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A Mutation in HOXA2 Is Responsible
for Autosomal-Recessive Microtia
in an Iranian Family

Fatemeh Alasti,1,2 Abdorrahim Sadeghi,2,3,8 Mohammad Hossein Sanati,4 Mohammad Farhadi,5

Elliot Stollar,6 Thomas Somers,7 and Guy Van Camp1,*

Microtia, a congenital deformity manifesting as an abnormally shaped or absent external ear, occurs in one out of 8,000–10,000 births.

We ascertained a consanguineous Iranian family segregating with autosomal-recessive bilateral microtia, mixed symmetrical severe to

profound hearing impairment, and partial cleft palate. Genome-wide linkage analysis localized the responsible gene to chromosome

7p14.3-p15.3 with a maximum multi-point LOD score of 4.17. In this region, homeobox genes from the HOXA cluster were the

most interesting candidates. Subsequent DNA sequence analysis of the HOXA1 and HOXA2 homeobox genes from the candidate region

identified an interesting HOXA2 homeodomain variant: a change in a highly conserved amino acid (p.Q186K). The variant was not

found in 231 Iranian and 109 Belgian control samples. The critical contribution of HoxA2 for auditory-system development has already

been shown in mouse models. We built a homology model to predict the effect of this mutation on the structure and DNA-binding

activity of the homeodomain by using the program Modeler 8v2. In the model of the mutant homeodomain, the position of the mutant

lysine side chain is consistently farther away from a nearby phosphate group; this altered position results in the loss of a hydrogen bond

and affects the DNA-binding activity.

provided by Elsevier - Publisher Con
Introduction

Microtia (MIM %600674) is a congenital deformity of the

outer ear and occurs in approximately one in 8,000–

10,000 births. It is characterized by a small, abnormally

shaped outer ear. It can be unilateral or bilateral. Almost

80% of the microtic cases are unilateral. In unilateral

microtia, the right ear is more frequently affected (approxi-

mately 60% of the unilateral cases).1–3 The patients with

unilateral microtia usually have normal hearing in the

other ear. Microtia occurs more commonly in males. Mi-

crotia and aural atresia MIM (%607842), referring to the

narrowing or absence of the ear canal, tend to occur

together because the outer ear and the middle ear evolve

from a common embryological origin.1–5

Microtia is divided into four grades. Although most of the

features of a normal ear, such as the lobule, helix, and anti-

helix, are present in grade I, the external ear is smaller than

normal. This can occur with or without aural atresia. In grade

II, the normal features of the external ear are absent. A lobule,

a helix, and an anti-helix are present, but they are small and

not well formed. In grade III, the external ear consists of a ver-

tical skin appendage with a malformed lower end of the ear

lobe. There is usually firm tissue made up of cartilaginous ves-

tige at the upper end. The extreme case when there is noexter-

nal ear or auditory canal is called anotia, or microtia grade IV.6

Syndromic forms of microtia occur in conjunction with

other abnormalities. The associated malformations are
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mainly found in the bilateral cases. The most common

associated malformations are cleft lip or palate, limb-

reduction defects, renal abnormalities, cardiac defects,

anophtalmia or microphtalmia, polydactyly, and vertebral

anomalies, which are combined with hearing loss.2,3,7

The most common syndromes associated with microtia

are hemifacial microsomia, also known as Goldenhar ra-

dial defect syndrome (HFM [MIM %164210]), and Treacher

Collins syndrome (TCS [MIM #154500]). There are other

syndromes, such as Nager syndrome (MIM 154400),

CHARGE association1,3,8 (MIM #214800), and Facio- or

Oculo-auriculo-vertebral spectrum (OAV [MIM %164210]),

which involves facial, renal, vertebral, and eyelid defects.

Goldenhar syndrome is part of the OAV spectrum.9,10

The auricle results from the fusion of six auricular hill-

ocks from the first and second branchial arches that sur-

round the first pharyngeal groove during the sixth week

of gestation. The auricle is usually complete by the 12th

week. Initially, the auricle forms at the base of the neck,

but as the mandible develops, the auricles migrate to their

normal anatomical position.11 Microtia occurs when the

tissues that form the auricle fail to develop properly.

Although the causes of microtia are poorly understood,

gestosis, anemia, and certain medications, such as isotreti-

noin or thalidomide, taken by the mother during preg-

nancy have been implicated.4,12 However, it is believed

that genetic components are also involved because addi-

tional familial cases are found in 9%–34% of microtic
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patients.10,13 Monogenic forms with autosomal-dominant

or -recessive inheritance of microtia,10,14–17 as well as chro-

mosomal abnormalities1,3 including four trisomies (13, 18,

21, and 22) and three deletions of a chromosome arm

(5p�, 18p�, and 18q�), have been reported.3,18

We report on a missense mutation in the HOXA2 (MIM

*604685) homeobox gene in a consanguineous family

with bilateral microtia, severe to profound hearing im-

pairment, and partial cleft palate. This is the first report

of a mutation in this gene in a human Mendelian disorder.

Methods and Materials

Subjects
We ascertained a consanguineous Iranian family IR-SA-27 from

Persian ethnicity and segregating with autosomal-recessive bilat-

eral microtia. This family contains four affected individuals. Blood

samples were taken from ten family members. DNA samples of 231

unrelated Iranian and 109 Belgian nonmicrotic hearing individ-

uals were used as controls. All of the participating individuals

from the family IR-SA-27 signed an informed consent form prior

to their inclusion in this study. This research was approved by

the Institutional research council at the National Institute for

Genetic Engineering and Biotechnology (NIGEB), Tehran, Iran

and the Ethical Committee of the University of Antwerp, Belgium.

Clinical Examinations
Otoscopy

Three affected members of the family IR-SA-27 were examined by

an otorhinolaryngologist in the Rasoul-e-Akram hospital in Teh-

ran, Iran. These affected individuals underwent otoscopic exami-

nations for outer- and middle-ear morphology. Patients were phys-

ically examined and interviewed so that they could be evaluated

for syndromic features including lip or palate cleft, limb defects

and renal, cardiac, eye, neurological and mental abnormalities.

Auditory and Tympanotomy Tests

Pure tone audiometry was carried out under quiet ambient condi-

tions at frequencies ranging from 250 to 8000 Hz for air conduc-

tion and 250 to 4000 Hz for bone conduction. The audiometric

testing was performed according to standard protocols.

Vestibular Examinations

For evaluation of the vestibular system, videonystagmography

(VNG), including spontaneous nystagmus, evaluation of saccade,

gaze, and rebound nystagmus, positional tracking, and hallpike

examinations as well as bithermal caloric testing, was performed.

High-Resolution Computer Tomography Scan and Magnetic

Resonance Imaging

For tracing inner-ear malformations and assessing the ossicular

mass, the nature of the atretic plate (either bony or soft), the posi-

tion and course of the facial nerve, the degree of development of

the external ear canal, and the degree of mastoid pneumatization,

high-resolution computer tomography (CT) and magnetic reso-

nance imaging (MRI) scans were carried out. An axial and coronal

high-resolution CT scan (1 mm slices in coronal and transverse di-

rections) of the temporal bone was performed for individuals with

microtia and hearing impairment. Two patients underwent MRI of

the ears. Sagittal and axial T1, FSE T2, and FLAIR in addition to

coronal T2-W sequences were obtained. The patient with a facial

motor problem underwent an additional brain MRI. Sagittal T2

and axial T1, FSE T2, and FLAIR, in addition to post-contrast axial,
The
coronal, and sagittal T1-weighed sequences, were obtained for the

brain MRI.

Additional Clinical Tests

Blood biochemistry, urine analysis, cell blood counting (CBC),

electrocardiography, and radiological X-ray examinations were

also performed. Blood sugar, urea, creatinine, uric acid, cholestrol,

triglycerids, calcium, phosphate, sodium, potassium, and alkaline

phosphatase were measured for biochemical analysis. Urine was

analyzed for color, appearance, specific gravity, pH, the presence

of proteins, glucose, ketones, bilirubin, urobilinogen, and the pres-

ence of blood cells and bacteria. Radiographs were taken from dif-

ferent bones, including those of the skull, hands, feet, arms, wrists,

legs, tibia, cervical spine, pelvis, and chest. Kidneys were investi-

gated bilaterally with ultrasonography.

Genotyping
Genomic DNA was isolated from EDTA-treated peripheral blood

samples from ten family members according to a standard salt-

ing-out method.19 Genome-wide linkage analysis was performed

with 500 short tandem repeat polymorphic (STRP) markers across

all chromosomes by deCode Genetics (Reykjavik, Iceland). For

subsequent fine mapping, additional STRP markers in the linked

region were genotyped. PCR reactions for STRP markers were per-

formed according to a standard procedure. The analysis of fluores-

cently labeled amplified STRP markers was carried out by capillary

electrophoresis with an ABI 3130 DNA sequencer (XL Genetic

Analyzer). Alleles were assigned with GeneMapper v.3.7 (Applied

Biosystem).

Linkage Analysis
Two-point parametric linkage analysis was performed with the

Superlink version 1.4 option of the easyLINKAGE plus version

4.01beta software, and multipoint LOD scores were calculated

with the Simwalk version 2.91 option of easyLINKAGE. This

program estimates allele frequencies on the basis of pedigree data.

Microtia was assumed to be fully penetrant without phenocopies

and to have an autosomal-recessive mode of inheritance. Recombi-

nation frequencies were considered to be identical in males and

females. The gene frequency for microtia was set at one in 10,000.

DNA Sequencing
The exons of HOXA1 (MIM *142955) and HOXA2 genes in the

HOXA cluster and their splice junctions were PCR amplified with

30 ng genomic DNA, 200 mM dNTPs, and 0.5 mM primers. The

quality of the PCR products was verified by electrophoresis on

1.5% agarose gel, and subsequent DNA sequencing was performed

on an ABI 3130 automated sequencer (XL Genetic Analyzer) with

the big-Dye terminator cycle sequencing kit version 3.1 (Applied

Biosystem, USA). The sequence of the primers used for HOXA1

exon amplification was previously reported.14 The sequence of

the primers for amplifying the exons of HOXA2 and the annealing

temperatures are presented in Table S1 in the Supplemental Data.

ConSeq scores were used as a measure of evolutionary conserva-

tion of amino acids. These scores vary from 1 (variable) to 9 (con-

served).20 The ConSeq program also suggests whether the residue

is buried (b) or exposed (e) and whether it is a functional (f) or

a structural residue (s).

Model-Building Process
The Human HOXA2 protein was aligned with the Drosophila

melanogaster Antennapedia homeodomain, which has 58%
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sequence identity. The alignment and the Antennapedia homeo-

domain-DNA X-ray structure (pdb code 9ANT) was used for

producing an ensemble of homology models with the program

Modeler 8v2.21

Results

ENT-Examination Results

Three affected subjects V: 2, V: 3, and IV: 3 underwent de-

tailed otorhinolaryngological assessments. The external

examination of the ears revealed an abnormal shape of

the auricle on both sides. Figure 1 shows a picture of the

microtic ears of three affected members. Helix, tragus,

and antitragus were seen in all patients. At otoscopy, the

external auditory canal is short and severely narrowed bi-

laterally and almost stenotic in the three patients. Based

on the abnormalities observed in this family, the disease

was categorized as microtia grade II. A partial cleft palate

was found in all three patients. Individual number V: 2

also had a paresis on the right side of the face.

High-Resolution CT Scan and MRI Results

A high-resolution CT scan of the ears was carried out for

the patients V: 2, V: 3, and IV: 3. The results of high-reso-

lution CT scanning confirmed that the external auditory

canal was severely narrowed bilaterally in the cartilaginous

part of the auditory canal and almost atretic in part of the

Figure 1. Photographs of the Microtic ears of Three Affected
Family Members
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bony portion in all patients. In individual V: 2, both tym-

panic membranes were visible but were hypoplastic be-

cause of an incomplete atretic plate. The mastoid air cells

were normal in IV: 3 and V: 2, but in V: 3 the left ear devel-

oped poorly and the right ear showed a normal pneumati-

zation. The middle ear cavities were normally aerated in all

three individuals, but small in size in V: 2. In all three

patients the malformed ossicular chain seemed fixated by

an incomplete atretic plate. The inner-ear structures were

normal in patients V: 2 and V: 3, but there were no in-

ner-ear structures on the left side for IV: 3. Figure 2 shows

a selection of these scans. The MRI of the auditory system

in individual V: 3 was unremarkable for the inner ear and

cerebellopontine angle, but an MRI confirmed the inner-

ear agenesis on the left side of individual IV: 3 as seen on

CT-images. The brain MRI of the patient with paresis was

normal. On the basis of clinical examinations, hypoplasia

of the 7th nerve on the right side was suspected.

Audiometric Results

An audiometric examination was performed for all partici-

pating members of family IR-SA-27. The onset of hearing

Figure 2. High-Resolution CT Imaging of Three Patients’
Temporal Bones
These images (coronal views) present bilateral stenotic ear canals,
an incomplete atretic plate, malformed ossicles, and a normal inner
ear except in patient IV:3 on the left side.
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Figure 3. Pure-Tone Audiometry of Both Ears for All Four Affected Family Members
Audiometry was performed at frequencies of 250–8000 Hz for air conduction and 250–4000 Hz for bone conduction.
impairment in all four patients in this family was prelin-

gual. All four affected family individuals showed bilateral

symmetric severe to profound mixed hearing impairment

affecting all frequencies and leading to a flat audiometric

shape. Figure 3 shows the air- and bone-conduction pure-

tone audiometric profile of both ears of all four affected

family members. All heterozygous carriers in this family

had normal hearing for their sex and age (data not shown).

Vestibular Test Results

VNG examination was normal in the individuals V: 2, V: 3,

and IV: 3. Caloric stimulation (both air and water) could

not be performed in the patients V: 3 and IV: 3, probably

because of a narrow ear canal and insufficient stimulation,

whereas in patient V: 2 the result was within normal limits.

The other VNG test results were within normal limits in all

three patients.

Additional Clinical Investigations

Three affected individuals of this family, IV: 3, V: 2, and V:

3, were investigated by means of additional general clinical

tests such as blood biochemistry, urine analysis, hematol-
The
ogy (CBC), electrocardiography and radiological X-ray ex-

aminations. The kidneys were also investigated bilaterally

with ultrasonography. The results were all within normal

range.

Linkage-Analysis Results

A genome-wide linkage analysis was carried out with 500

STRP markers for all ten available DNA samples of the family

IR-SA-27. The results of the two-point LOD score analysis

for the whole-genome linkage scan are presented in Fig-

ure S1. A maximum two-point LOD score of 2.87 and a max-

imum multi-point LOD score of 3.15 was obtained with

markers D7S503, D7S629, and D7S2444 on chromosome

7p14.3-p15.3. For fine mapping, additional markers were

selected from the deCode genetic map. Genotyping 15 ad-

ditional markers and haplotype construction revealed an

identical homozygous haplotype in all four affected indi-

viduals. A maximum multi-point LOD score of 4.17 was ob-

tained with all markers across the interval. Two-point and

multi-point LOD scores between the disease and chromo-

some 7 markers are presented in Table S2. The homozygous

region was approximately 13.7 centi-Morgans (cM) and
American Journal of Human Genetics 82, 982–991, April 2008 985



Figure 4. The Pedigree of the Iranian Consanguineous Family
IR-SA-27 Segregating with Autosomal-Recessive Microtia
A double marriage line denotes consanguinity. Black symbols rep-
resent individuals with microtia, hearing impairment, and partial
cleft palate. Clear symbols represent unaffected individuals. The
boxed haplotype bars denote the disease–associated haplotype.
The genetic-map distance in centi-Morgans (cM) is given in front
of the marker names. Haplotypes for the analyzed STRPs are shown
below each individual symbol.
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was delimited by markers D7S503 (33.5 cM) and D7S435

(47.26 cM). The pedigree, haplotype, and a physical map

of this locus interval are shown in Figure 4. A maximum

multi-point LOD score of 4.17 was obtained from seven

markers (D7S2562–D7S2556) in this region.

DNA-Sequencing Results

The genome-wide linkage analysis led to the localization of

the responsible gene to a region of 9.9 Mb. This region in-

cludes more than 100 genes. Because the HOXA cluster (in-

cluding 11 genes) falls in the homozygous region, muta-

tion analysis of HOXA1 and HOXA2 was carried out. The

DNA from one affected and one normal individual was

used for sequencing. A missense variant c.558C > A was

found in HOXA2. The variant cosegregated with the dis-

ease in the family and was heterozygous in the parents.

It was not present in 231 Iranian and 109 Belgian control

samples. Figure S2 shows the electropherograms of one

normal, one heterozygous, and one homozygous family

member for this mutation. The mutation causes an amino

acid substitution at position 186 (p.Q186K) in the HOXA2

protein. The HOXA2 protein sequence was aligned with

100 different HOX proteins from different species. The Q

at position 44 was conserved in all Hox genes analyzed, in-

cluding HoxA, B, C and D from several mammals and non-

mammals. The ConSeq server was used for checking the

conservation of the amino acid position 186. The ConSeq

score for the residue 186 was 9, indicating very high evolu-

tionary conservation. Figure 5 shows a selected part of this

alignment.

Model-Building Results

We built a model for predicting the effect of this mutation

on the structure and DNA-binding activity of the homeo-

domain by using the program Modeler 8v2. As expected,

the overall structure of the wild-type HOXA2 homeodo-

main-DNA model is very similar to the Antennapedia ho-

meodomain complex. In both cases, the majority of pro-

tein-DNA contacts are mediated by the N-terminal arm

and the recognition helix (Figure 6A). The mutated amino

acid is located at position 186 of the protein, which is the

position 44 of homeodomain. Q44 is found in the recogni-

tion helix and contributes to binding through favorable

packing against residues in the N-terminal arm and a hy-

drogen bond to the phosphate group of a central adenine

in the TAAT DNA-binding motif. Y8 from the N-terminal

arm also hydrogen bonds to this phosphate group

(Figure 6B). In the mutant Q44K HOXA2 homeodomain

models, the position of the lysine side chain is consistently

away from the phosphate group and thereby leads to loss of

the hydrogen bond (Figure 6C). Based on a previous study of

charge and stability of homeodomains,22 it is likely that the

mutant protein will be less stable than the wild-type as a re-

sult of charge repulsion in an already highly basic molecule.

These results indicate that, from a structural perspective, it is

highly likely that the HOXA2 homeodomain binding prop-

erties will change as a result of the Q to K mutation.
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Figure 5. ConSeq Conservation Analysis of the Amino Acid Q44 in Homeodomain of the Human HOXA2 Protein
This analysis is based on the alignment of 100 full-length members of different HOX gene clusters in different species. Colors indicate the
degree of conservation of each residue. In the figure, the alignment of only 18 proteins is shown.
Discussion

Homeobox genes encode transcription factors that typi-

cally switch on cascades of other genes in embryonic de-

velopment.23 They are a conserved set of developmental

regulatory genes, all sharing a 180 bp segment of DNA.

Hox genes are a subset of homeobox genes of which there

are four cluster groups (A–D) in vertebrates.24 The number
Th
of Hox genes is four to 48 per genome, depending on the

animal.25 In humans there are 39 homeobox genes of

the HOX family at four loci, HOXA, HOXB, HOXC, and

HOXD on chromosomes 7, 17, 12, and 2, respectively.26

All Hox genes encode proteins that share a 60 amino acid

domain called the homeodomain. This structural motif is

found in many different transcription regulators for

a wide range of genes and plays developmentally
Figure 6. Representative Homology Models of the HOXA2 Homeodomain Bound to DNA
Overall schematic diagram of the protein-DNA complex (A) and close-up views of the wild-type (B) and Q44K (C) homeodomains. Hydro-
gen bonds are indicated by dashed lines.
e American Journal of Human Genetics 82, 982–991, April 2008 987



important roles in cell differentiation in a variety of organ-

isms.27 Mutations in homeobox genes result in the trans-

formation of different parts of the body during develop-

ment.28–30 A homeodomain is a helix-turn-helix motif

consisting of three alpha-helices and an N-terminal arm.

Site-specific DNA binding is achieved by interaction of

the third helix with the major DNA groove. The N-termi-

nal arm residues normally mediate contacts with the mi-

nor groove of DNA.31,32 Different pathogenic changes in

the sequence of a homeodomain can affect stability and/

or DNA-binding activity.32,33

HoxA cluster genes are fundamental players in the build-

ing of the sensorimotor circuitry in vertebrates.34 HoxA2,

a member of the HOXA cluster, encodes a protein with

a molecular weight of 41kD and is important in the

regulation of development and morphogenesis in different

eukaryotes.35,36

Knockout experiments have demonstrated that the Hox

genes (including the HoxA genes) are involved in patterning

the antero-posterior axis of the embryo of almost all

metazoans. HoxA2 is most probably involved in patterning

and morphogenesis of the neural-crest-derived mesen-

chyme.37–39 It has an important role in hindbrain segmenta-

tion.36 HoxA2 is expressedduring development of themouse

neural tube and has an anterior limit corresponding to the

boundary between rhombomeres 1 and 2. Rhombomeres

are embryonic territories arising from the transient segmen-

tation of the hindbrain.36–39 In HoxA2�/� mice, the neural

crest cell-derived structures from the second branchial arch

are transformed into structures of the first branchial arch,

resulting in the transformation of some elements of the

jaw, as well as of occipital and middle ear bones.36,39

HoxA2 is the only Hox gene expressed in the second

rhombomere.40,41 It is a key transcription factor during

development of the second branchial arch, which makes

a major contribution in development of the external

ear.42 The mechanism by which HoxA2 regulates the

morphology of the second branchial arch derivatives is un-

clear, like most of the developmental processes controlled

by Hox proteins. However, the contribution of the second

branchial arch to the development of the middle ear is

clear from the study of the HoxA2 knockout mouse.36,39,42

HoxA2 appears not only to affect the patterning of the

tympanic ring and gonial bone but also to synergize with

HoxA1 in controlling the growth of these structures.43

The phenotype of HoxA2 knockout mice includes lack of

pinna and processus brevis and duplication of the malleus

and the squamous bones. Other mesenchymal structures

partly derived from the second arch were also affected;

these included parts of the cartilaginous otic capsule.36,39

From the study of these mice, we know that the HoxA2

protein is important for the development of the auditory

system, mainly the outer and middle ear. The embryologi-

cal origin of the inner ear is different than that of the mid-

dle ear and outer ear, which share a common origin. The

inner ear is derived from an epidermal otic placode at the

level of the hindbrain, whereas the middle ear and outer
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ear originate from the mesenchyme at the first and second

pharyngeal or branchial arches.44,45

The formation of many craniofacial tissues is influenced

by Hox genes. Hoxa2 is also a key gene for the facial so-

matosensory map.46,47 A significant percentage of microtic

patients also present deficient facial components that orig-

inate from the same embryological structures.46,48 All af-

fected members of the family IR-SA-27 also show a partial

cleft palate. A facial motor problem is an additional prob-

lem found in only one affected member of the family.

The HoxA2 knockout mice are born with a bilateral cleft

of the secondary palate, and they die within 24 hr of

birth.36,39,49 HoxA2 is expressed in the mesenchyme and

epithelial cells of the palate at E12 in the normal mice,

but by the E15 stage of development, HoxA2 is downregu-

lated in the palate and expression is localized in the nasal

and oral epithelia.50 HoxA2 mRNA and protein expression

were significantly decreased in an animal model of phenyt-

oin-induced cleft palate.50 The phenotype of partial cleft

palate in family IR-SA-27 is a strong indication of the puta-

tive role of this gene in palate development.

In microtic patients, there is often a correlation between

the level of malformation of the outer and middle ear,

which is not surprising in view of their common origin.

An external ear with better development usually shows

a better developed middle ear.51 In the family IR-SA-27,

all affected individuals share the same phenotype for the

external and middle ear. Surprisingly, individual IV: 3

shows severe abnormalities of the left-sided inner ear.

This is a remarkable point because all the previous studies

on HoxA2 knockout mice have shown severe outer- and

middle-ear anomalies, but a malformation of the otic

capsule is the only determined defect in the inner ear.

Although most of the microtic patients have a normal

inner ear,17,52 the combination of microtia with inner-ear

anomalies has also been reported.17 A Japanese family

was reported with inner-ear semicircular canal malforma-

tion and external- and middle-ear abnormalities.53 This

condition supports a genetic basis for the combination of

abnormalities in the semicircular canal, external ear, and

middle ear. In a study in Belgium, 8% (13/166) of microtic

patients presented inner-ear abnormalities that were visi-

ble on CT or MRI or were demonstrated by some perceptive

loss during tonal audiometry (T.S., unpublished data).

Based on the audiometric profile, 8% of microtic patients

in Finland have sensorineural hearing loss and present

with inner-ear abnormalities.54 A combination of microtia

type I and complete absence of the inner ear has also been

reported.17

In most microtia patients, the affected microtic ear usu-

ally has conductive hearing loss, and air-conduction hear-

ing is typically reduced by 40–67 dB in all four grades of

microtia.54,55 However, bone-conduction hearing thresh-

olds are not affected in most microtia patients, indicating

that the hearing impairment is only conductive and that

the inner ear is functionally intact. In family IR-SA-27,

however, the hearing impairment is not only conductive
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but also shows a sensorineural component. Because of this

fact, the air-conduction Fletcher index in our patients is

higher than in most other microtia patients. These find-

ings implicate the inner ear in the pathology of this family.

However, imaging only showed inner-ear abnormalities in

one out of eight ears. Imaging abnormalities of the inner

ear are detected in almost 30% of sensorineural-hearing-

loss patients.56,57

In the mouse, there are several homeobox gene muta-

tions that are associated with microtia. A dominant muta-

tion of the murine Hox-2.2 gene (homolog for HOXB6

[MIM *142961] in humans) has been shown to cause

open eyes at birth, cleft palate, and microtia.58 The homeo-

box gene Emx2 underlies defects in the middle ear and inner

ear in the deaf mouse mutant pardon (Pdo).59 Mice that are

homozygous mutant for the HoxA1 gene die at birth from

anoxia and exhibit marked defects in the inner ear.43,60–62

In humans, a homozygous mutation in HOXA1 disrupts

the inner ear and the outer ear to various degrees and also

results in facial and brainstem abnormalities.14 Therefore,

HOXB6, EMX2 (MIM *600035), and HOXA1 also might be

functional candidate genes for microtia in humans.

The missense mutation found in the microtia family in

this study affects position 44 of the homeodomain. Posi-

tion 44 is a surface-exposed residue found in the recogni-

tion helix and is very well conserved in different homeodo-

mains. We aligned the human HOXA2 protein with the

Antennapedia homeodomain (Ant-HD) (58% sequence

identity) and used the Ant-HD/DNA X-ray structure (pdb

code 9ANT.pdb) to produce a homology model by using

the program Modeler. We feel confident in using the model

because the homeodomain fold is a common and stable

fold and always uses the same binding surface to specifi-

cally bind DNA. We see that the Q44K mutation destroys

a hydrogen bond between the homeodomain and the

DNA, and loss of this bond would reduce the binding affin-

ity. The mutation will also cause electrostatic repulsion

with its neighboring DNA-binding residue, Arginine 43.

In fact, the addition of another positive charge to an al-

ready highly basic protein (netþ8) will cause an overall de-

stabilization of the homeodomain, and this destabilization

will also impact the binding properties. Taken together, we

hypothesize that the Q44K mutant removes a hydrogen

bond to the DNA and introduces electrostatic repulsion,

which has a large impact on protein function.

We have searched the genetic literature and databases,

such as OMIM, POSSUM, and London dysmorphology

medical database (LDDB)63 for patients or families with

the same symptoms (microtia, mixed hearing loss, inner

ear abnormality and cleft palate) as the current family.

We have not been successful in this regard because these

four symptoms, if present, are always seen in combination

with other abnormalities. We conclude that the pheno-

typic findings described in this family represent a distinct

autosomal-recessive disease. Although we feel that the

evidence for the involvement of a mutation in HOXA2 in

auditory-system malformations is very strong, formal
The
proof needs to come from the identification of additional

patients with mutations or from future functional assays

on the DNA-binding activity of the mutant protein.

Supplemental Data

Two figures and two tables are available online at http://www.

ajhg.org/.

Acknowledgments

We would like to thank the family members of IR-SA-27 for their

participation and cooperation. We are grateful to Lut Van Laer,

Jan-Jaap Hendrickx, Paul Van De Heyning, and Jenneke Van

Ende for their useful comments and remarks on this project. We

also thank Saeid Mahmoudian from the Iran Cochlear Implant

Center for his great efforts in preparing the vestibular tests and

Jeroen Huyghe for his help with the linkage analysis. This work

was supported by the European Commission (FP6 Integrated pro-

ject EuroHear LSHG-CT-20054-512063), the Flemish FWO (grant

G.0138.07), and the National Institute for Genetic Engineering

and Biotechnology (grant number 164), Tehran, Iran.

Received: January 17, 2008

Revised: February 12, 2008

Accepted: February 28, 2008

Published online: April 3, 2008

Web Resources

The URLs for data presented herein are as follows:

Hereditary hearing loss homepage, http://webh01.ua.ac.be/hhh/

Ensembl, http://www.ensembl.org/Homo_sapiens/geneview/

GenBank, http://www.ncbi.nlm.nih.gov/Genbank/

ConSeq server, http://conseq.bioinfo.tau.ac.il/ for alignment of

different homeodomains from different species

easyLINKAGE plus v4.01beta software, http://sourceforge.net/

projects/easylinkage/, for two-point and multi-point parametric

linkage analysis

Online Mendelian Inheritance in Man (OMIM), http://www.ncbi.

nlm.nih.gov/omim/

Accession Numbers

Numbering of nucleotides of the HOXA2 gene is according to the

Genbank sequence accession number NT_007819.
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