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Abstract

Background: Congenital diaphragmatic hernia (CDH) is a life-threatening birth defect that often
co-occurs with non-hernia-related anomalies (CDH+). While copy number variant (CNV) analysis
is often employed as a diagnostic test for CDH+, clinical exome sequencing (ES) has not been
universally adopted.

Methods: We analyzed a clinical database of ~12,000 test results to determine the diagnostic
yields of exome sequencing in CDH+ and to identify new phenotypic expansions.

Results: Among the 76 cases with an indication of CDH+, a molecular diagnosis was made

in 28 cases for a diagnostic yield of 37% (28/76). A provisional diagnosis was made in seven
other cases (9%; 7/76). Four individuals had a diagnosis of Kabuki syndrome caused by frameshift
variants in KMTZD. Putatively deleterious variants in ALG12and EP300were each found in

two individuals, supporting their role in CDH development. We also identified individuals with

de novo pathogenic variants in FOXP1 and SMARCA4, and compound heterozygous pathogenic
variants in BRCAZ. The role of these genes in CDH development is supported by the expression
of their mouse homologs in the developing diaphragm, their high CDH-specific pathogenicity
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scores generated using a previously validated algorithm for genome-scale knowledge synthesis,
and previously published case reports.

Conclusion: We conclude that ES should be ordered in cases of CDH+ when a specific
diagnosis is not suspected and CNV analyses are negative. Our results also provide evidence

in favor of phenotypic expansions involving CDH for genes associated with AL G12-congenital
disorder of glycosylation, Rubinstein-Taybi syndrome, Fanconi anemia, Coffin-Siris syndrome and
FOXP1-related disorders.
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INTRODUCTION

Congenital diaphragmatic hernia (CDH) is a life-threatening birth defect that affects
approximately 1 in 4,000 newborns [1]. In approximately 40-60% of cases, CDH occurs
in conjunction with other non-hernia-related anomalies (CDH+) [2]. The mortality rate for
newborns treated in surgical centers is approximately 30%, but this may be a significant
underestimate due to pregnancy termination and postnatal mortality prior to transfer to a
surgical center [3]. The mortality rate is particularly high in the 25-40% of cases in which
CDH co-occurs with congenital heart defects (CDH+/CHD) [4]. Among CDH survivors,
chronic oxygen dependency, gastroesophageal reflux, poor growth and cognitive delay are
common [5].

A variety of chromosomal, genomic, and single gene disorders are associated with an
increased risk for developing CDH [6]. In some of these disorders, CDH is a major clinical
feature and is found in a high percentage of affected individuals. Examples of such disorders
include Donnai-Barrow syndrome (MIM #222448, L RP2), microphthalmia, syndromic 9
(MIM #601186, STRA6) and cardiac-urogenital syndrome (MIM #618280, MYRF), also
known as cardiac-urogenital-diaphragm-lung (CUDL) syndrome [7-10]. In other disorders,
CDH is not a major clinical feature but is found at a frequency that is higher than what
would be expected by random chance. Examples of such disorders include Simpson-Golabi-
Behmel syndrome, type 1 (MIM #312870, GPC3), focal dermal hypoplasia (MIM #305600,
PORCN), also known as Goltz-Gorlin syndrome, and Marfan syndrome (MIM #154700,
FBNI) [11-13]. Despite advances in our understanding of the genes that contribute to the
development of CDH, the genetic variants that contribute to most cases of isolated CDH and
CDH+ have not been identified [14].

Array-based copy number variant (CNV) analysis and exome sequencing (ES) studies are
routinely used to identify genetic alterations in individuals with more than one congenital
anomaly, particularly in cases where a specific diagnosis is not clinically apparent. The
diagnostic and clinical utility of array-based CNV analyses has been well established, and is
clearly indicated, in individuals with CDH+ [6]. Although studies have shown that ES can be
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used to identify a molecular diagnosis in individuals with CDH+ [7 14 15], ES has not been
universally adopted as a diagnostic test for this disorder.

Here we analyze a clinical database of ~12,000 test results to determine the diagnostic yield
of ES in individuals with CDH+ and identify new phenotypic expansions involving CDH.

Database analysis and clinical review

We searched coded information from a clinical database of ~12,000 individuals who were
referred to Baylor Genetics for ES (accessed May, 2019) for individuals with CDH or CDH+
based on phenotypes included in their test indications. Individuals with an indication of
diaphragmatic eventration or an abnormality of the diaphragm, and fetuses/newborns with
an indication of a suspected CDH, diaphragmatic eventration or diaphragm abnormality,
were also included. In this manuscript, we refer to all of these individuals as having CDH.
Individuals whose diaphragmatic defect was described only as paralysis, or atrophy in the
setting of systemic muscular atrophy, or for whom a diagnosis was made using array-based
CNV detection assays, were not included in this study.

Each reported variant was classified as pathogenic, likely pathogenic, a variant of unknown
significance (VUS), likely benign, or benign based on American College of Medical
Genetics and Genomics (ACMG) standards for the interpretation of sequence variants

and using the most current information available publicly and in local databases (Nov.
2020) [16]. The ES results of individuals with CDH had also been previously classified by
clinical laboratory geneticists as solved, probably solved, possibly solved, partially solved,
or unsolved. All cases that were not considered unsolved were then independently reviewed
by a clinical geneticist to determine if a definitive, probable, or provisional diagnosis

could be made based on molecular findings and phenotypic information contained in the
test identification. The designation “partially solved” was retained as an indication that

the diagnosis could only explain a distinct subset of the phenotypes included in the test
indication.

A definitive diagnosis was made if the individual carried pathogenic variant(s) in a gene
whose inheritance was consistent with a disorder associated with that gene, and the
phenotypic data provided in the indication were suggestive of the disorder. A definitive
diagnosis was also made if the case was previously published regardless of the variant
designation made by the laboratory.

A probable diagnosis was made if one of the following criteria were met: 1) the individual
carried a likely pathogenic variant in a gene associated with an autosomal dominant or
x-linked gene whose inheritance was consistent with a disorder associated with that gene,
and the phenotypic data provided in the indication were suggestive of the disorder, 2) the
individual carried a pathogenic variant and a likely pathogenic variant or VUS in trans, or
two likely pathogenic variants in trans, in a gene associated with an autosomal recessive
disorder, and the phenotypic data provided in the indication were suggestive of the disorder,
or 3) the individual was mosaic for a pathogenic or likely pathogenic variant in an autosomal
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dominant gene, or an X-linked gene in a male, and the phenotypic data provided in the
indication were suggestive of the disorder.

A provisional diagnosis was made if one of the following criteria were met: 1) the individual
carried only a single pathogenic variant in a gene associated with an autosomal recessive
disease, and the phenotypic data provided in the indication were suggestive of the disorder,
2) the individual carried two VUSs in trans, or a likely pathogenic variant and a VUS

in trans, in a gene associated with an autosomal recessive disease, and the phenotypic

data provided in the indication were suggestive of the disorder, 3) the individual was a
female who carried a heterozygous pathogenic variant in a gene associated with an X-linked
disorder, and the phenotypic data provided in the indication were suggestive of the disorder,
or 4) the individual carried a VUS(s) in a gene whose inheritance was consistent with a
disorder associated with that gene, and the phenotypic data provided in the indication were
suggestive of the disorder.

The number of cases with a definitive or probable molecular diagnosis was then divided

by the total number of CDH+ cases to determine the diagnostic yield. This process was
then repeated for isolated CDH cases, and CDH+ cases in which CHD was reported in the
test indication with the exception of: 1) isolated patent foramen ovale and/or patent ductus
arteriosus which may persist in the presence of pulmonary hypertension, 2) dextroposition
which, in the setting of CDH, is most likely a secondary finding due to the intrusion of

the abdominal viscera into the thorax, 3) dilated aorta in an individual with a definitive,
probable, or provisional diagnosis of a connective tissue disorder associated with aortic
dilation, 4) isolated functional anomalies such as valve regurgitation, 5) isolated ventricular
hypertrophy, or 6) cardiomyopathy.

Calculation of CDH frequency

For genes that were recurrently implicated in the development of CDH in our cohort, we
searched coded information from a clinical ES database at Baylor Genetics to determine
the frequency of CDH among all individuals in which the gene was suspected to contribute
to phenotypes listed in the testing indication. Individuals in the database for whom no
phenotypes were provided in the test indication were not included since it could not be
determined whether they had CDH.

Human subjects research

This work was approved by the institutional review board of Baylor College of Medicine
(protocol H-47546) and was conducted in accordance with the ethical standards of this
institution’s committee on human research and international standards.

Literature and database searches

We searched for reports in which CDH candidate genes and/or their associated genetic
disorders were mentioned in conjunction with key words such as diaphragm, diaphragmatic
hernia, CDH, or diaphragmatic eventration.
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Genomic knowledge fusion

We have previously developed and validated a computational algorithm whose core function
is to integrate large-scale genomic knowledge from various sources—Gene Ontology (GO),
Mouse Genome Informatics (MGI) phenotype annotations, the Protein Interaction Network
Analysis (PINA), the Kyoto Encyclopedia of Genes and Genomics (KEGG) molecular
interaction network data and micro RNA (miRNA) targeting data, the GeneAtlas expression
distribution, and transcription factor binding and epigenetic histone modification data from
the NIH Roadmap Epigenomics Mapping Consortium—to develop a phenotype-specific
score that can be used to rank genes based on their similarity to a set of training genes
known to cause that phenotype in humans and/or mice [17]. We have previously used this
algorithm to generate CDH-specific pathogenicity scores for all RefSeq genes [18]. The
CDH pathogenicity scores reported here represent the centile rank of each gene as compared
to all other RefSeq genes.

Statistical analyses

For comparisons of the diagnostic yield between groups, we performed two-tailed

Fisher’s exact tests were performed using a 2 X 2 contingency table calculator available
through GraphPad QuickCalcs (https://www.graphpad.com/quickcalcs/contingencyl/).
When defining the penetrance of CDH associated with genetic disorders, 95% confidence
intervals were calculated using a binomial “exact” calculator available through the UCSF
Clinical and Translational Science Institute (http://www.sample-size.net/confidence-interval-
proportion/).

RESULTS

Diagnostic yield of clinical ES

In a clinical database of approximately 12,000 individuals who were referred for ES, we
identified 76 individuals with CDH+ based on phenotypes included in their test indications
(Table 1, Table S1). ES provided a definitive (n = 19; 25%) or a probable (n = 9; 12%)
diagnosis in 28 individuals for a diagnostic yield of 37% (28/76). In addition, 7 provisional
diagnoses were made. If these were included, the diagnostic yield would be 46% (35/76).

In the subset of 37 individuals with CDH+/CHD, a definitive (n = 9; 24%) or probable (n
= 3; 8%) diagnosis was made in 12 individuals for a diagnostic yield of 32% (12/37). In
addition, 3 provisional diagnoses were made. If these were included, the diagnostic yield
would be 41% (15/37).

In the same clinical database, we identified 6 patients with what appeared to be isolated
CDH based on their test indications. Among these individuals, ES provided a diagnosis

in only one individual for a diagnostic yield of 16.7% (1/6). This individual, Subject 36,
carried a maternally inherited ¢.1396_1399dup, p.(Y467fs) pathogenic variant in ZFPM?Z,
the gene associated with autosomal dominant diaphragmatic hernia 3 (MIM #610187). CDH
associated with ZFPMZ2 haploinsufficiency is known to be incompletely penetrant [22 23],
which provides an explanation of why the mother in this family was unaffected, and yet this
individual’s brother and sister both had CDH.
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The diagnostic yields of ES were not statistically different between individuals with CDH+
(28/76) and the subset of individuals with CDH+/CHD (12/37)(P = 0.68). The same is

true between the diagnostic yields of individuals with CDH+ with (12/37) or without CHD
(16/39)(P = 0.48). Although the diagnostic yield of ES in CDH+ and CDH+/CHD cases
were higher than that seen associated with isolated CDH (1/6), the isolated CDH sample size
was too low to reach statistical significance (P = 0.42 and P = 0.65, respectively).

Recurrently altered genes

Variants in six genes were identified in more than one individual with CDH or CDH+

in our cohort. We identified four individuals, Subjects 18-21 (5.3%; 4/76), who carried
frameshift variants in KMTZD, the gene associated with Kabuki syndrome 1 (MIM
#147920). Subsequent to our initial analysis, a male with CDH, hypoplastic left heart, and
posteriorly rotated ears was referred for ES and was found to carry a de novo ¢.7223dupT,
p.(S2409Lfs*25) [NM_003482.3] pathogenic variant in KMT2D. \We then searched the
database to determine the frequency of CDH among all individuals in which KM 72D was
suspected to contribute to phenotypes listed in the testing indication. We found the CDH
penetrance to be 5/56 (8.9%; 95% confidence interval (Cl) = 3% - 19.6%).

Three individuals, Subjects 1-3 (3/76; 3.9%), carried de novo pathogenic variants in ABL 1,
the gene associated with congenital heart defects and skeletal malformations syndrome
(MIM #617602). Two of these individuals have been published previously [19]. We found
a total of 9 individuals in the clinical database who carried ABL 1 variants that were
thought to contribute to phenotypes listed in the testing indication. This suggests that CDH
is a relatively common finding in individuals with congenital heart defects and skeletal
malformations syndrome (33%; 3/9), but this small number of cases is insufficient to
generate a clear estimate of penetrance (Cl = 7.5% to 70.1%).

Similarly, two individuals, Subjects 25 and 26 (2/76; 2.6%), whose cases were previously
published, carried pathogenic variants in MYRF, the gene associated with cardiac-urogenital
syndrome (MIM #618280) [7 8]. Subsequent to our initial analysis, a male with CDH,
dextrocardia, hypoplastic left heart syndrome, pulmonary vein stenosis, a bifid scrotum,
cryptorchidism, and hypospadias was identified who carried a non-maternally inherited
€.2057G>A, p.(R686H) [NM_013279.4] VUS in MYRF. Including this individual, 75%
(3/4) of individuals in our database who carried putatively causative MYRF variants had
CDH. This suggests that CDH is commonly seen in individuals with cardiac-urogenital
syndrome, but this small number of cases is insufficient to generate a clear estimate of
penetrance (95% CI = 19.4% to 99.4%)

As previously mentioned, Subject 36 was found to carry a maternally inherited pathogenic
variant in ZFPMZ2. A second individual, Subject 35, with both CDH and a sinus venosus
atrial septal defect (CDH+/CHD), was also found to carry a heterozygous pathogenic variant
in ZFPMZ, consistent with this gene’s known function in cardiac development [24 25].

In our database, we found one other individual with tetralogy of Fallot who carried a
pathogenic variant in ZFPMZ2. Identification of CDH in 66% (2/3) of individuals in our
database is consistent with a relatively high CDH penetrance, but this small number of cases
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is insufficient to generate a clear estimate of penetrance (95% CI = 9.4% to 99.2%). We also
note that ZFMPZ-related disorders are associated with incomplete penetrance.

Two individuals, Subjects 11 and 12 (2/77; 2.6%), were found to carry heterozygous variants
in EP300, the gene associated with Rubinstein-Taybi syndrome 2 (MIM #613684). The

first carried a de novo, mosaic (12%) pathogenic £P300 variant. The second was a female
who carried a ¢.3592T>C, p.(Y1198H) VUS in £P300, and also carried a ¢.3298G>T, p.
(D1100Y) VUS in SOS1, the gene associated with autosomal dominant, Noonan syndrome
4 (MIM #610733), and a heterozygous, pathogenic ¢.—142C>G, p.? variant in DKCI, the
gene associated with dyskeratosis congenita, X-linked (MIM #305000). The inheritance
pattern of these variants could not be determined due to a lack of parental samples, and the
phenotypes provided in the indication are not sufficient to clearly delineate which of these
variants, alone or in combination, are contributing to her symptoms. A total of 20 individuals
in the clinical database carried £P300 variants that were thought to contribute to phenotypes
listed in the testing indication. This suggests that CDH occurs in a low percent of individuals
with Rubinstein-Taybi syndrome 2 (10%; 95% CI = 1.2% to 31.7%).

Two individuals, Subjects 5 and 6 (2/76; 2.6%), were found to carry compound
heterozygous pathogenic variants in ALG12, the gene associated with ALG12-congenital
disorder of glycosylation (ALG12-CDG, formerly CDG Ig; MIM #607143) [26]. These
individuals were the only ones in the clinical database (2/2, 100%) in which ALG12variants
in trans were thought to contribute to phenotypes listed in the testing indication.

Other novel candidate genes for CDH

Among the 76 individuals with CDH+, several carried putatively deleterious variants in
genes that are clearly associated with an increased risk of developing CDH including ABL1,
B3GALT6, FBN1, HCCS, KMT2D, LRP2, MRYF, POGZ, SLC2A10and ZFPMZ2[7 19].
The remainder carried putatively deleterious variants in genes whose association with CDH
has not been clearly established (Table S1). To determine if deleterious variants in these
genes were likely to be associated with the development of CDH, we determined whether
each gene is expressed in the developing mouse diaphragm at embryonic day (E)11.5, E12.5
and E16.5 based on whole-transcriptome expression profiles published by Russell et al [27].
We then determined if these genes were associated with high CDH-specific pathogenicity
scores (=85% based on all RefSeq genes), previously generated using a validated genome-
scale knowledge fusion algorithm [17 18]. We also performed a literature review to identify
reports in which these genes, or their corresponding syndromes, have been previously linked
to CDH. Based on these data we determined which candidate genes, or their associated
syndromes, had sufficient evidence to support a phenotypic expansion including CDH (Table
2) and which, currently, did not (Table 3).

DISCUSSION

The use of clinical ES has been shown to change medical management and genetic
counseling regardless of testing outcome [35 36]. The diagnosis of a specific genetic
syndrome may reveal the need to address medical problems or risks that may not have
been recognized prior to the diagnosis and can help to reduce medical waste by minimizing
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the use of tests, imaging studies and medical interventions that are unlikely to provide
significant benefit. ES also has the potential to identify novel genes that cause medically
important phenotypes including CDH [7 14 15]. Despite these benefits, ES has not been
universally adopted as a diagnostic test in individuals with CDH+. This may be due to
uncertainty regarding the diagnostic yield of clinical ES in these cases.

The high diagnostic yield of clinical ES in CDH+

Using information from a clinical database, we estimated the diagnostic yield of ES in
individuals with CDH+. Among the 76 individuals with CDH+ in the database, ES was able
to identify a diagnosis in 28 individuals for a diagnostic yield of 37% (28/76). In the subset
of 37 individuals with CDH+/CHD, a diagnosis was made in 12 individuals for a diagnostic
yield of 32% (12/37). This suggests that clinical ES can be used to identify a molecular
diagnosis in a significant percentage of individuals with CDH+.

Although the diagnostic yield of clinical ES in CDH+ cases was not statistically different
than the 16.7% (1/6) diagnostic yield seen in individuals with isolated CDH (P = 0.42),
we note that the number of isolated CDH cases in the database was too low to allow us to
confidently estimate the diagnostic yield in this population (ClI = 0.4% - 64.1%). We also
note that Subject 36, the only individual with isolated CDH who was positive on ES, has a
positive family history of CDH in a brother and sisters.

CDH is arelatively common phenotype associated with Kabuki syndrome 1

Four individuals, Subjects 18-21, carried frameshift variants in KM72D, the gene associated
with Kabuki syndrome 1 (MIM #147920). This represented 5% (4/76) of our CDH+

cohort and 14% (4/28) of the subset of individuals with a molecular diagnosis. After
completing our initial analysis, we identified a fifth patient with CDH+ who carried a
KMTZ2D frameshift variant. By reviewing all cases in our clinical database, we estimated the
CDH penetrance in Kabuki syndrome 1 to be 8.9% (5/56; Cl = 3% - 19.6%). In contrast,

no individuals with CDH+ were found to carry putatively causative variants in KDMG6A, the
gene associated with Kabuki syndrome 2 (MIM #300867).

Phenotypic expansions involving CDH

Phenotypes with relatively high penetrance levels are easily to identify using small cohorts
of affected individuals. As penetrance drops, larger cohorts are needed to conclude that a
phenotype is associated with a disorder based on clinical descriptions alone. Here we seek
to identify known human disease genes that contribute to the development of CDH but
have previously escaped detection due to their low levels of CDH penetrance. In attempting
to do so, we recognize that CDH is a relatively common birth defect with an incidence

of approximately 1 in 4,000 newborns [1]. As a result, the CDH seen in some of the
individuals in this cohort may not be associated with the variants we identified by clinical
ES. Instead, such cases could represent single or dual diagnoses in which the causative
pathogenic variant was not discovered by ES, or cases in which CDH was associated with a
multifactorial inheritance pattern in which a variety of genetic, environmental, and stochastic
factors lead to abnormal diaphragm development.

J Med Genet. Author manuscript; available in PMC 2023 March 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Scott et al.

Page 9

To distinguish which genes harboring putatively pathogenic variants were more likely to
be associated with the development of CDH, we considered how frequently variants in
these genes were seen in our cohort, and we determined if the mouse homologs of these
genes have been shown to be expressed in the developing mouse diaphragm [27], if these
genes had high CDH-specific pathogenicity scores (=85%) [17 18], and whether there was
additional evidence in the literature to support the association of these genes—or their
corresponding genetic disorders—with CDH. Evidence in favor of a phenotypic expansion
involving CDH was highest for: ALG12, EP300, BRCAZ, FOXP1, and SMARCA4 (Table
1).

We identified two fetuses, Subjects 5 and 6, which had CDH+ associated with diagnoses

of ALG12-CDG (MIM #607143). This disorder is characterized by neurodevelopmental
phenotypes and a variety of structural birth defects involving the brain, heart, genitourinary
system, and skeleton and is commonly lethal in the newborn period [26]. Although ALG12
has a relatively low CDH-specific pathogenicity score (48.2%), its mouse homolog is
expressed in the developing mouse diaphragm. Based on these findings, we conclude that
CDH is a feature of ALG12-CDG.

Rubinstein-Taybi syndrome can be caused by autosomal dominant, pathogenic variants in
CREBBP (type 1, MIM #180849) or EP300 (type 2; MIM #613684) and is characterized

by neurodevelopmental phenotypes, distinct facial features, broad thumbs and first toes,
short stature and a high rate of CHD and renal anomalies [37]. Benjamin et al. reported a
possible association between CDH and Rubinstein-Taybi syndrome prior to the discovery of
the genes that cause this disorder [29]. We identified two individuals, Subjects 11 and 12,
with variants in £P300but none in CREBBP. Subject 12 also carried a pathogenic variant
in DKC1, the gene associated with dyskeratosis congenita, X-linked (MIM #305000), and

a variant of unknown significance in SOSJ, the gene associated with Noonan syndrome 4
(MIM #610733). It is possible that these variants contributed to the development of CDH

in this individual, particularly since CDH has been previously documented in individuals
with Noonan syndrome [7 33 34]. We note that the mouse homologs of £P300and
CREBBP are expressed in the developing mouse diaphragm [27] and have high CDH-
specific pathogenicity scores (94.7% and 91.6% respectively). This leads us to conclude that
CDH is a phenotype that can be associated with Rubinstein-Taybi syndrome, particularly
Rubinstein-Taybi syndrome 2, which is caused by pathogenic variants in £P300.

Fanconi anemia is a genetically heterogeneous bone marrow failure syndrome associated
with an increased risk for cancer and a variety of structural birth defects [38]. We identified
two individuals, Subjects 9 and 13, with CDH+ who carried changes in Fanconi anemia
genes. Subject 9 had a definitive diagnosis of Fanconi anemia, complementation group D1
(MIM #605724) caused by compound heterozygous, pathogenic variants in BRCAZ. The
family history of this individual was positive for a paternal aunt with breast cancer and
maternal great-grandmother with pancreatic cancer. This is consistent with transmission of
heterozygous, pathogenic BRCAZ variants, and a diagnosis of autosomal dominant BRCAZ-
associated hereditary breast and ovarian cancer syndrome (MIM #612555, #613347) on
both sides of the family. Subject 13 had a provisional diagnosis of Fanconi anemia,
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complementation group | (MIM #609053) and phenotypes suggestive of this disorder.
However, only a single pathogenic variant in FANC/ was identified.

The mouse homologs of BRCAZ2and FANC/ are expressed in the developing mouse
diaphragm [27], and CDH has been reported in at least one other individual who

was clinically diagnosed with Fanconi anemia [28]. BRCAZhad a high CDH-specific
pathogenicity score of 88.8%, while FANCT's was much lower at 25%. These results leads
us to conclude that CDH is a phenotype that can be associated with Fanconi anemia,
particularly Fanconi anemia, complementation group D1, which is caused by biallelic
pathogenic variants in BRCAZ. In contrast, our results do not provide any evidence that
individuals who carry a single pathogenic variant in BRCAZ2—or other genes that cause
autosomal recessive forms of Fanconi anemia—have an increased risk of developing CDH.

Coffin-Siris syndrome is a genetically heterogeneous disorder characterized by
neurodevelopmental phenotypes, distinctive facial features, hypoplasia of the distal phalanx
or nail of the fifth digits, and congenital anomalies involving the central nervous, cardiac,
gastrointestinal and genitourinary systems [39]. Subject 31 had a definitive diagnosis of
Coffin-Siris syndrome 4 (MIM #614609) caused by a pathogenic variant in SMARCAA.
Subject 32 had a provisional diagnosis of Coffin-Siris syndrome 8 (MIM #618362) and
carried a splice junction variant in SMARCCZ. Previous reports have suggested that
Coffin-Siris syndrome is associated with an increased risk of CDH [30-32]. However, a
specific association between CDH and SMARCA4 and SMARCCZ has not been suggested
previously. The homologs of these genes are expressed in the developing mouse diaphragm
and both have high CDH-specific pathogenicity scores of 93.7% and 89.9% respectively.
This leads us to conclude that CDH is a phenotype that can be associated with Coffin-

Siris syndrome, particularly Coffin-Siris syndrome 4 caused by pathogenic variants in
SMARCAA.

Pathogenic variants in FOXP1 have been shown to cause mental retardation with language
impairment and with or without autistic features (MIM #613670), a genetic disorder
characterized by neurodevelopmental phenotypes, dysmorphic features, and congenital
anomalies of the kidney and urinary tract [40 41]. Subject 16 had a definitive diagnosis

of mental retardation with language impairment and with or without autistic features. At
least one other individual with CDH associated with a FOXPZ variant has been published
previously [7]. The mouse homolog of FOXPI is expressed in the developing diaphragm,
and FOXP1 has a CDH-specific pathogenicity score of 96.9%. This leads us to conclude
that CDH is a phenotype that can be associated with mental retardation with language
impairment and with or without autistic features.

Putatively pathogenic variants in ANKRD11, FOXC2, MED12, MCPHI1, RASAI and
TCF12were identified in one individual with CDH+. The mouse homologs of these genes
are expressed in the developing diaphragm and all have CDH-specific pathogenicity scores
>80%. Although these findings provide some evidence that deleterious variants in these
genes may predispose to the development of CDH, we feel that the data at hand are
insufficient to allow us to conclude that CDH is a phenotype that can be associated with
their respective genetic disorders. Additional evidence for an association may came from the
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publication of more human cases or evidence of diaphragmatic defects in transgenic mouse
models. Experience suggests that dedicated diaphragm studies may be needed to identify
CDH in existing mouse models due to early lethality and incomplete penetrance which can
vary based on genetic background [42-45].

Study limitations

This study was based on coded data available from a clinical database. As such, we
recognize several limitations. First, this is a retrospective study on a subset of patients with
CDH-+ referred for clinical ES. As a result, it is possible that our cohort may represent a
selected population of individuals with CDH+ in which there was a higher likelihood of an
underlying genetic diagnosis. This type of selection bias would tend to inflate the diagnostic
yield. At the same time, individuals with CDH+ for whom a genetic diagnosis could have
been made by clinical ES may not have been referred since a molecular diagnosis was made
using single gene or panel testing. The exclusion of these individuals from our cohort would
tend to lower the diagnostic yield. With this in mind, we would suggest that future studies
aimed at confirming the results obtained here be conducted in a prospective manner in which
clinical ES is ordered on all individuals presenting with CDH+, or on all individuals with
CDH+ for whom array-based CNV analysis was negative.

The second limitation of this study is our inability to access additional clinical and
molecular information on individuals in our cohort. As a result, we cannot indicate what
percentage of individuals in our cohort underwent a chromosome analysis, array-based CNV
analysis, or targeted molecular testing. We are also unable to access information that might
have allowed us to confirm or refute a particular diagnosis. This lack of information is
unlikely to be of great importance with regards to individuals who received a definitive
diagnosis based on their ES results but may have allowed us to reclassify individuals

who received a probable or provisional diagnosis. This limitation could be minimized in a
prospective study in which researchers have full access to the medical record.

Recommendations for clinical practice

Given the high diagnostic yield of clinical ES we identified in our cohort of individuals
with CDH+ (37%; 28/76), we conclude that ES should be ordered in cases of CDH+

when a specific diagnosis is not suspected and CNV analyses are negative. Physicians and
surgeons should also consider ordering clinical ES in cases of isolated CDH in which there
is a positive family history. We also conclude that CDH is a relatively common phenotype
associated with Kabuki syndrome 1, and that CDH may be a phenotype associated with
ALGI12-congenital disorder of glycosylation, Rubinstein-Taybi syndrome, Fanconi anemia,
Coffin-Siris syndrome and FOXPI-related disorders. With this in mind, physicians should
not discount the possibility that a patient has one of these diagnoses based on their also
having CDH.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Individuals with CDH+ for whom a definitive, probable or provisional diagnosis was made by exome

sequencing.
Genel Variant(s) Inheritance Variant Diagnosis
Type
Definitive 19/76 = 25%
ABL1719] €.1066G>A, p.(A356T) De Novo Pathogenic Congenital heart defects and skeletal
malformations syndrome (MIM #617602)
ABL1 *[19] €.734A>G, p.(Y245C) De Novo Pathogenic 7
ADAT3’[20] | ¢.[586_587delinsTT];[587C>T], p. | Inherited in Trans | VUS, VUS Mental retardation, autosomal recessive 36,
[(A196L)];[(A196V)] (MIM #615286)

ALGI2 ¢.[165C>A];[437G>A], p.[(Y55 ’j]; Inherited in Trans | Pathogenic, ALGI12-CDG (MIM #607143)
[(R146Q)] Pathogenic

ANKRD11 .1372C>T, p.(R458*) Paternal Pathogenic KBG syndrome (MIM #148050)

BRCAZ2 ¢.[4965C>G];[7007G>C], p. Inherited in Trans | Pathogenic, Fanconi anemia, complementation group D1
[(Y1655 *)];[(R2336P)] Pathogenic (MIM #605724)

FBN1721] ¢.4786C>T, p.(R1596 ; De Novo Pathogenic Marfan syndrome (MIM #154700);

TRPSI De Novo Pathogenic Trichorhinophalangeal syndrome type |
€.1630C>T, p.(R5447 (MIM #190350)

Foxc2$ €.563_573del, p.(P188fs) De Novo Pathogenic Lymphedema-distichiasis syndrome (MIM
#153400)

FOXP1 €.1718_1722+8del, p.? De Novo Pathogenic Mental retardation with language
impairment and with or without autistic
features (MIM #613670)

KMT2D €.10258dupA, p.(13420fs) De Novo Pathogenic Kabuki syndrome 1 (MIM #147920)

KMT2D €.13543dupA, p.(R4515fs) De Novo Pathogenic “

KMT2D €.7613dupT, p.(Q2540Sfs) De Novo Pathogenic ”

MCPH1 c.[586delC];[586delC], p. Inherited in Trans | Pathogenic, Microcephaly 1, primary, autosomal

[(Q196fs)];[(Q196fs)] Pathogenic recessive (MIM #251200)
MYRE *[8] €.3239dupA, p.(E1081Gfs) De Novo Likely Cardiac-urogenital syndrome (MIM
Pathogenic #618280)
MYRF *[8] ¢.350_366delinsT, p.(G117Vfs) Not Maternal Likely ”
Pathogenic
PDHAI €.1035_1036dupGA, p.(1346Rfs) Not Maternal Pathogenic Pyruvate dehydrogenase E1-alpha
(Het in female) deficiency (MIM #312170)

RASAI1 ¢.1103-1G>T, p.? Paternal Pathogenic Capillary malformation-arteriovenous
malformation 1(MIM #608354); Partially
solved

SMARCA4 €.2936G>A, p.(R979Q) De Novo Pathogenic Coffin-Siris syndrome 4 (MIM #614609)

ZFPM2 €.757_761dup, p.(C255fs) ? Pathogenic Diaphragmatic hernia 3 (MIM #610187)

Probable 9/76 = 12%

ABL1 ¢.352T>C, p.(W118R) De Novo Likely Congenital heart defects and skeletal

Pathogenic malformations syndrome (MIM #617602)

ALGI12 ¢.[437G>A];[930_931delAC], p. Inherited in Trans | Pathogenic, ALG12-congenital disorder of glycosylation

[(R146Q)];[(R311fs)] Likely (MIM #607143)
Pathogenic
DDX3X €.1304T>C, p.(L435P) (Sex not De Novo Likely Pathognic | Intellectual developmental disorder, X-

indicated);

linked, syndrome, Snijders Blok type (MIM
#300958)
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Genel Variant(s) Inheritance Variant Diagnosis
Type
EP300 €.2660C>T Mosaic 12%, p.(T8871) | De Novo Likely Rubinstein-Taybi syndrome 2 (MIM
Mosaic Pathogenic #613684)
HCCS €.308_309insAGT, p.(V103dup) De Novo Likely Linear skin defects with multiple congenital
(Sex not indicated) Pathogenic anomalies 1 (MIM #309801)
KMT2D €.1967delT, p.(L656fs) ? Likely Kabuki syndrome 1 (MIM #147920)
Pathogenic
POGZz €.2849dupC, p.(V951Sfs) ? Likely White-Sutton syndrome (MIM #616364)
Pathogenic
TCF12 ¢.1808G>A, p.(R603Q) De Novo Likely Craniosynostosis 3 (MIM #615314)
Pathogenic
TRAF7 €.1886G>A, p.(S629N) De Novo Likely Cardiac, facial, and digital anomalies with
Pathogenic developmental delay (MIM #618164)
Provisional 7/76 = 9%
¢.[929A>G];[795A>C], p. Inherited in Trans | VUS, VUS Ehlers-Danlos syndrome,
[(Y310C)];[(E265D)] Maternal VUS spondylodysplastic type, 2 (MIM #615349)
B3GALT6 ¢.1144G>C, p.(D382H) (Hemi in Mucopolysaccharidosis 11 (MIM #309900)
male)
IDS
€.3592T>C, p.(Y1198H) ? VUS Rubinstein-Taybi syndrome 2 (MIM
EP300 ¢.—142C>G, p.? (Het in female) ? Pathogenic #613684)
DKC1 €.3298G>T, p.(D1100Y) ? VUS Dyskeratosis congenita, X-linked (MIM
5051 #305000)
Noonan syndrome 4 (MIM #610733)
FANCI €.2422A5T, p.(K808 7 Maternal Pathogenic Fanconi anemia, complementation group |
' (MIM #609053)
LRP2 ¢.[3667+1G>A];[5390A>G], p.[?]; Inherited in Trans | Likely Donnai-Barrow syndrome (MIM #222448)
[(N1797S)] Pathogenic, VUS
MED12 €.5691_5692delGT, p.(Y1898fs) De Novo Pathogenic MED12-related disorder (MIM #300895,
(Het in female) #305450, #309520)
SLC2A10 c.[67G>A];[67G>A], p.[(G23S)]; ? VUS, VUS Arterial tortuosity syndrome (MIM
[(G23S)] #208050); Partially solved
¢.1651-2A>G, p.? Not Maternal VUS Coffin-Siris syndrome 8 (MIM #618362)
SMARCCZ | ¢ 904C>T, p.(Q3027 Not Maternal VUS Nail-patella syndrome (MIM #161200)
LMX1B T

fGenes clearly associated with an increased risk of developing CDH are shown in bold.

11‘Originally reported as VUS/VUS prior to publication.

*
Subject was previously published.

§Mo|ecu|ar diagnosis made by exome sequencing on identical twin. *“ = same as above. ? = unknown. LP = Likely Pathogenic, P = Pathogenic,
VUS = variant of unknown significance.
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Candidate genes for which there is sufficient evidence to support a phenotypic expansion involving CDH.

Gene Disorder Expressed in | CDH- Number of Other cases of
the Pathogenicity | individualsin CDH reported
developing Score our CDH+ for this
diaphragm?+ cohort with gene/disor der

aphrag changesin this in humans?
geneand level
of certainty
ALG12 ALGI12-congenital disorder of glycosylation, | YES 48.2% 2; Definitive, Probable No/No
(MIM #607143)
BRCAZ2 Fanconi anemia, complementation group D1 YES 88.8% 1; Definitive No/Yes [28]
(MIM #605724)
EP300 Rubinstein-Taybi syndrome 2 (MIM YES 94.7% 2; Probable, Provisional | No/Yes [29]
#613684)
FOXP1 Mental retardation with language impairment | YES 96.9% 1; Definitive Yes [7]/Yes [7]
and with or without autistic features (MIM
#613670)
SMARCA4 | Coffin-Siris syndrome 4 (MIM #614609) YES 93.7% 1; Definitive No/Yes [30-32]

fDisorder associated with the gene of interest that most closely fits the phenotype descriptions of the individuals in which CDH+ was identified.

ils the mouse orthologue expressed in the developing diaphragm at embryonic day (E)11.5, E12.5 and E16.5 based on whole-transcriptome
expression profiles published by Russell et al [27].

*
Subject was previously published. N/D = Not done or not reported.
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Candidate genes for which there is currently insufficient evidence to support a phenotypic expansion involving

CDH.

Gene Disorder T Level of Expressed in the | CDH- Other cases
diagnostic developing Pathogenicity | of CDH
certainty diaphragm?* Score reported for

this
gene/disor der
in humans?
ADAT3 [20] | Mental retardation, autosomal recessive 36 Definitive N/D 48.5% No/No
(OMIM #615286)

ANKRDI11 KBG syndrome (OMIM #148050) Definitive YES 99.0% No/No

DDX3X Mental retardation, X-linked 102 (OMIM Provisional YES 28.2% No/No
#300958)

DKC1 Dyskeratosis congenita, X-linked (OMIM Provisional YES 51.3% No/No
#305000)

FANCI Fanconi anemia, complementation group | Provisional YES 25.0% No/Yes [28]
(OMIM #609053)

Foxcz Lymphedema-distichiasis syndrome (OMIM Definitive YES 83.3% No/No
#153400)
IDS Mucopolysaccharidosis 11 (OMIM #309900) Provisional YES 79.0% No/No
LMXIB Nail-patella syndrome (OMIM #161200) Provisional YES 98.6% No/No
MCPH1 Microcephaly 1, primary, autosomal recessive | Definitive YES 79.7% No/No
(OMIM #251200)

MEDI12 MED12-related disorder (OMIM #300895, Provisional YES 81.7% No/No
#305450, #309520)

PDHAI Pyruvate dehydrogenase E1-alpha deficiency Definitive YES 73.2% No/No
(OMIM #312170)

RASAI1 Capillary malformation-arteriovenous Definitive YES 91.35 No/No

malformation 1 (OMIM #608354) (Partial)

SMARCC2 Coffin-Siris syndrome 8 (OMIM #618362) Provisional YES 89.9% No/Yes [30-32]

S0S1 Noonan syndrome 4 (OMIM #610733) Provisional YES 74.3% No/Yes [7 33 34]

TCF12 Craniosynostosis 3 (OMIM #615314) Probable YES 84.9% No/No

TRAF7 Cardiac, facial, and digital anomalies with Probable YES 71.2% No/No

developmental delay (OMIM #618164)
TRPS17[21] | Trichorhinophalangeal syndrome, type | Definitive YES 84.6% No/No

(OMIM #190350)

fDisorder associated with the gene of interest that most closely fits the phenotype descriptions of the individuals in which CDH+ was identified.

ils the mouse orthologue expressed in the developing diaphragm at embryonic day (E)11.5, E12.5 and E16.5 based on whole-transcriptome
expression profiles published by Russell et al [27].

*
Subject was previously published. N/D = Not done or not reported.
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