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BOR and BO Syndromes Are Allelic 
Defects of EYA 1 

Abstract 
Branchio-oto-renal (BOR) syndrome is an autosomal dominant disease char
acterized by varying combinations of branchial, otic and renal anomalies. By 
positional cloning, a candidate gene, EYA 1, homologous to the drosophila eyes 
absent gene, has recently been identified at 8q13.3 and shown to underlie this 
syndrome. The name branchio-oto (BO) syndrome has been used to describe a 
similar combination of branchial and otic anomalies, without the association 
of renal anomalies. Whether BOR and BO syndromes involve the same gene 
was unknown. To address this question, we analyzed two large independent 
families for which each of the 8 affected members present exclusively with BO 
syndrome. In both families, linkage analysis mapped the causative gene to the 
same chromosomal region as EYA1. A search for mutations in 9 of the EYAl 
coding exons identified a 2-bp insertion segregating in one family and an 8-bp 
deletion segregating in the other. These results demonstrate that EYA 1 also 
underlies BO syndrome, and that BOR and BO syndromes are allelic defects 
of this gene. 

The name branchio-oto-renal (BOR) syndrome was 
first used in 1975 [1], to refer to a syndromicform of deaf
ness associating branchial anomalies, i.e. clefts, fistulas, 
or cysts, otic anomalies affecting the outer, middle and/or 
inner ear and renal anomalies ranging from mild dyspla
sia to bilateral aplasia. BOR syndrome has an autosomal 
dominant mode of inheritance with variable expressivity 
and incomplete penetrance. Deafness can range from 
mild to severe, and this syndrome has been estimated to 
account for 2% of profoundly deaf children [2]. The iden
tification of an 8q chromosomal rearrangement in a 
patient presenting with tricho-rhino-phalangeal, bran
chial and otic anomalies [3] had focused the linkage analy
sis of BOR-affected families to this chromosomal region 

[4]. The gene responsible for BOR syndrome was subse
quently mapped between the markers D8S543 and 
D8S286, a distance of 7 cM [5]. Further characterization 
of the aforementioned chromosomal rearrangement led to 
the identification of an associated deletion [6, 7] that 
allowed refinement of the gene interval to 470-650 kb [7]. 
Recently, using a positional cloning strategy, we identi
fied and cloned a human homologue of the drosophila 
eyes absent gene [8], EYA1, mapping within the gene 
interval [9]. The identification of seven different muta
tions within EYAl in BOR-affected patients established 
that this gene underlies BOR syndrome [9]. Other syn
dromes, branchio-oto (BO), branchio-oto-ureteral (BOU), 
comprising abnormalities of the branchial arches and 
deafness have been described [for a review, see 10]. BO
affected individuals present with the same branchial and 
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otic anomalies as those seen in BOR-affected patients but 
lack renal anomalies. Due to the existence of families 
made up exclusively of BO-affected individuals, BO syn
drome was initially considered to arise from either a dif
ferent mutation in the gene responsible for BOR syn
drome or a defect in a different gene [1]. Subsequent 
reports describing individuals within the same family 
affected with either BOR or BO syndrome led to the con
clusion that, at least in some cases, the same mutation 
underlies both diseases [11]. However, to date, only a few 
BOR-affected families have been reported to carry muta
tions in EYAI and no BORIBO-affected families have 
been tested [9]. Moreover, even though no genetic hetero
geneity has been reported for BOR syndrome, this possi
bility cannot be eliminated. To address the molecular 
basis of BO syndrome, BO-affected families were col
lected. Preliminary linkage analysis of one of these fami
lies argued that the causative gene mapped to the same 
interval as the gene responsible for BOR syndrome [5]. 
We report here on the linkage analysis of the other large 
family that confirms this earlier localization. In addition, 
the identification of mutations in the coding exons of 
EY A 1 in both families demonstrates that the same gene 
underlies both BOR and BO syndrome. 

Materials and Methods 

Linkage Analysis 
Genomic DNA was prepared from peripheral blood lymphocytes 

using standard procedures. A set of 4 microsatel1ite markers mapping 
proximal (D8S543) and distal (D8S530, D8S279, D8S286) to the 
translocation-associated deletion [7] were chosen for linkage analy
sis. Amplification and gel analysis of the microsatellite repeats were 
performed as described [5]. Two-point lodscores between the BO 
locus and each of the microsatellite markers, were calculated using 
the programs MLINK and ILINK of the LINKAGE package (version 
5.2) [12]. The pairwise lodscores were estimated using a penetrance 
value of 100% and the Genethon derived allele frequencies [13]. 

Mutation Characterization 
Eight of the C-terminal coding exons of EYAl, exon z and exons 

A to G, encoding the protein sequence from amino acid position 241 
to 533, were amplified and sequenced using intronic primers [9]. 
Amplification and subcloning of PCR products into a HincH di
gested M13 vector were carried out as previously described [14]. By 
genomic sequencing, an exon, exon z', encoding the protein sequence 
from amino acid position 59 to 107, was identified. Exon z' was 
amplified and sequenced using the following intronic primers: 

exz'.F 5'GTGATGTGGTTGTT AA TCGGT3' 
exz'.R 5'ACACAGAAGGTGACAACACGT3' 

PCR amplification for the exon z' was carried out as previously 
described [14]. 

BOR and BO Syndromes Are Allelic 
Defects of EYAI 

Results 

The Gene for BO Syndrome Maps to the Same Region 
as EYA1 
To ensure the correct diagnosis of BO syndrome, 

affected and unaffected individuals from families A and B 
underwent clinical, biological and radiological examina
tions. All the affected individuals examined (5 from fami
ly A and 7 from family B) presented with branchial anom
alies consisting of branchial cervical fistulas, situated 
mainly at the level of third branchial arch in family A and 
at the level of second branchial arch in family B. The out
er ear anomalies consisted of a cup-shaped pinna (3 indi
viduals from family A and 4 from family B) and a preauri
cular pit (4 individuals from family A and 5 from family 
B). Audiometric testing was performed at frequencies of 
125,250, 1,000,2,000,4,000 and 8,000 Hz for pure-tone 
air conduction and 250, 500, 1,000,2,000 and 4,000 Hz 
for bone conduction. A pure sensorineural deafness, with 
a mean hearing loss of 45 dB HL (decibels hearing level), 
was noted in 1 individual from family A and in 2 from 
family B. A mixed-type deafness (sensorineural and con
ductive), with a mean hearing loss of 60 dB HL, was 
observed in 4 individuals from both families A and B. A 
pure conductive deafness, with a mean hearing loss of 40 
dB HL (associated with a sensorineural notch centered on 
frequency 2,000 Hz), was observed in only one individual 
(family B). No evidence of renal anomalies was obtained 
by clinical examination, biological analysis of renal func
tion (uremia and creatininemia) nor by high-resolution 
renal ultrasonography. 

Previous linkage analysis of family A resulted in a 
maximum lodscore of 1.5 for marker D8S279 (at e = 0) 
[5]. Linkage analysis using the polymorphic markers 
flanking the aforementioned translocation-associated de
letion (see Materials and Methods) was performed for 
7 affected individuals from family B, as well as for unaf
fected members. A maximum lodscore of2.67 for marker 
D8S279 (at e = 0) was obtained for family B. In neither of 
the two families did a recombination event occur between 
this marker and the gene interval in affected or unaffected 
individuals (fig. 1). Previous results for unaffected indi
vidual 16 [VIIIP in 5] from family A have shown that a 
recombination event between the marker D8S543 and the 
disease locus had occurred, thus localizing the gene re
sponsible for BO syndrome distal to that marker [5]. In 
individual 13 from family B, a recombination event has 
occurred between the marker D8S286 and the disease 
locus, thus mapping the gene proximal to this marker. 
These two recombination events map the causative gene 
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Fig. 1. Pedigrees of families affected with BO syndrome, showing haplotypes for marker D8S279 and flanking 
recombinant markers D8S543 and D8S286. Filled symbols represent patients exhibiting deafness and branchial 
anomalies, empty symbols correspond to unaffected individuals. 

to a 7-cM interval flanked by D8S543 and D8S286; this 
interval contains EYA 1. 

EYAI Mutations in BO-Affected Individuals 
A search for possible DNA rearrangements within 

EYA1 in BO-affected individuals was performed by 
Southern blot analysis. Probes corresponding to the EYA 1 
cDNA were hybridized to Southern blots containing 
TaqI, MspI and EcoRI digested DNA from individuals of 
both families. No DNA rearrangements were detected 
(data not shown). A search for mutations was subsequent
ly performed by sequencing. We had previously defined 
the limits of exons A to G, and exon z, which encode part 
of the C-terminus of the protein (amino acid position 
241-533) [9]. Additional genomic sequences obtained 
allowed us to characterize another exon (encoding a 49 
amino acid fragment, position 59 to 107, see Materials 
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and Methods) hereafter referred to as exon z'. Sequence 
analysis of these 9 eXvilS in both familieS identified two 
mutations (fig. 2). In each of the affected individuals from 
family A, a mutation consisting of a 2-bp (GT) insertion 
in exon A, at position 870, was observed. Within family B, 
each affected member carried an 8-bp deletion in exon z', 
at position 297. The two mutations result in a frameshift 
of the coding phase leading to a premature stop codon. 
None of the unaffected members of either family carried 
these mutations. 

Discussion 

Recently, EYA1 has been demonstrated to underlie 
BOR syndrome [9]. Analysis of the expression pattern of 
the orthologous murine gene, Eya1, has shown that this 
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Family B - Non-affected 
J J 

CAGG ACAG1~GTACGGCA1MTCCT 

Family B - Affected 
CAGG ACAG1<M- T T TCCTCA1M- TGG T 

Exon z' 
8 bp deletion 

Family A - Non-affected 
TTT~TAGAGAGTGloTCATCTGGG~( 

• 

Family A- Affected 
J J 

T T :foG T AG AG AGT"a,TGT TCATCT~GC: 

ExonA 
2 bp insertion 

• 

Fig. 2. EYAl mutations in exon A and exon z', 

gene is expressed early in the developing ear (middle and 
inner ear), as well as in the metanephric mesenchymal 
cells just as they begin to condense due to an induction by 
the dividing ureteric branches. These results are consis
tent with the clinical and paraclinical features of BOR 
syndrome which are indicative of a developmental defect 
taking place between the 4th and the 10th week of 
embryogenesis [9]. The nuclear localization of the dro
sophila eyes absent gene product [8] suggests that EYAI 
may encode a developmental transcription factor. How
ever, the nuclear localization of this 559 amino acid pre
dicted protein has yet to be demonstrated. 

The results presented here show that mutations in 
EYAI can be responsible for BO syndrome. The two 
mutations described above have been transmitted over 
3-4 generations with complete penetrance and do not 
result in renal anomalies in any of the 12 BO-affected 

BOR and BO Syndromes Are Allelic 
Defects of EYAl 

individuals examined. Three main hypotheses could ac
count for mutations in EYAI being responsible for either 
BOR or BO syndrome. First, the type of mutations pre
viously detected in BOR-affected patients suggests that 
this disease results from haploinsufficiency, thus indicat
ing that the normal activity of EYAI is close to the thresh
old level required for the appearence of clinical defects. 
One can predict that a minimal increase in protein con
centration, relative to the critical level, can prevent the 
appearance of some of the symptoms. In the context of 
this hypothesis, renal development would be less sensitive 
to a decrease in EYAI concentration than would the 
development of the ear and branchial arches. Second, a 
modifier gene could modulate the phenotypic expression 
of EYAI mutation. Third, different types of mutations 
within EYAI could account for both BOR and BO syn
dromes. The first hypothesis does not explain the fact that 
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all affected individuals from families A and B have the 
same phenotypic features. The possible existence of a 
modifier gene cannot be ruled out, but such a gene would 
have to cosegregate with EYAl and thus lie in close prox
imity to this gene. The first two hypotheses are well suited 
for families in which some members are affected by BOR 
syndrome and some by BO syndrome. The last hypothesis 
seems to be the most attractive explanation for families in 
which members are exclusively affected by BO syndrome. 
The two observed mutations reported here lead to a fra
meshift and are thus expected to be as deleterious as the 7 
previously detected mutations in BOR-affected patients 
[9]. Nevertheless, no mutation in the two exons (A and z') 
has been found in the BOR-affected patients tested to 
date. Accordingly, it is tempting to propose that these two 
exons are spliced out in at least some EYA 1 kidney tran
scripts. Examination of the 5' and 3' exon boundaries 
indicate that exon A can be individually spliced out with
out modification of the reading frame, while exon z' 
would have to be spliced out with other exon(s) in order to 
maintain the ORF. Exon A encodes part of the region 
sharing high homology with the drosophila eyes absent 

gene product, named eyaHR, a region shared by the two 
other identified members of the EYA family, EYA2 and 
EYA3 [9]. Exon z' encodes part of the N-terminal region, 
which is not highly conserved. We have recently obtained 
indications for the existence of various trancripts derived 
from EYAl [unpubl. data]. Even if, for the time being, 
these alternatively spliced products do not involve exons 
A and z', the present results would incite a search for such 
transcripts during the period of kidney morphogenesis 
which is disrupted in BOR-affected embryos. Finally, this 
work suggests that EYA 1 is a good candidate gene for oth
er syndromes associating branchial and otic anomalies, 
such as BOU syndrome. 
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