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Abstract

We report on the molecular characterization of a microdeletion of approximately 2.5Mb at 2p11.2 

in a female baby with left congenital aural atresia, microtia, and ipsilateral internal carotid artery 

agenesis. The deletion was characterized by fluorescence in situ hybridization, array comparative 

genomic hybridization, and whole genome re-sequencing. Among the genes present in the deleted 

region, we focused our attention on the FOXI3 gene. Foxi3 is a member of the Foxi class of 

Forkhead transcription factors. In mouse, chicken and zebrafish Foxi3 homologues are expressed 

in the ectoderm and endoderm giving rise to elements of the jaw as well as external, middle and 

inner ear. Homozygous Foxi3−/− mice have recently been generated and show a complete absence 

of the inner, middle, and external ears as well as severe defects in the jaw and palate. Recently, a 

7-bp duplication within exon 1 of FOXI3 that produces a frameshift and a premature stop codon 

was found in hairless dogs. Mild malformations of the outer auditory canal (closed ear canal) and 

ear lobe have also been noted in a fraction of FOXI3 heterozygote Peruvian hairless dogs. Based 

on the phenotypes of Foxi3 mutant animals, we propose that FOXI3 may be responsible for the 

phenotypic features of our patient. Further characterization of the genomic region and the analysis 

of similar patients may help to demonstrate this point.
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INTRODUCTION

Congenital Aural Atresia (CAA) is a rare malformation of the ear in humans. It presents 

unilaterally more often than bilaterally. Its characteristics can vary from a narrow external 

auditory canal and hypoplasia of the tympanic membrane and middle ear cleft to a complete 

absence of middle-ear structures and anotia. CAA might be present as an isolated 

malformation but is also seen as a feature in syndromes and chromosomal anomalies, like in 

deletions of the long arm of chromosome 18 [Altmann, 1955; Cremers et al., 1988; Schinzel, 

2002]. To our knowledge, TSHZ1 (OMIM614427: teashirt zinc finger homeobox 1) mapped 

to 18q22.3 may be the only reported gene whose hemizygosity leads to congenital aural 

atresia as a result of haploinsufficiency [Feenstra et al., 2007].

Craniofacial abnormalities often arise during development of the pharyngeal arches. The 

complexity of arch derivatives is reflected in their development, which requires an intricate 

orchestration of interactions between the ectoderm, endoderm and mesoderm, together with 

neural crest cells that populate each arch [Chai and Maxson, 2006; Szabo-Rogers et al., 

2010]. In the last 15 years, much progress has been made in identifying the molecular 

signals that coordinate the early development of pharyngeal arches [Minoux and Rijli, 

2010]. For example, secreted signals such as Sonic Hedgehog and Fibroblast Growth Factor 

8 are crucial for correct craniofacial development and exert their influence through 

regulation of a number of transcription factor networks present in the developing pharyngeal 

arches [Ahlgren andBronner-Fraser, 1999; Trumpp et al., 1999;David and Rosa, 2001; 

Yamagishi et al., 2003; Brito et al., 2006; Haworth et al., 2007]. Elucidating the function of 

transcription factors during craniofacial development has provided much insight into the 

etiology of craniofacial abnormalities [Cox, 2004].

The Foxi class of Forkhead transcription factors has been shown to play important roles in 

early craniofacial development. Foxi genes (foxi1 in zebrafish and Foxi3 in amniotes) are 

expressed in early non-neural ectoderm, later becoming restricted to the preplacodal region 

that will give rise to all craniofacial sensory organs [Solomon et al., 2003; Ohyama and 

Groves, 2004a; Streit, 2007; Khatri and Groves, 2013], followed by expression in the 

ectoderm and endoderm of the pharyngeal arches [Ohyama and Groves, 2004b; Nissen et 

al., 2003; Solomon et al., 2003; Khatri and Groves, 2013; Edlund et al., 2014]. Homozygous 

zebrafish mutants of foxi1 and mouse Foxi3 mutants fail to form an inner ear and lack many 

derivatives of the pharyngeal arches including the jaw [Solomon et al., 2003; Nissen et al., 

2003; Edlund et al., 2014].

These phenotypes, together with the expression patterns of zebrafish foxi1 and mouse and 

chicken Foxi3 suggest these three genes may be functional homologues. In addition, mouse 

Foxi3 is expressed in a number of ectodermal appendages such as whisker follicles, hair 

follicles, and tooth germs, [Drogemuller et al., 2008] where it is regulated by the 

ectodysplasin signaling pathway [Shirokova et al., 2013]. The first spontaneous mutation of 

FOXI3 gene was identified in Mexican and Peruvian hairless dogs and Chinese crested 

dogs. All three breeds have an identical 7 base pair duplication early in the coding sequence 

before the DNA binding domain predicted to result in a functional null allele [Drogemuller 

et al., 2008]. The phenotype of hairless dogs is inherited as a monogenic autosomal semi-
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dominant trait and is classified as canine ectodermal dysplasia (CED) because these dogs 

have missing or abnormally shaped teeth in addition to sparse or absent hair [O'Brien et al., 

2005]. The frameshift mutation within the FOXI3 coding sequence and its embryonic 

expression pattern identified FOXI3 as a regulator of ectodermal appendage development 

[Drogemuller et al., 2008]. However, to date, no human families carrying FOXI3 mutations 

have been identified. Here, we provide the first report on a human case with a deletion of the 

entire FOXI3 gene in a female with left congenital aural atresia and ipsilateral internal 

carotid artery (ICA) agenesis. Our analysis of the patient, together with further analysis of 

the craniofacial abnormalities of FOXI3 mutant dogs presented here, suggests FOXI3 

mutations may be responsible for congenital aural atresia in humans and dogs.

MATERIAL AND METHODS

Clinical Report

The proposita is the second child of nonconsanguineous parents. By history, her father had 

hypoacusia and tinnitus, so he underwent left ear surgery when he was 25; no further 

information was available about the operation. She was born at 38 weeks of gestation by 

caesarean. At birth, she presented with a left small dysmorphic pinna (microtia), complete 

atresia of the left external auditory canal (EAC), mild facial asymmetry, deviation of the 

mouth during crying. She came to our observation at the age of 16 days for further 

investigation of episodes of cyanosis during feeds. Velopharyngeal insufficiency without 

cleft of hard or soft palate was demonstrated. The neonate had normal hair and normal skin 

with normal sweating. No other malformations were evident, such as vertebral, cardiac or 

renal abnormalities. The phenotypic features of the patient are shown in Figure 1.

Temporal bone computerized tomography (CT) revealed left mixed stenosis of the entire 

external auditory canal including its membranous and bony portions, with a small middle ear 

cavity and hypoplastic mastoid complex (Fig. 2A,B,C). The left ossicular chain was 

dysmorphic with fusion and rotation of the malleolar – incudal articulation. Aberrant course 

of mastoid portion of left facial nerve was also noticed. Inner ear structures and internal 

auditory canals were bilaterally normal. No abnormalities of the EAC and middle ear 

structures were seen on the right. Interestingly, the left spinous foramen and carotid canal 

were not visible at the level of skull base, suggesting the persistence of the stapedial artery 

and agenesis of the internal carotid artery (Fig. 2D, E). The patient subsequently underwent 

an MR angiogram (MRA) showing the absence of flow-related signal intensity within the 

left ICA. The ipsilateral ophthalmic artery and middle cerebral artery originated from the 

posterior communicating artery while a patent anterior communicating artery supplied the 

left anterior cerebral artery. Brain MRI was otherwise normal. At the age of 4 months her 

growth and psychomotor development was normal. Left deafness was demonstrated by 

brainstem auditory evoked response which failed to show both peripheral and brainstem 

components on the left side. A normal brain stem auditory evoked response was recorded on 

the right side.
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Cytogenetic and Array CGH Analyses

Standard GTG banding was performed at a resolution of 400–550 bands on metaphase 

chromosomes from peripheral blood lymphocytes of the patient and her parents. Molecular 

karyotyping was performed on the patient and her parents using the Human Genome CGH 

Microarray Kit G3 400 (Agilent Technologies, Palo Alto, USA) with _7.2 Kb overall 

median probe spacing. Labeling and hybridization were performed following the protocols 

provided by the manufacturers. A graphical overview was obtained using the Agilent 

Genomic Workbench Lite Edition Software 6.5.0.18. A fluorescent in situ hybridization 

(FISH) experiment was performed with probes RP11–525L16 (containing FOXI3 gene; 

Red, Bluegnome Ltd., Cambridge UK) and subtelomeric probe dj892G20 (Green; Cytocell 

Aquarius, Cambridge, UK) selected according to the UCSC Human Genome Map Feb. 2009 

(GRCh37/hg19).

Whole Genome Sequencing Analysis

A fragment library with 300 bp insert size was prepared from genomic DNA. One lane of 

Illumina HiSeq2000 paired-end reads was collected (2_100 bp). We obtained a total of 

169,419,059 paired-endreads or roughly 10x coverage. The reads were mapped to the human 

GRCh37 reference genome with the Burrows-Wheeler Aligner (BWA) version 0.5.9-r16 

with default settings and yielded 156,510,049 uniquely mapping reads [Li and Durbin, 

2009]. After sorting the mapped reads by the coordinates of the sequence with Picard tools, 

PCR duplicates were also labeled with Picard tools (http://sourceforge.net/projects/picard/). 

The Genome Analysis Tool Kit (GATK version 0591, [McKenna et al., 2010]) was used to 

perform local realignment and to produce a cleaned BAM file. Variants calls were then 

made with the unified genotype module of GATK. Variant data for each sample were 

obtained in variant call format(version4.0) as raw calls for all samples and sites flagged 

using the variant filtration module of GATK. The BAM-file was visually inspected in the 

critical interval chr2:87,500,001–92,000,000 using the integrative genomics viewer (IGV) 

[Robinson et al., 2011].

RESULTS

Cytogenetic and Array CGH Analyses

The patient was initially referred for cytogenetic analysis because of external and internal 

ear anomalies and cranio-facial abnormalities. On the basis of the phenotype we performed 

an array-CGH analysis of the patient and her parents. The array-CGH analysis showed an 

interstitial deletion of _2.474Mb at band p11.2 of chromosome 2 inherited from the father. 

The deletion spanned from probe A_16_P00422994 (87,790,841 bp) to probe 

A_18_P13306010 (90,265,119 bp) flanking by probe A_18_P13304801 (87,776,265 bp) and 

probe A_16_P00424442 (91,693,395 bp) (GRCh37/hg19) (http://genome.ucsc.edu/) (Fig. 

3A). FISH analysis with probe RP11–525L16 containing FOXI3 gene confirmed the 

deletion (Fig. 3B). Low Copy Repeats (LCR) clusters on chromosome 2 at p11.2 flank the 

deleted region. The distal LCR is at chr2:87,730,959–88,320,829 and the proximal LCR, 

which contains the immunoglobulin kappa locus (IGK), at chr2:89,055,232–90,265,886. For 

these two blocks a large number of variants have been reported in the normal population 

(Database of Genomic Variants: http://dgv.tcag.ca/dgv). Finally, there is a gap of 1.05Mb in 
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the human GRCh37 reference genome following the proximal LCR (chr2:90,545,104–

91,595,103). Thus, the deleted region consisted of the gap in the assembly and the two LCRs 

flanking a central single copy region with eight protein-coding genes: KRCC1 

(NM_016618.1) lysine-rich coiled-coil 1, SMYD1 (OMIM 606846) SET and MYND 

domain containing 1, FABP1 (OMIM 134650) fatty acid binding protein 1, THNSL2 

(OMIM 611261) threonine synthase-like 2, FOXI3 (OMIM612351) forkhead box I3, 

TEX37 (NM_152670.2) testis expressed 37, EIF2AK3 (OMIM 226980) eukaryotic 

translation initiation factor 2-alpha kinase 3, and RPIA (OMIM 608611) ribose 5-phosphate 

isomerase A. There is also one miRNA gene, MIR4780, annotated in this interval (NCBI 

annotation release 104) (Table I, Fig. 1C).

Genome Sequence Results

The whole genome sequence analysis confirmed the results of the cytogenetic analysis 

(Table S1). Due to the highly complex repeat structures in the critical region of chromosome 

2, it was not possible to define the exact deletion breakpoints using short-read sequence 

data. However, the average sequence coverage in the central single-copy region of the 

critical interval was roughly 50% compared to the average coverage of the genome, which is 

in agreement with a heterozygous deletion. The sequence data indicated full coverage and 

heterozygous genotypes in the patient at chr2:87,768,690 and 91,935,028, respectively. 

These positions thus define the maximal size of the deleted region and are in good 

agreement with the aCGH data.

The whole genome sequence data were visually inspected for protein coding variants in the 

central single copy region of the deletion (chr2:88,320,830–89,055,231). A total of 10 such 

variants were identified. At each of these variants the patient carried the variant allele in 

presumably hemizygous state. All these variants have been previously identified and are 

present in dbSNP build 138 indicating that they are most likely non-pathogenic. The 

sequence data confirmed intact open reading frames for the remaining copies of the eight 

deleted protein coding genes except for _200 nt at the extremely GC-rich 5'-end of the 

FOXI3 gene that were not covered by the Illumina sequence reads (Table S1). Based on 

these results, and on the aural phenotype of FOXI3 mutant dogs (see below), FOXI3 was 

considered the best candidate among the eight genes in the critical region.

Evidence for Aural Atresia in Peruvian Hairless Dogs

Recently, a 7-bp duplication within exon 1 of FOXI3 that produces a frameshift and a 

premature stop codon was found in hairless dogs [Drogemuller et al., 2008]. The phenotype 

of hairless dogs is now classified as canine ectodermal dysplasia (CED), which is inherited 

as a monogenic autosomal semidominant trait. Mild malformations of the external auditory 

canal and ear lobe are relatively occasional findings (The Society of Finnish Chinese 

Crested Dog, http://www.kiinanharjakoirat.fi, and personal communication with breeders of 

Mexican and Peruvian Hairless dogs). We performed a clinical examination, CT scan, and 

autopsy of one Peruvian Hairless dog that was euthanized at the age of 4 weeks due to 

auditory defects. The dog lacked an external auditory canal and had a small tympanic cavity 

on the right side, but had normal hearing and ear anatomy on the left side (Fig. 4). This 

observation, together with the known expression of FOXI3 in the ectoderm of the first and 
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second pharyngeal arches [Nissen et al., 2003; Solomon et al., 2003; Ohyama and Groves, 

2004; Khatri and Groves, 2013; Edlund et al., 2014; Khatri et al., 2014], suggests that 

FOXI3 might also have a role in the morphogenesis of external structures of the ear.

DISCUSSION

We identified a female patient with an approximately 2.5Mb interstitial deletion of the short 

arm of chromosome 2 at band 2p11.2 inherited from her father. The breakpoints of the 

deletion fall inside two blocks of LCRs, where there are directly oriented subunits with high 

sequence identity that could mediate non-allelic homologous recombination (NAHR) [Shaw 

and Lupski, 2004]. The deleted region contains eight protein-coding genes, including 

FOXI3. Two patients with FOXI3 deletion are reported in the DECIPHER database (http://

decipher.sanger.ac.uk/). Patient n.252352 has a 4.56Mb deletion and shows, among other 

abnormalities, dysmorphic large ears and widely spaced and abnormally shaped teeth, as 

observed in FOXI3 mutant dogs [O'Brien et al., 2005]. The other patient (DECIPHER n.

253836) has a 1.86Mb deletion and intellectual disability is the sole reported phenotypic 

feature.

Canine FOXI3 mutants have abnormalities when present in heterozygous and homozygous 

state. Homozygous dogs are never born and are presumed to be embryonic lethal, similar to 

what is seen in zebrafish and mouse mutants [Nissen et al., 2003; Solomon et al., 2003; 

Edlund et al., 2014]. The FOXI3 external ear phenotype is unilateral, relatively rare, and 

exclusively found in heterozygous FOXI3 dogs. Dogs with the ear phenotype have been 

shown to be unilaterally deaf in ABR (Auditory Brainstem Response) testing. Due to the 

limited amount of information available from breeders, it is not clear which proportion of 

FOXI3 +/− dogs have abnormalities of their outer ears. This seems to be a variable 

phenotype due to incomplete penetrance or variable expressivity. Homozygous Foxi3 −/− 

mice have recently been generated and show a complete absence of the inner, middle, and 

external ears as well as severe defects in the jaw and palate [Edlund et al., 2014]. 

Homozygous mutant mice die between embryonic day 11 and birth. However, unlike dogs 

and humans, heterozygous Foxi3+/− mice show no apparent defects in any of these 

structures, on either congenic or outbred backgrounds [Edlund et al., 2014].

The phenotypic features of dog FOXI3 mutants are surprisingly similar to those present in 

our patient. In fact, the girl showed a left small dysmorphic pinna (microtia), complete 

atresia of the left external auditory canal, mild facial asymmetry, anomalies of middle ear 

structures. Moreover, she presented the persistence of stapedial artery, which is a remnant of 

second aortic arch, and the agenesis of internal carotid artery that is a derivative of the 3rd 

arch. Interestingly, her father reported to have had problems to left ear. Her father presented 

with hypoacusia and tinnitus, so he underwent left ear surgery when he was 25; no further 

information was available about the operation.

To our knowledge, this is the first reported case of a human FOXI3 gene deletion. Based on 

this observation, we propose that FOXI3 could be responsible for the phenotypic features of 

our patient. The other genes in the deleted region do not appear to have a causative role for 

the phenotype, but we cannot exclude their involvement with certainty. Further 
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characterization of the genomic region and the analysis of other patients may definitively 

demonstrate this point.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Phenotypic features of the girl. A) mild facial asymmetry, B) right normal ear, C) left small 

dysmorphic pinna (microtia).
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Figure 2. 
Axial temporal CT of the patient A) shows lumpy featureless pinna (thin white arrow), 

absent EAC (asterisk) and complete bony atresia (white arrow). Note the absence of left 

carotid canal (black arrowhead) compared to the normal controlateral carotid canal (white 

arrowhead). Axial temporal CT at a higher level (B) depicts rotation and fusion of the 

incudo-malleolar joint (black arrowhead) and partial fusion of the incus to the lateral wall of 

the epi-tympanum (white arrow). Coronal temporal CT (C) reveals dehiscence and abnormal 

course of the tympanic portion of the left facial nerve (black arrowhead) compared to the 

normal controlateral nerve (white arrowhead). Brain MRI (D) axial T2-weighted 3D driven 

equilibrium technique (DRIVE) shows absent flow void in the left ICA (black arrow). 3D 

time-of-flight MR angiogram (E) confirms absent flow related signal in the left ICA (open 

white arrow). The left middle cerebral artery is directly supplied by the posterior circulation 

through a posterior communicating artery, whereas the left anterior cerebral artery is 

supplied through a patent anterior communicating artery.
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Figure 3. 
Results of array-CGH and FISH analyses: A) Array-CGH analysis shows an interstitial 

deletion ~2.474 Mb at band 2p11.2 of chromosome 2. The deleted region extends between 

oligomers probe A_16_P00422994 (87,790,841 bp) to probe A_18_P13306010 (90,265,119 

bp) flanking by probe A_18_P13304801 (87,776,265 bp) and probe A_16_P00424442 

(91,693,395 bp) (Feb. 2009 (GRCh37/hg19) Assembly). The deleted region is flanked by 

large complex LCR clusters on chromosome 2 at p11.2 distal LCR (chr2:87,730,959–

88,320,829) and proximal LCR (1.210 Mb, chr2:89,055,232–90,265,886). B) FISH 

experiment was performed with probes RP11-525L16 (FOXI3) (red signal) and a 

subtelomeric probe dj892G20 (green signal); arrow indicates the deleted chromosome 2 and 

arrowhead the normal chromosome 2. C) Extract from the UCSC genome browser (http://

genome.ucsc.edu/) GRCh37/hg19 shows the deleted region of our patient and its gene 

content, including the FOXI3 locus (circled).
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Figure 4. 
Auditory malformations in hairless dogs D) right normal ear, E) left dysmorphic pinna, F) 

CT scan of a 4-week-old Peruvian Hairless puppy demonstrates the absence of external 

auditory canal (EAC) (asterisk) and small tympanic cavity (arrowhead) on the right side 

compared to the normal structures, tympanic cavity (open arrowhead) and EAC (arrow) on 

the left side of the head. Supplementary table 1. Summary of the whole genome sequence 

analysis
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Table 1

Genes located in the deleted interval

Gene Symbol Gene mRNA Accession OMIM Known Haploinsufficiency Phenotype

KRCC1 lysine-rich coiled-coil 1 NM_016618.1 n.a. Unknown

SMYD1 SET and MYND domain 
containing 1

NM_198274.3 606846 Smyd1+/− mice reported to be normal

FABP1 fatty acid binding protein 1 NM_001443.2 134650 Unknown

THNSL2 threonine synthase-like 2 NM_018271.4 611261 Unknown

FOXI3 forkhead box I3 NM_001135649.1 612351 FOXI3+/− dogs always ectodermal dysplasia and 
occasionally ear malformations; Foxi3+/− mice 
reported to be normal

TEX37 testis expressed 37 NM_152670.2 n.a. Unknown

EIF2AK3 eukaryotic translation initiation 
factor 2-alpha kinase 3

NM_004836.5 226980 EIF2AK3+/− humans and mice reported to be normal

RPIA ribose 5-phosphate isomerase A NM_144563.2 608611 RPIA+/− humans reported to be healthy

MIR4780 microRNA 4780 NR_039940.1 n.a. Unknown
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