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Whole exome sequencing identifies a mutation in EYAI and
GLI3 in a patient with branchio-otic syndrome and esophageal
atresia: Coincidence or a digenic mode of inheritance?
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Abstract. Branchio-otic (BO) syndrome is a clinically and
genetically heterogeneous disorder that presents with variable
branchial arch and otic anomalies. Dominant mutations in the
human homologues of the Drosophila eyes absent (EYAI)
gene, and the Drosophila sine oculis homeobox 1 and 5 (SIX/
and SIX5, respectively) genes have been causally associated
with BO syndrome. Esophageal atresia (EA), with or without
tracheo-esophageal fistula (TEF), is the most common type of
malformation of the upper digestive tract. To date, its causes
are poorly understood. The present study investigated a family
with three affected members who all presented with classic
BO associated symptoms. Notably, the index patient also
presented with the most common EA/TEF subtype type 3b.
Whole exome sequencing (WES) was performed in the index
patient, and prioritized genetic variants and their segregation
in the family were analyzed by Sanger sequencing. WES
demonstrated a known disease-causing heterozygous EYA]
splice variant in the patient, as well as his sister and mother;
all of whom were affected with BO syndrome. A further
GLI family zinc finger 3 (GLI3) splice variant of unknown
significance, inherited from the unaffected father, was also
detected in the index patient. EYA] and GLI3 are involved in
the Sonic Hedgehog transcriptional network and GLI3 seems
to be involved in human foregut malformations. Therefore, one
may hypothesize a digenic inheritance model involving EYA]
and GLI3, where the effect of the GLI3 variant observed here
only emerges in the background of the EYA defect.
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Introduction

The branchio-otic (BO) syndrome is characterized by bran-
chial arch and otic anomalies. It presents heterogeneously,
both clinically and genetically, and manifests with reduced
penetrance and variable expressivity (1). BO syndrome is a
rare autosomal-dominant disorder with a birth prevalence
of about 1:40,000 (1). The first identified causative gene was
the human homologue of the Drosophila eyes absent gene,
EYAI (2). Vincent et al (3) demonstrated that BOR (bran-
chio-oto-renal syndrome 1, BOR1; OMIM #113650) and
BOS (branchio-otic syndrome 1, BOS1; OMIM #602588) are
allelic disorders. Subsequently, mutations in the two human
homologues of the Drosophila sine oculis homeobox 1 and 5
genes (SIX1, SIX5) have been detected (4,5). To date, defects
of SIX5 have been exclusively found in patients who addi-
tionally presented with congenital renal anomalies, whereas
SIX1 mutations have been found in patients with the classic
BO phenotype. Evidence for further genetic heterogeneity
of BO syndrome was provided by Kumar et al, who linked
an additional form (BOS2; OMIM %120502) to a region on
chromosome 1q31 (6).

Esophageal atresia (EA) with or without tracheo-esophageal
fistula (TEF) are the most common malformations of the
upper digestive tract. EA/TEF comprises five anatomical
subtypes and these are classified on the basis of the location
and the type of anastomosis that exists between the trachea
and the esophagus (7). The birth prevalence of EA/TEF has
been reported with 1 in 3,000 live births (8). Approximately
50% of affected individuals show an isolated phenotype, while
the remaining patients present EA/TEF in combination with
other congenital malformations, e.g., cardiac or renal anoma-
lies (9). Furthermore, EA/TEF have been observed in over
50 distinct genetic syndromes, associations and sequences (9).
The likely causes of EA/TEF are heterogeneous and, to date,
remain poorly understood. However, previous study has
implicated several developmental genes with emphasis on
effectors of the Sonic Hedgehog (SHH) signaling pathway
[SHH, GLI family zinc finger 1 (GLI1), GLI2, GLI3] in mouse
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models (10). In this context, Motoyama et al (10) found that
in Gli2"" mice, a reduction of 50% in the gene dosage of Gli3
in a Gli2” background resulted in EA/TEF and a severe lung
phenotype, suggestive of a possible digenic inheritance model.

In the present study, we investigated a family with three
affected members who all presented with classic BO-associated
symptoms. Interestingly, the index patient also showed the
most common EA/TEF subtype type 3b according to Vogt (7).

Materials and methods

Subjects. Blood samples were collected from all family
members of the index patient and a further 18 patients with
EA/TEF and BO syndrome-associated anomalies, such as
hearing loss or malformation of the ears. Written informed
consent was obtained from all participants or from their
proxies in the case of legal minors. The study was approved by
the ethics committee of the Medical Faculty of the University
of Bonn and was conducted in accordance with the principles
of the Declaration of Helsinki.

Whole exome sequencing (WES) and data analysis. Blood
samples were obtained from the family under study and
isolation of genomic DNA from blood was carried out using
a Chemagic Magnetic Separation Module I (Chemagen,
Baesweiler, Germany).

Mutation analysis was performed on our patient by WES
(enrichment kit: Nimble Gene SeqCap ES Human Exome
Library 2.0) with the Genome Analyzer II (Illumina). Read
alignment and detection of variants was done with genome
analyzingsoftware(Varbank; www.varbank.ccg.uni-koeln.de/).
In particular, we filtered for high quality (coverage of more
than six reads, a minimum quality score of 10, VQSLOD
greater than -8) and rare (allele frequency <0.5%) autosomal
variants in EAY1, SIX] and EAYI-SIX1 pathway-related genes.
In order to exclude pipeline specific artifacts, we also filtered
against an in-house epilepsy cohort (n=511, AF <2%) of varia-
tions, which were created with the same analysis pipeline. The
filter conditions were set to be more sensitive following manual
inspections of aligned reads.

Variation analysis. Variations identified by WES were ampli-
fied from genomic DNA by polymerase chain reaction (PCR)
and automated sequence analysis was carried out using stan-
dard procedures. In brief, primers were directed to all observed
variations and the resultant PCR products were subjected to
direct automated BigDye terminator sequencing (3130XL
Genetic Analyzer; Applied Biosystems; Thermo Fisher
Scientific, Inc., Waltham, MA, USA). Both strands from each
amplicon were sequenced and segregation of the variations in
the family was investigated by sequencing the respective PCR
product in all members. Primer sequences for all gene variants
under investigation are available upon request.

Data from the observed allele frequencies harboring
the variants were obtained from the ExAc database (exac.
broadinstitute.org). Interpretation of identified missense
variants was carried out with the following prediction
programs: MutPred (www.mutpredl.mutdb.org), Polyphen-2
(www.genetics.bwh.harvard.edu/pph2/), HumVar (included
in Polyphen-2), SIFT (sift.jcvi.org) and PROVEAN (included
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in SIFT). The GLI3 splice variant was analyzed according
to Shapiro and Senapathy (11) and Human Splicing
Finder 3.0 (12).

Results

Clinical observations. The investigated family has
three affected members who all presented with classic
BO-associated symptoms (Table I and Fig. 1). Interestingly,
the index patient (I1.3) presented with branchial anomalies
(bilateral branchial cleft fistulas and preauricular pits) and
the most common EA/TEF subtype type 3b according to
Vogt (7). The sister (I1.2) and the mother (I.2) of the patient
also presented with BO syndrome-associated symptoms
(hearing loss or impairment, ear and neck fistulas). His elder
brother (II.1) had a preauricular tag. The father showed no
anomalies (Fig. 1). To the best of our knowledge, this is the
first report on the concurrence of BO syndrome and EA/TEF
to date.

WES and segregation of identified variants. In the context
of the index patient reported here, Eisner er al (13) were
recently able to show that several of the EA/TEF-associated
SHH pathway genes GLII, GLI2, and GLI3 interact with
the BO syndrome-associated EYAI-SIX] pathway genes.
Hence, we performed whole-exome sequencing (WES) in
the index patient (i) to identify disease causing variants
in EYAI-SIXI pathway genes (ii) and to identify variants
in EA/TEF-associated SHH pathway genes (13). Mutation
analysis was performed on our patient with WES and the
applied filtering identified more than 50 variants (data not
shown). From these, one obvious genetic variant explains
most of the congenital anomalies seen in the family. An EYA/
mutation (c.966+5G>A, according to ENSEMBL transcript
ENST00000340726, with the A of the start methionine as
no. 1) was present in the donor splice site of exon 10 in the
index patient. Sanger sequencing confirmed the mutation in
the patient as well as two other affected family members
(sister: II.2, and the mother, 1.2; Fig. 1 and Table I). This
mutation is known to cause exon skipping with a premature
termination codon in the resultant mRNA (14).

Our second analysis of the index patient's WES dataset
focused on candidate variants with an allele frequency of
<0.01 in SHH signaling pathway genes with special emphasis
on GLII, GLI2, GLI3, SUFU, NRPI, NRP2, and SMO. In this
context, we detected additional heterozygous variants in GLI/
(p.-Thr176Met), GLI3 (splice variant ¢.1028+3A>G, according
to ENSEMBL transcript ENST00000395025, with the A of
the start methionine as no.l), NRPI (p.Asp601Asn) and SMO
(p-Argl68His) (Table IT). Apart from the four variants in
GLII, GLI3, NRPI and SMO, WES did not detect any further
variations that might be attributable to EA/TEF in our patient.
Sanger sequencing confirmed all four variants in the index
patient (Fig. 1). Two of the four variants in GLI/ and SMO
were transmitted from the EYA carrying mother and the other
two variants in GLI3 and NRP] were transmitted from the
healthy father (Fig. 1). Since the mother did not present with
EA/TEF we excluded the two variants in GLII and SMO as
EA/TEF disease causing. As the variant in NRP] is located in
a region of low conservation (Table II), it was also excluded.
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11 1.2
EYAT wt/wt EYA1 wt/splice
GLI3 wt/splice GLI3 wt/wt
SMO wt/wt SMO wt/R168H
GLIT wt/wt GLIT wt/T176M
NRP1wt/D601N NRP1 wt/wt
.1 1.2 1.3
H o N

EYAT wt/wt EYA1 wt/splice EYAT wt/splice

GLI3 wt/wt GLI3 wt/wt GLI3 wt/splice

SMO wt/R168H SMO wt/wt SMO wt/R168H

GLIT wt/wt GLITwt/T176M  GLIT wt/T176M

NRPT wt/wt NRPT wt/wt NRP1 wt/D601TN

Figure 1. Pedigree of the family with BO syndrome. The index patient,
also presenting with esophageal atresia, is marked by an arrow. The pres-
ence/absence of gene variants detected by whole-exome sequencing is
indicated. Members affected with BO are shown in red, while unaffected
members are shown in blue; males and females are indicated by squares and
circles, respectively. BO, branchio-otic; wt, wild type; EYA1, Drosophila
eyes absent; GLI, GLI family zinc finger; SMO, smoothened, frizzled class
receptor; NRP1, neuropilin 1.

The remaining GLI3 splice site variation, ¢.1028+3A>G, is an
extremely rare variant (rs368499795), observed only once in
the ExAc database (n=121,314 alleles). According to Shapiro
and Senapathy (11), the A-to-G substitution slightly reduces
the consensus value (CV) for splice site recognition from a CV
of 0.887 for the wildtype sequence to a CV of 0.854 for the
mutant one. As Human Splicing Finder 3.0 (12) also predicts
this variation as most probably affecting splicing, these data
imply that this GLI3 variant interferes to a certain extent with
correct mRNA processing.

To elucidate a more common involvement of EYAI in the
etiology of EA/TEF, we screened a further 18 patients with
EA/TEF and BO syndrome-associated anomalies, such as
hearing loss or malformation of the ears, for variants in EYA].
Sanger sequencing revealed 15 intronic and exonic common
SNPs (allele frequencies all >0.08) and three further intronic
variants with no influence on a splice site or a branch point
(data not shown).

Discussion

The initial objective of the present study was to identify a genetic
etiology of BO syndrome and EA/TEF in the index patient.
Initially, WES demonstrated a heterozygous splice mutation in
EYAI. To date, this c.966+5G>A mutation has been reported in
nine other unrelated patients (Table I) (14-17), where it caused
a pleiotropic spectrum of features. Stockley er al (14) reported
the ¢.966+5G>A mutation in three BO syndrome patients, who
each presented with the most severe renal phenotype in their
cohort. However, it was associated without branchial and renal
anomalies in a patient reported by Song et al (16), and only
with branchial anomalies and congenital cataract in another
patient (15). Most recently, Bekheirnia ef al (17) detected the
¢.966+5G>A mutation in a patient solely affected with a renal
phenotype, i.e., vesicoureteral reflux and multicystic dysplastic
kidney. In the patient's family, the EYA] mutation caused
branchial anomalies in the index patient (I1.3) and all other
affected subjects (1.2, I1.2) as well as additional unilateral

Table II. Gene-prediction of the exonic variants with an amino-acid substitution and their conservation status.

MutPred (probability of

Variation frequency

deleterious mutation)

SIFT

Polyphen

Dr Gg Xt

Mm

Substitution

Variation

Gene

rs$755035040 (5.912x107%)

0.290

Damaging

Probably damaging

T

T

c.527C>T T176M

c.1028+3A>G

GLII

15368499795 (8.24x10°)

n/a
0.326
0.524

n/a
Damaging
Damaging

n/a
Possibly damaging
Possibly damaging

GLI3

rs145594886 (4.97x107)

A
K

D
R

c.1801G>A D60IN

c.503G>A

NRPI

161746143 (0.009458)

R168H

SMO

Variation frequency was determined using Exome Aggregation Consortium (exac.broadinstitute.org). Mm, Mus musculus; Dr, Danio rerio; Gg, Gallus gallus; Xt, Xenopus tropicalis; n/a, not applicable

as prediction programs do not score splice variants, however, Human Splicing Finder 3.0 (12) predicts that it most probably affects splicing; GLI, GLI family zinc finger; SMO, smoothened, frizzled class

receptor; NRP1, neuropilin 1; SIFT, scale-invariant feature transform.
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hearing loss in the mother (I.2). The older brother (I1.1) of the
index patient only presented with unilateral preauricular tag,
a common benign congenital malformation of the external
ear (18) possibly attributable to BO syndrome. Consequently,
he was negative for the EYAI mutation. In conclusion, the
detected EYAI mutation should explain all of the BO features
observed in the index patient and the other family members.

Our second analysis of the index patient's WES dataset
focused on candidate variants with an allele frequency of <0.01
in SHH signaling pathway genes. Evaluation of prioritized
genes revealed the presence of an additional potential patho-
genic GLI3 splice variant (c.1028+3A>G) in the index case.
Heterozygous mutations in GLI3 are amost likely cause of Greig
cephalopolysyndactyly syndrome (GCPS; OMIM #175700)
and Pallister-Hall syndrome (PHS; OMIM #146510), both
inherited as an autosomal dominant trait (19,20). Both disor-
ders manifest polyaxial polydactyly with other overlapping
features. However, neither a literature review nor the reviews
of 174 GCPS/PHS patients, provided by Johnston et al (19,20),
revealed the presence of our GLI3 splice variant or EA/TEF in
these patients. Yet, Yang ez al (21) reported a de novo missense
GLI3 variant (p.M111T) in a patient with EA with hemiverte-
brae, resembling the phenotypic spectrum in murine models as
reported by Motoyama et al (10).

Human Splicing Finder 3.0 (12), predicted the conse-
quence of the c.1028+3A>G variant as most probably
affecting splicing. However, according to Shapiro and
Senapathy (11), the A-to-G substitution only slightly reduces
the CV for splice site recognition, suggesting formation
of a relevant amount of normally spliced mRNA, thereby
avoiding GLI3 functional haploinsufficiency. This would
explain the absence of typical phenotypic features caused by
autosomal dominant GLI3 mutations, as observed in patients
with Pallister-Hall syndrome, Greig cephalopolysyndactyly
syndrome or different forms of polydactyly (22). However, a
small decrease in the formation of correct GLI3 transcripts
may interfere with the fine-tuning of the Eyal-Six/-SHH
pathway. In mutant mice lungs, Lu et al (23) have shown that
SixI and Eyal act together to regulate SHH/GIi3 signaling
activity. Lewandowski and coworkers reported that more
than 40 GLI target genes in the mammalian limb bud are
predominantly regulated by GLI3, but show a different spatio-
temporal requirement for SHH signaling (24). Moreover, it
has been reported that in murine peri-cloacal mesenchyme,
SixI and Eyal functionally interact with the SHH pathway
and that both these transcripts are down regulated in SHH
mutants (25). Based on these observations, and since segre-
gation analysis revealed the inheritance of the GLI3 splice
variant from the unaffected father, one may speculate about
adigenic inheritance model involving EYAI and GLI3, where
the effect of the GLI3 variant emerges only in the background
of the EYAI defect.

However, the recent work of Eisner et al (13), who described
Eyal and Six] as key components of the Shh transcriptional
network with Eyal and Six/ as co-regulators of Gli tran-
scriptional activators during normal organ development, and
several other findings are suggestive of a direct involvement
of EYAI/Eyal in esophageal development in vertebrates. In
mice, Eyal has been shown to play a critical role in epithelial,
mesenchymal and vascular morphogenesis of the embryonic

MOLECULAR MEDICINE REPORTS 17: 3200-3205, 2018

lung as an upstream coordinator of SHH fibroblast growth
factor 10 (Fgf10) signaling (26). It has been shown that the
foregut epithelium gives rise to the esophagus, trachea, lungs,
thyroid, stomach, liver, pancreas, and hepatobiliary system and
there is experimental evidence that they are derived from a
common progenitor cell population in the ventral foregut (27).
Hence, in case of EYAI haploinsufficiency, impairment of
this SHH-FGF10 cascade might also interfere with correct
esophageal development. In zebra fish, requirement of Shh and
Fgf10 for esophageal morphogenesis has been reported (28)
and similarly, disruption of the Fgf10 gene during the critical
period of separation of the trachea and esophagus caused
tracheo-esophageal malformations in a mouse model (29).
Moreover, it has been shown in mice that the Shh-Fgf10 cascade
controls the patterning of the tracheal cartilage rings (30), and
that defective Shh and Fgf signaling plays a role in the patho-
genesis of EA/TEF (31). Here, the coexistence of the EYA]
mutation and the additional variant in trans in GLI3 of our
patient is suggestive of a possible digenic mode of inheritance
and might explain the co-occurrence of BO syndrome and
EA/TEF in our patient. Screening of 18 EA/TEF patients with
BO syndrome-associated phenotypic features did not reveal
any additional EYA] mutation. While investigations of larger
EA/TEF cohorts with BO syndrome-associated phenotypic
features are warranted, our present approach to elucidate the
coincidence of BO syndrome and EA/TEF in the index patient
did not imply trio-based WES analysis. Hence, we cannot
exclude any other possibly disease causing de novo mutations
as the cause of EA/TEF in our patient.
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