in more than a dozen cases in conjunction with disorders of vertebral segmentation
(variously called spondylocostal dysostosis, spondylothoracic dysostosis, and Jarcho—Levin
syndrome) (117-120). The distinction among these disorders continues to be debated, but it
is important for the clinician to recognize their association with CDH (121). In common,
these disorders show multiple contiguous vertebral abnormalities (such as butterfly and
hemivertebrae), rib anomalies (such as absent or fused ribs), and shortened trunk (122,123).

To date, mutations have been identified in several genes [Delta-like 3 (DLL3), lunatic fringe
(LFNG), and mesoderm posterior 2 (MESP2) (123)] in the Notch signaling pathway, which
plays an important role in body planning and somite formation.

Simpson—-Golabi—-Behmel syndrome (OMIM 312870)—There are reports of CDH
occurring in this X-linked disorder although far more common manifestations are prenatal
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and postnatal overgrowth, coarse facial features with hypertelorism, skeletal anomalies
(polydactyly, brachydactyly, and syndactyly), renal anomalies (cystic dysplastic kidneys),
cardiovascular anomalies, and supernumerary nipples (124,125). The range of intellectual
outcomes is broad extending from normal intelligence to mental retardation. There is a
significant risk for occurrence of embryonal tumors that requires monitoring particularly for
the development of Wilms tumor and hepatocellular carcinoma (126).

Loss-of-function mutations in the gene glypican-3 (GPC3) are responsible for Simpson—
Golabi— Behmel syndrome, but the mechanism by which this predisposes to CDH remains
unknown.

‘WT1-opathies' [Denys—Drash syndrome (OMIM 194080), Frasier syndrome
(OMIM 136690), and Meacham syndrome (OMIM 608978)]—De novo mutations in
the WT1 gene have been identified in several cases diagnosed clinically with Denys—Drash,
Frasier, and Meacham syndromes (127,128). These allelic disorders share the presence of
genital abnormalities (e.g. ambiguous genitalia and male pseudohermaphroditism) but also
have distinct differences in that complex CVMs occur in Meacham syndrome, while
progressive renal failure and risk for embryonal tumors typify the other two conditions.
CDH has been reported in all three entities, albeit infrequently in Frasier and Denys—Drash
syndromes (128-132). In mouse models, Wt1 is expressed in the developing structures of the
diaphragm including the septum transversum and the PPFs, so it is not surprising that some
Wt1 knockout mice manifest a typical posterolateral Bochdalek-type hernia (24,25,133).

CDH with other congenital malformations that do not constitute a recognizable pattern

Among the approximately 40% of cases with CDH +, a chromosomal or syndromic
diagnosis is established in the minority. Thus, the majority of these cases show a non-
diagnostic pattern of anomalies, with the most common coexisting malformations involving
the cardiovascular, central nervous, and musculoskeletal systems. These patterns are
presumably non-random, but instead reflect disruption of genes whose products function in
all the affected organ systems.

CDH and CVMs—After excluding syndromic cases, CVMs coexist with CDH in
approximately 10-15% of cases (134) (Note that the frequency of CVMs coexisting with
CDH doubles or triples if one neglects to exclude syndromic cases.) (9,50,52,135-138). All
types of CVMs are found in association with CDH, and efforts to identify a particular
CVM- CDH pattern have been unrevealing. For example, an excess of conotruncal
malformations has been suggested in some studies but has not been substantiated in others.
The pitfall of diagnosing (or ‘overdiagnosing’) hypoplastic left heart syndrome in the setting
of CDH is further discussed by Lin et al. (134).

CDH and central nervous system abnormalities—Central nervous system
anomalies, particularly neural tube defects and hydrocephalus are present in 5-10% of non-
syndromic CDH cases (9,41,139). The basis for the association with neural tube defects is
not known although problems of schisis-fusion have been suggested (140).

CDH and limb abnormalities—Limb defects co-occur in approximately 10% of non-
syndromic CDH cases. Although different defects such as syndactyly and polydactyly have
been reported, the coexistence of CDH with limb reduction defects has received the most
scrutiny (10,141) due to speculation that this unique combination of malformations will
reveal candidate genes responsible for both defects.
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Genetic workup

Given the considerable etiologic heterogeneity found in patients with CDH +, it is not
possible to provide a single or uniform approach to the diagnostic evaluation of these cases.
The initial workup is as described above for cases with isolated CDH but is then tailored to
the existing abnormalities in a given case.

Genetics evaluation of a patient with CDH + begins with a routine chromosome analysis
(amniocentesis or chorionic villus sampling for prenatally detected cases and lymphocyte-
stimulated blood culture for postnatally detected cases). When a patient's phenotype is
suggestive of isochromosome 12p, then a chromosome study on a non-lymphocyte-derived
tissue is required.

Several recent reports describe CDH + cases with prior normal 46,XX or 46,XY routine
karyotypes but abnormalities detected on aCGH (64,74,88). The yield of aCGH in this
setting is not currently known, but application of this technology should be considered in
prenatally diagnosed cases of CDH (due to limitations in detecting all major malformations,
dysmorphology, and minor anomalies). aCGH should also be considered in postnatally
evaluated patients who have growth retardation, facial dysmorphology, and/or major and
minor anomalies in conjunction with CDH and for whom a diagnosis is not established. As
the number of CDH chromosome hot spots continues to grow, targeted arrays that densely
cover these hot spots are being developed.

Because causal genes have been identified for several CDH + syndromes, specific mutation
analysis should be part of the diagnostic evaluation when patients fitting these phenotypes
are being evaluated. Given the continued high mortality of CDH, especially CDH +, banking
of patient DNA should be suggested to the family. DNA banking is further discussed in the
Gene-Reviews Congenital Diaphragmatic Hernia Overview (95).

Challenging counseling dilemmas can arise for CDH + cases in which a genetic syndrome or
chromosome abnormality cannot currently be identified. The common coexistence of CDH
and congenital heart disease, described earlier, is an example in point. In approximately half
of the cases, the combined presence of both these malformations is part of a genetic
syndrome (e.g. Fryns syndrome) or a chromosome abnormality [e.g. del (15)(q26.1-026.2)].
However, in the other half of the cases, a unifying etiology is not recognized even after
appropriate diagnostic evaluation. It seems likely that the proportion of diagnosed cases will
continue to grow over time with advances in molecular cytogenetic techniques and gene
identification for CDH-associated syndromes. For the undiagnosed CDH + cases, no empiric
data are currently available to guide recurrence risk counseling. Until such data exist, it
seems prudent to provide multiple congenital anomaly (MCA) recurrence risk counseling to
parents whose child has CDH plus other major malformations such as complex congenital
heart disease. Counseling the parents of a child with CDH and a muscular VSD is
particularly challenging. Assuming that neither parent has a history of a VSD, the
conservative approach is to provide an MCA recurrence risk of <5% until more information
from family studies and from natural history studies on small muscular VSDs become
available.

Pathways important for diaphragm development

As reviewed above, progress is being made in the genetic dissection of human CDH. For
example, critical chromosome hot spots and specific genes responsible for several CDH-
associated monogenic syndromes have been identified, and each new gene contributes to
knowledge about diaphragm development. Rather than looking at genes in isolation, it is
important to consider them as potential windows into developmental pathways required to
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support normal diaphragm formation (68). Recognizing pathways in their entirety may lead
to more rapid treatment advances than recognizing only a single member of the pathway.

Current evidence suggests that an intact vitamin A pathway is needed to support normal
diaphragm formation (142). Lines of evidence that perturbations in this pathway confer risk
for CDH are multifold and were presented above. Suffice it to say that data come from both
model organism work [dietary deficiency (143,144), transgenic (145), and teratogenic (43)]
as well as from human studies [epidemiologic (44,45) and human malformation syndromes
(42,116)]. An important next step is to assess whether vitamin A pathway disturbances
contribute to the most common form of CDH, namely isolated (nonsyndromic) CDH. Two
potential directions for further study include analyses of high-density single nucleotide
polymorphism arrays to assess whether variations in vitamin A pathway genes occur more
commonly in CDH patients than controls and implementation of prospective studies to
measure vitamin A levels throughout gestation. Similar approaches may prove useful for
identifying and characterizing other pathways important for diaphragm development.
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Classification of CDH
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Fig. 1.
Approach to classification of cases with CDH.
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Table 1

Anomalies frequently found in patients classified as having isolated CDH?

Pulmonary hypoplasia

Malrotation or incomplete rotation of bowel
Patent ductus arteriosus

Patent foramen ovale

Heart ‘hypoplasia’ and/or dextroposition
Tricuspid or mitral valve regurgitation
Undescended testes

Accessory spleen

CDH, congenital diaphragmatic hernia.

a . . .
Anomalies that are due to the hemodynamic or mechanical consequences of CDH; therefore, they are part of a CDH sequence rather than
independent malformations. Their presence, in and among themselves, does not preclude classifying a case as having isolated CDH.
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Monogenic syndromes in which CDH prominently features and description of several monogenic syndromes,
further elaborated on in the text, in which CDH commonly occurs
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Syndrome OMIM/inheritance Locus/gene Additional prominent features
Cornelia de Lange 122470/AD 5p13.1/NIPBL Growth retardation, micromelia, facial
300560/XL Xpl11.2/SMC1A dysmorphology, mental retardation, and hirsutism

Craniofrontonasal dysplasia 304110/XL Xq12/EFNB1 Craniosynostosis, hypertelorism, bifid nasal tip,
musculoskeletal abnormalities, and longitudinal
grooves on nails. Females more severely affected
than males

Donnai-Barrow syndrome 222448/AR 2024.3-2931.1/LRP2 Hypertelorism, high myopia, agenesis of corpus
callosum, sensorineural hearing loss, low-molecular-
weight proteinuria, and developmental delay

Fryns syndrome? 229850/UNK UNK Coarse face, distal digital hypoplasia, anomalies of
the central nervous, cardiovascular, and/or
genitourinary systems

Matthew-Wood syndrome 601186/AR 15024.1/STRA6 Micro- or anophthalmia, pulmonary hypoplasia, and

(PDAC or PMD syndrome)

Multiple vertebral segmentation ~ 277300/AR (milder
defects (spondylocostal apparently AD form
dysostosis and Jarcho-Levin exists as well)

cardiovascular and genitourinary malformations

Short stature, hemivertebrae, fused vertebrae, rib
anomalies, and crab-like thorax in some subtypes

19g13/DLL3 (most
commonly mutated
gene to date)

syndrome)

Simpson-Golabi-Behmel 312870/XL Xq26/GPC3 Overgrowth, coarse facies, musculoskeletal and limb
anomalies (e.g. polydactyly and brachydactyly), renal
anomalies, and risk for embryonal tumors

WT1-opathies (Denys-Drash, 194080, 136690, and 11p13/WT1 Overlapping disorders. All have ambiguous genitalia

608978/AD but renal anomalies and risk for embryonal tumors
typify Denys—Drash and Frasier syndromes, while
cardiovascular malformations are found in Meacham

syndrome

Frasier, and Meacham
syndromes)

AD, autosomal dominant; AR, autosomal recessive; PDAC, Pulmonary hypoplasia/agenesis, Diaphragmatic hernia/eventration,

Anophthalmia/microphthalmia, and Cardiac defects; PMD, Pulmonary agenesis, microphthalmia, and diaphragmatic defect; UNK, unknown; XL,
X-linked.

aEtioIogic heterogeneity is likely (due to chromosome microdeletions and AR phenocopies).
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