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The vestibular system of the inner ear is responsible for
the perception of motion and gravity. Key elements of
this organ are otoconia, tiny biomineral particles in the
utricle and the saccule. In response to gravity or linear
acceleration, otoconia deflect the stereocilia of the hair
cells, thus transducing kinetic movements into sensori-
neural action potentials. Here, we present an allelic se-
ries of mutations at the otoconia-deficient head tilt (het)
locus, affecting the gene for NADPH oxidase 3 (Nox3).
This series of mutations identifies for the first time a
protein with a clear enzymatic function as indispensable
for otoconia morphogenesis.

Received November 26, 2003; revised version accepted
February 2, 2004.

The mammalian inner ear consists of the cochlea,
adapted for the sensation of sound; and the vestibular
system, adapted for sensation of balance, orientation,
and acceleration. Within the vestibular system, the three
semicircular canals and their associated sensory struc-
tures, the cristae ampullares, act in concert to detect
angular acceleration. Within the saccule and utricle of
the vestibular system, the neuroepithelial maculae de-
tect gravity and linear acceleration. Above the maculae,
embedded in a layer of acellular matrix, lie the otoconia,
crystalline structures that act as inertial masses subject
to the effects of gravity and shifting in response to linear
acceleration. It is the movement of these otoconia that
stimulates macular hair cells to generate action poten-
tials that are transmitted to the brain.

Otoconia are comprised of proteinaceous and inor-
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ganic components. In mammals, the inorganic compo-
nent that provides the mass and gives the otoconia their
crystalline structure is primarily calcium carbonate. In
addition, many of the protein components of the otoco-
nia/matrix complex in mice are known. For example,
otoconin 90 (Oc90) is the major protein component of
otoconia with sequence (but most likely not functional)
homology to phospholipase A2 (Wang et al. 1998, 1999).
Otogelin (Otog) is a protein expressed by supporting cells
and localized to the acellular membranes surrounding
the otoconial crystals (Cohen-Salmon et al. 1997; El-
Amraoui et al. 2001). Otoancorin (Otoa) is a protein lo-
calized at the interface of the sensory cells and the over-
lying acellular structures (Zwaenepoel et al. 2002). De-
spite this structural knowledge, the mechanisms of
otoconial synthesis at the molecular level remain un-
clear.

To further understanding of balance and gravity per-
ception, investigators have relied on the molecular ge-
netic analysis of mice harboring mutations that specifi-
cally affect the vestibular system. Three classical loci are
known that confer congenital and specific absence of
otoconia in affected mice. Tilted-head (thd) is a classical
locus mapping to mouse Chromosome 1 (Chr 1; Kelly
and Hartman 1958). It has not been characterized mo-
lecularly, and to the best of our knowledge is now ex-
tinct. A second locus, tilted (tlt), resides on mouse Chr 5
and was recently identified as otopetrin 1 (OtopI; Ornitz
et al. 1998; Ying et al. 1999; Hurle et al. 2001, 2003). In
the present Communication, we describe the cloning
and characterization of head tilt (het), a third locus, re-
siding on Chr 17 (Sweet 1980; Bergstrom et al. 1998;
Cook 1999).

Mice with the head tilt (het) mutation are character-
ized by impaired otoconial morphogenesis with normal
functionality of the auditory system. Here we present an
allelic series of mutations at the het locus (including
three novel, mutagenesis-induced alleles), affecting the
gene for NADPH oxidase 3 (Nox3). This series of muta-
tions identifies for the first time a protein with a clear
enzymatic function as indispensable for otoconial mor-
phogenesis, and leads to a new model for the formation
of otoconia.

Results and Discussion

In the course of our recessive ENU mutagenesis screen at
Ingenium (Russ et al. 2002; Stumm et al. 2002) and our
ES-cell EMS mutagenesis screen at The Jackson Labora-
tory (Munroe et al. 2000), animals from three indepen-
dent lines (designated R96, R542, and vst) were identified
with balance defects. These mice were characterized by
an abnormally “tilted” position of the head (Fig. 1A) and
abnormal performance in several motor coordination
tests. The traits showed Mendelian recessive inherit-
ance.

Balance problems among homozygous mutant mice
from all three lines were most obvious when animals
were held by the tail and dropped onto a soft surface from
a height of 30 cm. Whereas wild-type animals always
land on their feet, homozygous mutants fall on their
backs or on their sides. Performance among affected
mice was also severely reduced in several other tests,
including stationary beam, postural reflexes, and coat
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Figure 1. Typical features of R96, R542, and vst mutant mice. (A)
Tilted position of the head (affected mouse). (B) Unaffected control.
In both A and B, the angle of the head is shown in the inset. (C)
Unable to swim or float in forced swim test (affected mouse). (D)
Unaffected control.

hanger (Lalonde and Strazielle 1999). In particular, when
tested in the Porsolt forced swim test (Porsolt 1979), af-
fected mice were unable to swim or float but instead
“rotated” under water and had to be taken out of the
basin after a few seconds to prevent drowning (Fig. 1C).
Audiometric tests of hearing ability showed normal
function of the auditory system in affected and wild-type
littermates from all lines (data not shown).

A histological analysis of inner ear morphology re-
vealed the complete lack of otoconia in both the utricle
and saccule of affected mice in all embryonic stages ex-
amined, starting at embryonic day 14 (E14), as well as in
inner ears of newborn and adult mice (Fig. 2). In hetero-
zygotes, the number and structure of otoconia appear to
be normal. Besides the lack of the otoconia, the morphol-
ogy of all other structures of the inner ear, including the
sensory epithelium, is not altered in homozygous mu-
tant mice. Because mammals use otoconia to sense their
orientation in space and to monitor posture and move-
ments, the behavior and motor coordination deficits of
the three lines can be conclusively explained by the lack
of otoconia.

Mice of the spontaneous mutant mouse line head-tilt
(het; Sweet 1980) and a second allele (het?; Cook 1999)
are known to have a very similar phenotype, including
the complete lack of otoconia (Bergstrom et al. 1998). To
test for possible allelism, homozygotes for het and each
of the R96, R542, and vst lines were intercrossed. All
compound heterozygotes showed the characteristic mu-
tant phenotype, indicating that the R96, R542, and vst
mutations each represent novel alleles at the het locus.
We have renamed our newly identified het alleles het*°°,
het®?2 and het®, respectively.

Head-tilt was previously mapped on Chr 17 to ¢M po-
sition 4.1. To fine-map the mutation in line het**®, ho-
mozygous animals (strain C3HeB/Fe]) were outcrossed
to C57BL/6]. The resulting F1 hybrids were intercrossed

The head tilt locus is encoded by Nox3

to produce a total of 375 F2 offspring, 26% of which
exhibited the het phenotype. Analysis of recombinant
animals with microsatellite markers localized het®*® to
a critical interval between D17Ing4 and the centromere.
Phenotypically positive F2 offspring from an outcross of
line het®>#? were used to map the critical interval to an
overlapping region on Chr 17 defined by the centromere
and the marker D17Ing9. In a parallel approach, the clas-
sical het mutation was mapped using an overlapping se-
ries of Chr 17 deletions (You et al. 1997; Bergstrom et al.
1998, 2003) to a smaller interval between D17Brgl8 and
D17Brg198 on mouse Chr 17.

To narrow the region even further, a BAC clone (RP23-
27N1) from the region (Fig. 3A), was retrofitted with neo-
mycin and used to transfect embryonic stem (ES) cells.

Figure 2. (A-D) Kossa-staining of inner ear transversal sections.
The utricle (U) and saccule (S) of +/+ animals (A,C) contain dark
stained, Kossa-positive otoconia, which are absent in Nox3™/Nox3~
mutant animals (B,D). (E-H) SEM view of transversely cut inner ear.
The otoconia of the utricle (U) and saccule (S) are present in +/+
animals only (indicated by asterisks in E, labeled OC in G). In con-
trast, Nox3"/Nox3~ mutant animals (F,H) are devoid of otoconia.
Bars: A,B,E,F, 100 ym; C,D,G,H, 10 pm.
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Figure 3. BAC transgenic rescue of the Nox3 mutant phenotype. (4, top) Proximal Chr 17 showing the relative positions of significant SSLP
markers, the het-critical region, and the rescuing BAC RP23-27N1. (Bottom) Enlarged view of RP23-27N1 showing the relative positions of
candidate genes Racgef1, Tiam2, and Cldn20 and the causative gene Nox3. (B) Inner ear explant from a wild-type C57BL/6] mouse showing
normal otoconia. (C) Inner ear explant from a C57BL/6]-het/het mouse showing complete absence of otoconia. (D) Inner ear explant from a
het/het; TgN(RP23-27N1)/+ mouse showing complete rescue/restoration of otoconia.

Transferring the BAC transgene onto the het/het back-
ground demonstrated that the transgene was capable of
fully rescuing the mutant phenotype (Fig. 3B-D), thus
limiting the critical region to the region spanned by the
BAC.

Within this region, several candidate genes were iden-
tified by analysis of the mouse genomic sequence and
the human syntenic region on 6q25.1. Sequencing of sev-
eral candidate genes, including Tiam2, Racgefl, and
Cldn20 revealed no mutations. However, mutations
were discovered in a gene highly homologous to human
NADPH oxidase 3 (NOX3; Kikuchi et al. 2000; Cheng et
al. 2001). The corresponding mouse cDNA (Nox3, acces-
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sion no. AY182377) was PCR-amplified from embryonic
(E13.5) RNA with primers deduced from the genomic
sequence. It encodes a cDNA of at least 1796 nucleotides
with an open reading frame of 588 codons. Identity to
human NOX3 (accession no. NM_015718) is 80% on
both the cDNA and amino acid levels as determined by
BLASTn and BLASTp, respectively.

In line het®®®, we identified a nonsense mutation at
nucleotide position 441 (TAT — TAA), encoding a pre-
mature translational stop. The predicted truncated pro-
tein consists of only three transmembrane domains and
lacks most of the functionally relevant features of
NADPH oxidases, including the binding sites for
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Figure 4. Genomic and amino acid structure of Nox3. The top portion of the figure shows the intron/exon structure of Nox3; the lower left
portion shows the protein structure (model according to Wallach and Segal 1997). The location and nature of the R96, R542, het, and het?

mutations are also shown.

NADPH and FAD, two of the four histidine residues pre-
sumably involved in heme binding, as well as the entire
catalytic domain (Fig. 4). For Nox2 (also known as
gp91Phox) and Nox5, two proteins closely related to
Nox3, a proton channel function has been reported (Banfi
et al. 2001; Henderson 2001). With only three transmem-
brane domains remaining, a similar function for the
truncated Nox3 of het®”® can be excluded. We conclude
that the Nox3 allele of het®" is a true functional null
allele.

Sequencing of the Nox3 cDNA from het showed a
nucleotide exchange at position 1576 (AAG — GAG), re-
placing a lysine residue with a glutamic acid. The lysine
is part of a putative NADPH binding site (Cheng et al.
2001). Sequence analysis of Nox3 from line het? revealed
a nucleotide exchange at position 1282 (GGA — AGA),
replacing a glycine residue with an arginine residue. This
altered glycine residue is highly conserved among
NADPH oxidases and is part of an NADPH binding site.
RACE analysis of the classical het allele identified a ret-
roviral insertion in intron 12 of the Nox3 gene. Several
mutant transcripts showing aberrant splicing from Nox3
sequences into the retroviral element were recovered. To
date, no mutation has yet been identified in the het®
allele. Phenotypically, no overt differences have been ob-
served among the five mutant alleles.

Using RT-PCR we were able to detect transcripts of
the Nox3 gene in mouse embryonic tissue as early as E10
and persisting until birth (Fig. 5). Nox3 expression was
also detected by RT-PCR analysis of mouse adult inner
ear explants (Fig. 5). We could not identify mouse Nox3
transcripts by Northern blot, multiple tissue RNA dot
blot, or RNA in situ hybridization, nor could we identify
Nox3 protein by Western blot or immunohistochemis-
try, most likely due to the low level of expression. Thus,
the expression of Nox3 in mouse resembles the results
found for the human NOX3 that has been reported to be
restricted almost exclusively to embryonic tissues. As in

R542

mice, expression levels in humans are too low to be de-
tected by Northern blotting (Cheng et al. 2001).

NADPH-oxidases are a family of proteins that gener-
ate superoxide and other reactive oxygen species (ROS).
Apart from the view that ROS are simply cytotoxic by-
products of cellular metabolism, evidence has grown
that Nox-generated ROS are signaling molecules in sev-
eral pathways, including signaling by hormones, growth
factors, and cytokines (for review, see Lambeth 2002).
One mechanism whereby ROS exert their signaling ca-
pacity on proteins is by oxidation of Cys residues with an
extremely low (<5.4) pKa of the sulfhydryl group. This
mechanism was shown to be involved in the ROS-de-
pendent regulation of protein tyrosine phosphatases trig-
gered by PDGF (Meng et al. 2002).

In mammals, otoconia consist of proteins and calcium
carbonate in a calcite lattice. Despite intensive study,
the mechanism of otoconia formation is still a matter of
debate. In a recent model, the major protein of otoconia,
termed otoconin 90, is secreted from the supporting cells
of the nonsensory epithelium into the endolymphatic
compartments whereas supporting cells of the sensory

Figure 5. RT-PCR analysis of Nox3 in different stages of mouse
development. (A) Embryo. Nox3 is already present by E12 and per-
sists throughout development. (M) 100-bp marker; (1) E13.5 embryo
head; (2) E13.5 without head; (3) E18.5 head; (4) E10-E12 pooled; (C)
no template control. (B) Adult ear. Nox3 is also present in adult ear
preparations. (M) 100-bp marker; (1) adult ear; (C) no template con-
trol.
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epithelium secrete numerous small vesicles (“globular
substance”) with a high concentration of Ca>* (Thal-
mann et al. 2001). Although otoconin 90 and otopetrin 1,
another protein recently identified to be essential for
otoconia formation (Hurle et al. 2003), and the globular
substance are found in the HCO;™ enriched environment
of the endolymph, the process of otoconia formation re-
mains obscure. Interestingly, otoconin 90 has two PLA,
(phospholipase A)-like domains with a very low pl (3.9
and 4.9), containing more than 20 Cys residues (Wang et
al. 1998). In a hypothetical model, otoconin binds to the
phospholipids of the globular substance vesicle mem-
brane and undergoes a conformational change triggered
by ROS produced by Nox3 located in the plasma mem-
brane of the vesicles. This conformational change paves
way for the nucleation of calcite crystal formation from
the calcium provided by the vesicles and the hydrocar-
bonate ions of the endolymph.

Materials and methods

Audiometry

The hearing ability of het®® and hetR°# animals was tested using a
startle reflex system (SR-LAB, San Diego Instruments). The mice were
placed in the testing chambers with a background noise level of 70 dB.
After an acclimation period of 5 min they were exposed to 60 msec white
noise stimuli of 80, 90, 100, 110 and 120 dB. Each stimulus was applied
10 times with randomly placed intermissions of 5-10 sec between each
stimulus. The maximum startle response during a 100 msec time frame
starting with onset of each single noise stimulus was measured, and
averages of the 10 stimuli with same loudness were calculated. The hear-
ing ability of het? and het¥ mice was tested by startle response to a
100-dB (18.8 kHZ) sound box. het mice are known to have normal hear-
ing (Jones et al. 1999).

Histology

Inner ears were obtained from fetal (E 14/16/18) and newborn +/+,
+/Nox3~, and Nox3~/Nox3~ mice, fixed in 4% PBS-buffered formalin, and
embedded in paraffin without decalcification. After sectioning, coronal
sections of both inner ears were stained with 5% silver nitrate for 30 min
under strong light exposure (von Kossa), fixed with 5% sodium thiosul-
fate for 2 min, and counterstained with nuclear fast red for 3 min.

Scanning electron microscopy (SEM)

For SEM examinations the truncated tissue blocks were deparaffinized in
xylene. In a graded series of ethanol the samples were dehydrated, criti-
cal-point-dried from CO,, and sputter-coated (K575 EMITECH LTD)
with 1-3-nm platinum. Coated specimens were examined in a field emis-
sion scanning electron microscope (Jeol JSM-6300F) with accelerating
voltages of 5-10 kV in secondary electron mode and analyzed by an
energy dispersive X-ray micro-analyzer (Link-Oxford eXL).

Positional cloning
In F2 outcross progeny, allele frequencies of C3H versus C57BL/6] are
expected to be of ratio 1:1. For a marker linked to the recessive mutation,
the ratio of C3H to C57BL/6] alleles is expected to increase clearly above
1. Based on this approach, we tested pooled genomic DNA from 20 af-
fected mice on a mouse genome-wide SNP panel containing 90 poly-
morph markers between C3HeB/Fe] and C57BL/6] strains. This analysis
resulted in linking the mutation of het®?° to the Tcp10c gene marker and
the Tap1 gene marker located in the first 18 cM of Chr 17. The result was
further confirmed by a detailed haplotype analysis of all affected and
nonaffected animals genotyped with the same flanking markers. To fur-
ther refine the map location and narrow down the candidate region, the
genomic DNA of the F2 progeny was genotyped with a series of in-house
established SSLP markers covering the full candidate region and sepa-
rated from each other by ~0.3 Mb. Using this approach, the critical in-
terval was localized distal to the centromere and proximal to SSLP
marker D17Ing4 (forward PCR primer, TCCCATTTCTGATCCCTTCA;
reverse PCR primer, GCAGACCGCTAGCTTAGGAA).

Similarly, the mutation in line het?>??> was mapped to an overlapping
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chromosomal region distal to the centromere and proximal to SSLP
marker D17Ing9 (Fig. 4; forward PCR primer, AATTCACCCCACAAA
TCCTG,; reverse PCR primer, GCAGTGGTCATTGTGACAGC).

In our deletion mapping strategy, C57BL/6]J-het/het mice were mated
to a series of regional Chr 17 deletions (Bergstrom et al. 2003). Deletions
D17Aus9%%, D17Aus9%4, D17Aus9% 7, D17Aus9% 19, D17Aus9¥ 12
D17Aus9% 13, D17Aus9¥ ¥, D17Aus9Y?%, D17Aus9%?7, D17Aus9%3%,
T22H and T®3" failed to complement het. The het locus was comple-
mented by D17Aus9%1" and Sod2% 7. Detailed analysis of the deletion
breakpoints in these lines with a series of in-house SSLP markers local-
ized het to an interval between D17Brg18 (forward primer, GAGGTTT
TTGGCTGTAAGTGC; reverse primer, TTCACAAACTACTGACACT
GCAAA) and D17Brg198 (forward primer, ACAACAATGCCTGAGGT
TGA,; reverse primer, CAAAGTGGCTCACTCTCTGC).

BAC rescue

BAC RP23-27N1 was retrofitted with neomycin at the lox511 site using
the pRetro-ES vector (Storb et al.). Following linearization with PI-Scel
(New England Biolabs), the BAC was then transfected into D17Aus9%-27/
ES cells using DOTAP transfection reagent (Roche) and the protocol sup-
plied by the manufacturer. Neomycin-resistant clones were expanded
and tested for the presence of the T7 BAC end (using the T7 primer
TAATACGACTCACTATAGGG and the mouse-specific primer TGGG
GAATTTTTACAGAGCCTA), the SP6 BAC end (using the SP6 primer
CATACGATTTAGGTGACACTATAG and the mouse-specific primer
GCCAAGGTGTAACTTGTGGA), and the vector backbone (using the
cat-specific primers ATCCCAATGGCATCGTAAAG and GGATTGG
CTGAGACGAAAAA, and Myog-specific internal control primers TTAC
GTCCATCGTGGACAGCAT and TGGGCTGGGTGTTAGTCTTAT).
ES cell clones containing both ends of the BAC were microinjected into
C57BL/6] blastocysts and the resulting chimeras crossed to C57BL/6J-
het/het females in the hope of placing the BAC transgene (Tg) in a
D17Aus9% 27/ /het null background. However, due to chance and the in-
dependent assortment of the transgene and the deletion, the first trans-
genic pup obtained was Tg/+; +/het. This mouse was crossed again to
C57BL/6]-het/het females and genotyped with the het-flanking markers
D17Brg11 (Bergstrom et al. 2003) and D17Mit170 (Dietrich et al. 1996) to
identify Tg/+; het/het males. The colony is maintained by mating these
males to C57BL/6]-het/het females.

RT-PCR

To amplify partial mouse Nox3 cDNA from embryos by PCR, primers
nox3-m25F CTGGCCTGGGTATCTCTCTG (corresponding to nucleo-
tides 587-606 of Nox3 cDNA), and nox3-m24R CTCAGGCAGGCTCT
GTGATT (nucleotides 1359-1340) were used. The primer pair produces
a PCR product of 772 bp in length spanning several exon boundaries.

PCR was performed using a “touch down” method according to the
following protocol: Step 1, 94°C, 5 min; Step 2, 94°C, 30 sec; Step 3, 61°C,
30 sec; Step 4, 72°C, 80 sec; two cycles; annealing temperature 59°C for
two cycles; annealing temperature 57°C for two cycles; annealing tem-
perature 55°C for 28 cycles; final extension: 10 min 72°C. PCR products
were purified and sequenced.

To amplify partial mouse Nox3 ¢cDNA from adult inner ear prepara-
tions, primers mCG7406-37F GGCTCCCAGTGAGCTCTGTA (corre-
sponding to nucleotides 1176-1195 of Nox3 cDNA) and mCG7406-330R
TGAGCCTTCCCTTGTTCACT (nucleotides 1469-1449) were used.
The primer pair produces a PCR product of 294 bp in length spanning
several exon boundaries. PCR was performed according to the following
protocol: Step 1, 95°C, 120 sec; Step 2, 95°C, 45 sec; Step 3, 60°C, 45 sec;
(repeating Steps 2 and 3 for 35 cycles); final extension, 7 min 72°C.
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