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Exome sequencing efficacy and phenotypic expansions
involving esophageal atresia/tracheoesophageal fistula plus
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Abstract

Esophageal atresia/tracheoesophageal fistula (EA/TEF) is a life-threatening birth
defect that often occurs with other major birth defects (EA/TEF+). Despite advances
in genetic testing, a molecular diagnosis can only be made in a minority of EA/TEF+
cases. Here, we analyzed clinical exome sequencing data and data from the DECI-
PHER database to determine the efficacy of exome sequencing in cases of EA/TEF+
and to identify phenotypic expansions involving EA/TEF. Among 67 individuals with
EA/TEF+ referred for clinical exome sequencing, a definitive or probable diagnosis
was made in 11 cases for an efficacy rate of 16% (11/67). This efficacy rate is signifi-
cantly lower than that reported for other major birth defects, suggesting that poly-
genic, multifactorial, epigenetic, and/or environmental factors may play a particularly
important role in EA/TEF pathogenesis. Our cohort included individuals with patho-
genic or likely pathogenic variants that affect TCF4 and its downstream target
NRXN1, and FANCA, FANCB, and FANCC, which are associated with Fanconi anemia.
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1 | INTRODUCTION

Esophageal atresia (EA) and tracheoesophageal fistula (TEF) are com-
mon, life-threatening birth defects seen in ~1:3500-1:4500 live
births (Depaepe et al., 1993; Lupo et al., 2017). These defects arise
from failure of the proximal foregut to properly separate into distinct
respiratory (ventral) and gastrointestinal (dorsal) tubes between
28 days and 37 days postfertilization (loannides & Copp, 2009). In
the majority of cases, EA and TEF occur together, with isolated EA
accounting for ~8% of cases, and isolated H-type TEF with no EA
accounting for ~3% of cases (Scott, 1993). EA/TEF is associated with
high rates of mortality, which correlate positively with the coexis-
tence of other structural birth defects, and significant morbidity,
including the need for multiple hospitalizations and surgeries, feed-
ing intolerance, gastroesophageal reflux, failure to thrive, and recur-
rent infections (Little et al., 2003; Seo et al., 2010; Sulkowski
et al., 2014).

Between 50% and 84% of individuals with EA/TEF have at least
one additional congenital anomaly (EA/TEF+) with congenital heart
defects (CHD) being particularly common (Cassina et al., 2016; Seo
et al., 2010; Sulkowski et al., 2014). A subset of individuals with
EA/TEF+ can be described as having VACTERL association, which
describes the nonrandom association of vertebral (V), anal (A), cardiac
(C), TEF with esophageal atresia (TE), renal (R), and limb (L) anomalies
(MIM# 192350). In a subset of cases, a large chromosomal disorder, a
microdeletion/microduplication, or a single gene disorder can be iden-
tified as the cause (Brosens et al., 2016; Brosens, de Jong, et al., 2014;
Felix et al., 2007; Scott, 1993). Common examples include trisomy
18, DiGeorge syndrome (MIM# 188400) caused by recurrent micro-
deletions of chromosome 22qg11.2, and CHARGE syndrome (MIM#
214800) caused by pathogenic variants in CHD?. Failure to identify an
underlying cause in the majority of EA/TEF cases is likely due to fail-
ure to employ optimal genetic testing, limited knowledge about the
genes that cause EA/TEF, and/or the role of multifactorial or nonge-
netic factors in the development of EA/TEF (Brosens, Ploeg,
etal, 2014).

Here, we analyze a clinical database of ~17,000 exome sequenc-
ing test results to determine the diagnostic efficacy of exome
sequencing in individuals with EA/TEF+. We then use data from this
clinical cohort and individuals cataloged in the DECIPHER database
to identify associations between disease-causing genes and
EA/TEF+.

These cases, previously published case reports, and comparisons to other EA/TEF
genes made using a machine learning algorithm, provide evidence in support of a

potential pathogenic role for these genes in the development of EA/TEF.
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2 | MATERIALS AND METHODS

21 | Database analysis and clinical review

We searched coded information from a clinical database of ~17,000
individuals who were referred to Baylor Genetics for exome sequenc-
ing to identify individuals with EA/TEF+ based on the phenotypes
included in their test indications (Table S1). Individuals for whom a
molecular diagnosis was made using array-based copy number variant
(CNV) detection assays or other genetic tests were not included in this
study. Data for this cohort did not contain information on whether
exome sequencing was performed on a proband, duo, or trio basis.
Among the 18 individuals in which a molecular finding was reported,
inheritance data suggests that no parental samples were submitted for
2 subjects, at least 1 parental sample was submitted for 5 subjects, and
both parental samples were submitted for 11 subjects. One individual
in the cohort with TEF had a sister with TEF, and the cohort included
two brothers, both of whom had TEF. None of these individuals had a
molecular finding reported on their exome sequencing report.

We also searched for individuals with EA/TEF who carried
sequence variants, or rare, small (<2 Mb, and containing 1-20 protein-
coding genes) CNVs cataloged in the DECIPHER database (Firth
et al., 2009). Contact was made with each of the submitting centers
who then approved the publication of their patient's clinical and
molecular data (Tables S2 and S3). Subject S32 is part of the Deci-
phering Developmental Disorders (DDD) Study. Subjects S35 and S45
were previously published by Mattioli et al. (2017) and Umana et al.
(2011), respectively.

Variants reported by Baylor Genetics to be potentially related to
the clinical phenotypes listed in the indication for ES testing, and
sequence variants reported in DECIPHER, were reanalyzed and classi-
fied as pathogenic, likely pathogenic, or variants of uncertain signifi-
cance based on the American College of Medical Genetics and
Genomics (ACMG,) standards for variant interpretation using the most
current data available (Richards et al., 2015). Each potential diagnosis
was then designated as definitive, probable, or provisional based on
previously published criteria set forth by Scott et al. (2021). These cri-
teria take into account the ACMG classification of the variant(s), the
inheritance pattern within the family, variant configuration (cis
vs. trans), the sex of the proband, and the overlap between the pheno-
types listed in the indication and phenotypes previously shown to be

associated with disorders caused by the affected gene.



2.2 | Calculating diagnostic efficacy

The number of EA/TEF+ cases with a definitive or probable molecular
diagnosis was divided by the total number of cases to determine the
efficacy rate. This process was then repeated for the subset of
EA/TEF+ cases in which CHD was also included in the indication, and
the subset of EA/TEF+ cases in which the criteria for VACTERL asso-
ciation were fulfilled (at least two defining phenotypes in addition to
EA/TEF) based on the phenotypes listed in the indication.

2.3 | Literature and database searches

Genes affected by putatively deleterious variants that have not been
clearly associated with the development of EA/TEF, were designated
as EA/TEF candidate genes. We subsequently searched the literature
for reports in which each candidate gene, and/or their associated
genetic disorder(s), were mentioned in conjunction with EA and/or
TEF. We also searched the Mouse Genome Informatics database
(MGI; http://www.informatics.jax.org/) to determine if EA and/or TEF
were identified in mice bearing deleterious alleles in the mouse homo-

logs of these candidate genes (Blake et al., 2011).

24 | Machine learning
We have previously developed a machine learning algorithm that inte-
grates knowledge from genome-scale data sources including Gene
Ontology, the MGI, the Protein Interaction Network Analysis plat-
form, the GeneAtlas expression distribution, and transcription factor
binding and epigenetic histone modifications data from NIH Roadmap
Epigenomics Mapping Consortium, to rank genes based on their simi-
larity to a set of training genes known to cause a phenotype of inter-
est (Callaway et al., 2018; Campbell et al., 2013; Scott et al., 2021).
Briefly, the method is a supervised analysis procedure that employs
the input training set of known disease genes to construct a pattern in
genomic feature space and ranks genes with respect to their similarity
to the training set using quantitative similarity metrics. For protein-
protein interactions, the method considers the number of paths from
the protein encoded by a target gene to the proteins encoded by the
training genes using proteome-wide protein interaction network data
(Campbell et al., 2014), and then compares this path counts to a
genome-wide distribution. For the other knowledge sources, a cen-
troid is created by the mean characteristics of the training set, be they
annotations or tissue expression patterns. A multivariate distance
metric motivated by Mahalanobis distance computes the similarity of
the feature characteristics of a target gene, as annotated in the knowl-
edge source, to this centroid. Each gene is then ranked from highest
to lowest according to its similarity to the training set.

To generate EA/TEF-specific pathogenicity scores for all RefSeq
genes, we trained this machine learning algorithm with a set of

42 manually curated human genes that are known to cause EA/TEF or

whose mouse homologs have been shown to cause EA/TEF. This
EA/TEF training gene set included AAAS, AXIN1, CHD7, CHRD,
CPLANE2, CTNNB1, DYNC2H1, EFNB2, EFTUD2, FGFR3, FOXF1, FUZ,
GDF3, GDF6, GLI2, GLI3, IFT172, MKKS, MYCN, NDN, NKX2-1,
NKX3-2, NOG, PAX2, PCSK5, POR, RAB25, SHH, SNRPN, SOX17,
SOX2, SOX4, TBX1, TBX5, TCOF1, TERC, UBE3A, UPK3A, VANGL1,
WDR35, WHSC1, and WNT3 (Blake et al., 2011; Brosens, Ploeg,
et al., 2014). The inclusion of genes shown to cause EA/TEF in mice
was supported by the strong biological evidence of causality demon-
strated in these mouse models. The addition of these genes to the
training gene set also resulted in an improvement in cross-validation
scores (data not shown).

Cross-validation studies were performed to test the performance
of our machine learning procedure (Callaway et al., 2018; Campbell
et al., 2013). First, the full set of training genes was randomly broken
into four subsets of approximately equal size. The machine learning
procedure was then trained on each respective set, and a genome-
wide evaluation of all genes was performed including the excluded
subset of training genes. The percentiles of the excluded genes were
then recorded to assess performance. The procedure was repeated,
reciprocally, so that all training genes received cross-validated scores.

To visualize the performance of the procedure, we tabulated the
fraction of EA/TEF training set genes with percentile scores exceeding
various cutoffs. This allowed us to generate receiver operating charac-
teristic (ROC) style curves where the effectiveness of the procedure
corresponds to the area between the curve and a diagonal line which
represents the result that would be generated by chance alone
(Figure 1a). In this case, the ROC curves generated using data from
each knowledge source, and the average of the scores across all
knowledge sources, were positive. This provided evidence that our
scoring procedure can identify the EA/TEF training genes more effi-
ciently than random chance.

Having validated the algorithm, we then generated EA/TEF-
specific pathogenicity scores for all RefSeq genes based on the centile
rank of an omnibus score generated using fit data from all knowledge
sources as previously described (Callaway et al., 2018; Campbell
et al., 2013). By definition, the resulting EA/TEF-specific pathogenic-
ity scores ranged from 0% to 100%, with a median of 50%. In con-
trast, the EA/TEF training gene set had a range of 72.6%-99.9% with
median score of 99% (Figure 1b and Table S4), with CPLANE2 (72.6%),
TCOF1 (74.2%), EFTUD2 (80.2%), SNRPN (83.8%), and VANGL1
(84.6%) being outliers.

2.5 | Statistical analyses

Two-tailed Fisher's exact tests were performed using a 2 x 2 contin-
gency table calculator available through GraphPad QuickCalcs
(https://www.graphpad.com/quickcalcs/contingency1/) to compare
the diagnostic yields between subcohorts. Box plots were generated
using the Alcula.com Statistical Calculator: Box Plot program (http://

www.alcula.com/calculators/statistics/box-plot/).
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FIGURE 1 Generation and evaluation of EA/TEF-specific pathogenicity scores. (a) Receiver operating characteristic (ROC) style curves were
generated in validation studies of our machine learning scoring approach using individual knowledge sources (colored) and the average score from
all knowledge sources (black). The positive area underneath each curve indicates that our scoring approach identified training set genes known to
cause EA/TEF more efficiently than random chance (diagonal line). (b) After validation, EA/TEF-specific pathogenicity scores were calculated for
all RefSeq genes. The EA/TEF training gene set had a range of 72.6%-99.9% with median score of 99% with CPLANE2 (72.6%), TCOF1 (74.2%),
EFTUD?2 (80.2%), SNRPN (83.8%), and VANGL1 (84.6%) being outliers. This is significantly higher than the 50% median score (dashed line) for all
RefSeq genes. EA/TEF, esophageal atresia/tracheoesophageal fistula; Epi, epigenetic histone modifications data from NIH roadmap Epigenomics
mapping consortium; Exp, the GeneAtlas expression distribution; GO, gene ontology; MGI, the Mouse Genome Database; PINA, the protein
interaction network analysis platform; TF, transcription factor binding data from NIH roadmap Epigenomics mapping consortium.

3 | RESULTS

3.1 | Diagnostic efficacy of clinical exome
sequencing

In a clinical database of ~17,000 individuals who were referred for
exome sequencing, we identified 67 individuals with EA/TEF+ based
on phenotypes included in their test indications. Exome sequencing
provided a definitive (n = 10; 15%) or probable (n = 1; 1.5%) diagnosis
in 11 individuals for an efficacy rate of 16.4% (11/67). A provisional
diagnosis was made in 7 additional EA/TEF+ case (7/67, 10%). If
these provisional cases were included, the efficacy rate for EA/TEF+
would be 26.9% (18/67; Table S1).

In the subset of 39 individuals with EA/TEF+ who had a CHD, a
definitive or probable diagnosis was made in eight, for an efficacy
rate of 20.5% (8/39). In the subset of 23 individuals with EA/TEF+
who met criteria for VACTERL association, a definitive or probable
diagnosis was made in three, for an efficacy rate of 13% (3/23).
Although a higher efficacy rate was found for individuals with CHD,
and a lower efficacy rate was found for individuals who met criteria
for VACTERL association, these differences were not found to be sta-
tistically different than the subset of cases that did not have CHD
(3/28, 10.7%; p = 0.3366) and the subset of cases that did not meet
criteria for VACTERL association (8/44, 18.2%; p = 0.736),

respectively.

3.2 | Genes known to cause EA/TEF

The only gene that was recurrently found to cause EA/TEF in our clini-
cal cohort was CHD7. Heterozygous, loss-of-function variants in this
gene cause CHARGE syndrome (MIM# 214800). It has been previously
reported that ~15%-20% of individuals with CHARGE syndrome have
EA/TEF (Lalani et al., 1993). In our cohort, Subjects S3 and S4 carried
frameshift variants in CHD7, and S5 carried a stop-gain variant
(Table S1). Other individuals in our clinical cohort carried pathogenic or
likely pathogenic variants in other genes that have been clearly associ-
ated EA/TEF. These genes included EFTUD2 (Subject Sé) that causes
mandibulofacial dysostosis, Guion-Almeida type (MIM# 610536),
FGFR3 (Subject S9) that causes a variety of skeletal dysplasias, and
MYCN (Subject S12) that causes Feingold syndrome 1 (MIM# 164280).

3.3 | Candidate genes for EA/TEF

The majority of individuals in our clinical cohort who carried a defini-
tive or probable diagnosis had associated variants in human disease
genes that have not been clearly shown to cause EA/TEF. For the
remainder of our study, we considered these genes as candidate
genes for EA/TEF.

To identify additional candidate genes, we searched the DECI-
PHER database for individuals with EA/TEF who had sequence



changes or rare, small (<2 Mb and containing 1-20 protein-coding
genes) CNVs (Firth et al., 2009; MacDonald et al., 2014). We obtained
permission to publish the clinical and molecular data from 41 individ-
uals with EA/TEF who met these criteria; 14 individuals with
sequence variants (Subjects $19-S32; Table S2), and 27 individuals
with CNVs (Subjects S33-559; Table S3).

Some of the genes which were altered in individuals with EA/TEF
from DECIPHER have been shown to cause EA/TEF including CHD7
(Subjects S19 and S20) and EFTUD2 (Subjects $S21-524). The remain-
der had changes affecting genes not clearly associated with EA/TEF.
These genes were considered candidate genes for EA/TEF if they,
(1) were affected by single nucleotide variants associated with a defin-
itive or probable diagnosis, (2) were affected by a deletion and were
predicted to have high probability of loss-of-function intolerance
(pLI > 0.8 in gnomAD), or (3) if they may have been disrupted by a
duplication based on the presence of one or more breakpoints within
the gene (marked by an 1 in Table S3) and were predicted to have
high loss-of-function intolerance (pLI > 0.8 in gnomAD; Karczewski
et al., 2020).

34 |
EA/TEF

Associations between candidate genes and

Since EA/TEF is a relatively common birth defect, it is possible that it
arose in some individuals in our cohort independent of the changes
detected by exome sequencing or CNV analysis. As a means of deter-
mining which candidate genes for EA/TEF were the most likely to be
contributing to the development of this disorder, we used an
approach previously employed by Scott et al. (2021). Briefly, we
determined whether each gene associated with a definitive or proba-
ble diagnosis had been previously reported in association with
EA/TEF in humans, is known to cause a genetic syndrome previously
associated with EA/TEF, and/or had a high similarity to genes known
to cause EA/TEF based on a high EA/TEF-specific pathogenicity score
(285% rank compared with all RefSeq genes) generated using our
machine learning procedure. The results of these evaluations are sum-
marized in Tables 1-3.

In Table 1, we list genes for which there is sufficient evidence to
suggest an association with EA/TEF. In Tables 2 and 3, we list genes
carrying sequence variants, or genes potentially disrupted by CNVs,
respectively, for which there is currently insufficient evidence to sug-
gest an association with EA/TEF.

4 | DISCUSSION

Isolated EA/TEF is associated with an empiric sibling recurrence risk
of 1%, and an ~2%-4% recurrence risk in the offspring of an affected
individual (Shaw-Smith, 2006). These low recurrence risks, and a twin
concordance rate of ~2.5%, are consistent with a polygenic/
multifactorial inheritance pattern (Robert et al, 1993). The sibling
recurrence risk for nonisolated EA/TEF is often described as low in

most families, with a minority having a higher risk (~25%-50%) due to
a Mendelian disorder. Similarly, in the absence of a genetic diagnosis,
the offspring recurrence risk for EA/TEF and/or other VACTERL-
associated malformations has been estimated at ~2%-4%, but the off-
spring recurrence risk for individuals with a genetic diagnosis can be
up to 50% (Robert et al., 1993; Scott, 1993). Therefore, identifying an
underlying cause for EA/TEF through genetic testing can provide
more accurate and individualized recurrence risk estimates.

Other potential benefits of obtaining a molecular diagnosis
include improved prognostication and personalized medical manage-
ment that can optimize the use of medical resources and may lead to
the early identification and treatment of associated medical problems
(Matias et al., 2019; Niguidula et al., 2018). Despite these potential
benefits, exome sequencing is not universally ordered for individuals
with EA/TEF+ without a molecular diagnosis. This may be due to
uncertainty about the efficacy of exomes sequencing in individuals
with EA/TEF+.

4.1 | Efficacy of clinical ES in cases of EA/TEF+

In our clinical cohort of 67 individuals with EA/TEF+, exome sequenc-
ing provided a definitive or probable diagnosis in 11 individuals for an
efficacy rate of 16.4% (11/67). Given the potential benefits of a
molecular diagnosis, this efficacy rate is sufficiently high to suggest
that such testing should be considered for all individuals with
EA/TEF+ who do not have a molecular diagnosis.

The efficacy rate of clinical exome sequencing in individuals with
EA/TEF+ is significantly lower than the efficacy rate reported in indi-
viduals with other birth defects (Meng et al, 2017; Retterer
et al., 2016) including the 37% (28/76; p = 0.0082) rate for individuals
with congenital diaphragmatic hernia plus (CDH+) determined using
data from the same clinical cohort (Scott et al., 2021). This difference
is maintained if provisional diagnoses are included with the efficacy
rate for EA/TEF+ being 26.9% (18/67) compared with 46.1% (35/76)
for CDH+ (p = 0.024; Scott et al., 2021).

To further investigate this pattern, we reviewed chromosomal
microarray (CMA) data from Baylor Genetics. We found that patho-
genic or likely pathogenic CNVs were reported in 2% (1/51) of CMA
cases in which EA/TEF was listed as a phenotype and 10% (22/223)
of CMA cases in which CDH was listed as a phenotype. Although this
is consistent with the pattern seen in our exome sequencing results,
the difference in CMA efficacy rates did not reach statistical signifi-
cance (p = 0.09).

One possible reason for the difference in clinical exome sequenc-
ing efficacy rates between EA/TEF+ and CDH+ is that polygenic,
multifactorial, or nongenetic factors—environmental, epigenetic, or
stochastic factors—may play a greater role in the development of
EA/TEF than CDH. Unlike CDH, EA/TEF is a feature of VACTERL
association. Several maternal risk factors, such as conception via
assisted reproductive technologies, pregestational diabetes, and
chronic obstructive lower pulmonary diseases, are positively corre-
lated with the risk of having a child with VACTERL association
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TABLE 2 Genes with definitive or probable diagnoses that do not currently have sufficient evidence to support an association with EA/TEF

Other cases EA/TEF reported for this

gene/disorder in humans

EA/TEF specific

Level of diagnostic

certainty

pathogenicity score (%)

Subject ID; variant; ACMG interpretation

Disorder, MIM number

Gene

No/No

41.9

Probable

$13; c.814-6T>A [NM_015277.6] p.(?);

Periventricular nodular heterotopia 7,

NEDDA4L

likely pathogenic
S$32; ¢.5351T>C [NM_022455.5]

MIM# 617201
Sotos syndrome 1, MIM# 117550

No/No

854

Probable

NSD1

p.(lle1784Thr); likely pathogenic

S15; c.922A>G [

No/No

Definitive 71

]

NM_002834.5

LEOPARD syndrome 1, MIM# 151100;

PTPN11

p.(N308D); pathogenic

Noonan syndrome 1, MIM# 163950;
Metachondromatosis, MIM# 156250

No/No

[NM_006749.5] Definitive 43.6

c.731-18_738del26

Basal ganglia calcification, idiopathic, 1, S10;

SLC20A2

p.(?); pathogenic
$18; c.[1184_1187dupGCCG][1472G>A]

MIM# 213600

No/No

77.4

Definitive

Thyroid dyshormonogenesis 2A, MIM#

TPO

[NM_000547.6] p.[(A397Pfs*76)];
[(R491H)]; pathogenic/pathogenic

274500

Abbreviations: ACMG, American College of Medical Genetics and Genomics; EA/TEF, esophageal atresia/tracheoesophageal fistula.

(Lubinsky, 2018; van de Putte et al., 2020). Epigenetic factors have
also been postulated to contribute to the development of VACTERL
association (Lubinsky, 2018; Solomon, 2018).

In this study, the efficacy rate of exome sequencing in the subset
of individuals with EA/TEF+ who met criteria for VACTERL associa-
tion (13%; 3/23) was lower than that of the subset of cases that did
not meet criteria for VACTERL association (18.2%; 8/44), although
the difference was not statistically significant (p = 0.736). The efficacy
rate observed in VACTERL association cases from our cohort is com-
parable to the 14% (38/271) positivity rate of individuals referred to a
different reference lab (GeneDx) for exome sequencing who had
VACTERL association annotated as part of their clinical characteristics
(Solomon, 2018). Additionally, 10% (28/271) of individuals in this
GeneDx cohort had a reportable variant in a plausible candidate gene,
and 34% (91/271) had variants of unknown significance in genes that
correlated with the reported phenotypes. Solomon went on to report
that the exome sequencing efficacy rate for this cohort was lower
than the overall exome sequencing efficacy rate and, more specifically,
the exome sequencing efficacy rate of individuals with multiple con-
genital anomalies (Retterer et al., 2016; Solomon, 2018). Further
research into the genetic, epigenetic, and environmental factors that
contribute to the development of EA/TEF and VACTERL association
is warranted.

4.2 | Phenotypic expansions involving EA/TEF

421 | TCF4and NRXN1
Autosomal dominant, pathogenic variants in TCF4 are associated with
Pitt-Hopkins syndrome (MIM# 610954), a neurodevelopmental disor-
der characterized by global developmental delay, intellectual disability,
autism spectrum disorder, distinctive facial features, episodic hyper-
ventilation, and/or breath-holding, seizures, and severe myopia (Amiel
et al., 2007; Pitt & Hopkins, 1978; Zweier et al., 2007). Whalen et al.
(2012) described identical twins with Pitt-Hopkins syndrome, one of
whom had congenital anomalies including EA and a sacral mass, that
were not seen in her twin. Subject S17 had EA/TEF, neurodevelop-
mental phenotypes, dysmorphic features, congenital esotropia, and
myopia associated with a de novo <c1486+1G>T, p.(?)
[NM_001083962.2] pathogenic variant in TCF4. This gave her a defin-
itive diagnosis of Pitt-Hopkins syndrome and suggests that loss of
TCF4 function may lead to an increased risk of developing EA/TEF.
TCF4 encodes a basic helix-loop-helix transcription factor that
transactivates the NRXN1p and CNTNAP2 promoters in luciferase
assays (Forrest et al., 2012). This suggests that TCF4, NRXN1, and
CNTNAP2 may function in a common pathway during development,
and that disruption of this pathway may lead to a common set of phe-
notypes. Consistent with that hypothesis, autosomal recessive vari-
ants in NRXN1 are associated with Pitt-Hopkins-like syndrome
2 (MIM# 614325), and autosomal dominant NRXN1 variants are asso-
ciated with susceptibility to schizophrenia (MIM# 614332), develop-
mental delay, intellectual disability, abnormal behaviors, autism
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spectrum disorder, and seizures (Dabell et al., 2013; Harrison
et al.,, 2011; Kim et al., 2008; Lowther et al., 2017; Schaaf et al., 2012;
Zweier et al.,, 2009). Similarly, autosomal recessive and autosomal
dominant variants in CNTNAP2 are associated with Pitt-Hopkins-like
syndrome 1 (MIM# 610042) and autism susceptibility 15 (MIM#
612100), respectively (Alarcon et al., 2008; Zweier et al., 2009).

EA/TEF are not common features seen in NRXN1-related and
CNTNAP2-related disorders. However, TEF has been previously docu-
mented in one individual with a deletion overlapping the 5’ end of
NRXN1, indicating a deletion of one or more of exons 1-4 (Lowther
et al., 2017). Subject S31 had TEF, butterfly vertebrae, a dilated vesti-
bule of the inner ear, and a hearing abnormality and carried a likely
pathogenic ¢.2138C>G, p.(Ser713*) [NM_001135659.3] stop-gain
variant in NRXN1. In contrast, no individuals with EA/TEF harboring
putatively deleterious variants in CNTNAP2 were identified in this or
previous studies. However, large (>13 Mb) terminal 7q deletions
including CNTNAP2 have been documented in two patients with
EA/TEF (Busa et al., 2016; Speleman et al., 1992) and one patient with
esophageal stenosis (Zen et al., 2010).

Taken together these data suggest that deleterious variants in
genes associated with Pitt-Hopkins syndrome and related disorders—
especially TCF4 and NRXN1—may predispose to the development of
EA/TEF. Consistent with this possibility, we note that TCF4, NRXN1,
and CNTNAP2 had high EA/TEF-specific pathogenicity scores of
90.7%, 90.2%, and 81.1%, respectively.

422 | FANCA, FANCB, FANCC, and FANCL

Fanconi anemia (FA) is a genetically heterogenous disorder that can
be caused by pathogenic variants in at least 23 genes and is character-
ized by a variety of structural birth defects, bone marrow failure, and
increased risk for malignancy (Mehta & Ebens, 1993). EA and TEF are
seen in ~1.4% and 3.5%, respectively, of individuals with FA
(Giampietro et al., 1993). Here, we report individuals with variants in
four FA-associated genes: FANCA, FANCB, FANCC, and FANCL.

Faivre et al. (2005) described a boy with FA with EA/TEF who car-
ried two pathogenic FANCA deletions, one of exons 6-8, and one of
exons 11-21. More recently, Feng et al. identified four rare, heterozy-
gous variants in FANCA in individuals with EA/TEF (Feng et al., 2018).
In our study, Subject S25 is a 2-year-old male with TEF, a ventricular
septal defect, aplasia/hypoplasia of the forearm bones, a short thumb,
penoscrotal hypospadias, and 2-3 toe syndactyly who carried com-
pound heterozygous, pathogenic c.[2175_2182del];[3788_3790del], p.
[(Phe726Glufs*65)];[(Phe1263del)] [NM_000135.4] FANCA variants.

Holden et al. (2006) described a three-generation family with X-
linked VACTERL-H syndrome caused by a c¢.1496+5G>A
[NM_001018113.3] splice donor variant in FANCB that caused skip-
ping of exon 7. This family included a stillborn male fetus with
EA/TEF, hydrocephalus associated with an Arnold-Chiari malforma-
tion, CHD, unilateral renal agenesis on the right, a dysplastic left kid-
ney, missing thumbs, bilateral absent radii, lumbar spina bifida occulta,

and abnormal ears. McCauley et al. (2011) described two boys with

X-linked VACTERL-H and EA/TEF. The first had EA, dilation of the lat-
eral and third ventricles with a small fourth ventricle, right renal agen-
esis, left ureteric and pelvicalyceal dilation, absent thumbs and radii,
micropenis, a short neck, and eye and ear anomalies, associated with a
maternally inherited deletion of FANCB exons 8-10. The second had a
TEF, ventriculomegaly, absent thumbs and radii, and carried a
¢.2150T>G, p.Leu717* stop-gain variant in FANCB. In our study, Sub-
ject S45 is a previously published male infant with TEF, a ventricular
septal defect, renal hypoplasia, anal atresia, aplasia/hypoplasia of the
thumb, and hypoplasia of the radius, who carries a chrX:14,543,045-
15,074,800 deletion (hg38) that affects FANCB (Umana et al., 2011).
This deletion also includes GLRA2, whose loss is associated with intel-
lectual developmental disorder, X-linked, syndromic, Pilorge type
(MIM# 301076), and MOSPD2, which has a pLl score of 0.99 in gno-
mAD but is currently not associated with a genetic disorder in humans
(Pilorge et al., 2016).

Cox et al. (1997) reported an Ashkenazi Jewish, nonidentical twin
pair with VACTERL-H. The male fetus had TEF, dilated lateral ventri-
cles, right lung lobulation defects, duodenal atresia, intestinal malrota-
tion, an ectopic right kidney, absent right radius and thumb, and small,
dysplastic ears. The affected female fetus did not have EA/TEF. Both
homozygous for the pathogenic c.456+4A>T
[NM_000136.3] variant in FANCC that is commonly seen in individuals
of Ashkenazi Jewish ancestry (Kutler & Auerbach, 2004). In our study,

twins  were

Subject S7 was a female infant with EA/TEF, a ventricular septal
defect, a horseshoe kidney, duodenal atresia, an anteriorly placed
anus, a flexion contracture of the left wrist, a short thumb, a radial
defect, conductive hearing impairment, atresia of the external audi-
tory canal, absence of the clitoris, vaginal prolapse, clubbing of the fin-
gers, and a sacral dimple, who was homozygous for a pathogenic
c.1642C>T, p.(Arg548*) [NM_000136.3] stop variant in FANCC.

Vetro et al. (2015) reported a female and a male fetus from the
same family that had EA/TEF and cardio/pulmonary, renal, genital,
radial, and thumb anomalies. Genetic testing performed on the
male fetus revealed a homozygous c.268del, p.(Leu90Phefs*6)
[NM_018062.4] frameshift variant in FANCL. In our study, Subject S8
is a woman with EA/TEF, abnormal position of inferior vena cava,
pyloric stenosis, an inguinal hernia, polyarticular arthritis, irritable
bowel syndrome, skeletal abnormalities, and upslanting palpebral fis-
sures, who carries a maternally inherited ¢.1096_1099dup, p.
(Thr367Asnfs*13) [NM_018062.4] variant of unknown significance in
the FANCL gene. This change occurs in the final exon of the gene and
is not expected to trigger nonsense-mediated mRNA decay. A second
FANCL variant was not identified. Hence, it is unclear whether this
variant contributed to the phenotypes seen in Subject S8.

Although there is sufficient evidence to suggest an association
between EA/TEF and FANCA, FANCB, FANCC, and possibly FANCL,
the EA/TEF-specific pathogenicity scores of these genes are relatively
low—41.8%, 40.4%, 51.3%, and 38.7% respectively. This suggests that
they represent a distinct group of EA/TEF genes whose characteris-
tics differ from those of the other EA/TEF genes in the training set.
This difference is likely due, at least in part, to their unique role in

DNA damage repair, bone marrow function, and cancer.



4.3 | Other EA/TEF candidate genes

There is currently insufficient evidence to suggest an association
between the genes listed in Tables 2 and 3. However, some have high
EA/TEF-specific pathogenicity scores (>80%). These genes include
SVEP1 (91%), TMEM108 (84.4%), and ZFYVE? (89.1%) that have not
been associated with a specific genetic disorder but have high pLI
scores (20.9). It is possible that their haploinsufficiency may ultimately
be found to cause a genetic syndrome in which EA/TEF is a

phenotype.
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