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To discover new cochlea-specific genes as candidate
genes for nonsyndromic hearing impairment, we
searched in The Institute of Genome Research data-
base for expressed sequence tags isolated from the
cochlea only. This led to the cloning and characteriza-
tion of a human gene named melanoma inhibitory ac-
tivity-like (MIAL; HGMW-approved symbol OTOR alias
MIAL) gene. In situ hybridization revealed MIAL ex-
pression in a cell layer beneath the sensory epithelium
of cochlea and vestibule of human fetal inner ear. No
other human tissue, except fetal brain, showed expres-
sion of MIAL when analyzed by in situ hybridization or
everse transcription-polymerase chain reaction. The
DNA of the mouse homologue was also cloned and
apped about 80 cM from the top of mouse chromo-

ome 2. In mouse, Mial was also expressed in the co-
hlea and the vestibule of the inner ear, as well as in
rain, eye, limb, and ovary. Expression in mammalian
ell cultures showed that MIAL is translated as an
15-kDa polypeptide that is assembled into a co-
alently linked homodimer, modified by sulfation, and
ecreted from the cells via the Golgi apparatus. In the
uman MIAL gene, a frequent polymorphism was dis-
overed in the translation initiation codon (ACG in-
tead of ATG). Of 505 individuals, 48 (9.5%) were ATG/
CG heterozygous and 1 (0.2%) was homozygous for
CG. No MIAL protein was synthesized in cells trans-

ected with cDNA of the ACG allele. The inner ear-
estricted expression pattern and the existence of an
nactive allele suggest that MIAL may contribute to
nner-ear dysfunction in humans. © 2001 Academic Press

Sequence data from this article have been deposited with the
EMBL/GenBank Data Libraries under Accession Nos. AJ242552
(human gene) and AJ243939 (mouse cDNA).
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INTRODUCTION

Genetic hearing loss is referred to as nonsyndromic if
no other anomalies are associated with the hearing
impairment. Nonsyndromic deafness is one of the most
heterogeneous hereditary conditions (reviewed in
Petit, 1996; Keats and Berlin, 1999; Steel, 2000). More
than 60 different chromosomal loci for non-syndromic
deafness have been reported, but only 15 of the corre-
sponding genes have been identified (Van Camp and
Smith, 2000). Most of these deafness genes are re-
quired for the function of the cochlea, which is the
auditory sense organ of the inner ear. Genes specifi-
cally expressed in the cochlea are therefore candidates
for unidentified nonsyndromic deafness genes. To dis-
cover new cochlea-specific genes, we searched the Hu-
man Gene Index (HGI) database at The Institute of
Genome Research (TIGR), using a search query that is
able to identify expressed sequence tags (ESTs) of cD-
NAs that have been isolated from one tissue only, in
our case from the cochlea. This led to the cloning of a
gene that is related to the melanoma inhibitory activity
(MIA) gene and therefore named MIA-like (MIAL).2

MIA is an extracellular matrix protein that was iso-
lated based on its ability to inhibit melanoma cell
growth in vitro (Blesch et al., 1994). MIA is translated
as a 131-amino-acid precursor with a signal peptide.
The mature secreted protein is composed of 107 amino
acids. Homologues with more than 85% amino acid
identity have been identified in mouse, rat, and cow
(Bosserhoff et al., 1997c; Dietz and Sandell, 1996). MIA
is highly and broadly expressed by chondrocytes dur-
ing fetal chondrogenesis and in adult cartilaginous tis-
sues, and it is believed to function as a regulatory
molecule in cartilage formation (Bosserhoff et al.,
997c; Dietz and Sandell, 1996; Neame et al., 1999).
herefore, MIA is also known as cartilage-derived reti-

2 The HGMW-approved symbol for the gene described in this paper

is OTOR alias MIAL.
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41CLONING AND CHARACTERIZATION OF MIAL
noic acid-sensitive protein (CD-RAP) (Dietz and Sand-
ell, 1996). In addition, MIA is synthesized by preosteo-
blasts during tooth healing (Shyng et al., 1999).

irtually all primary and metastatic melanoma cells,
ut not normal melanocytes, express and secrete MIA
o a high extent, such that MIA serum levels serve as a
arker for malignant melanoma (Bosserhoff et al.,

997b, a; Deichmann et al., 1999). Neoplastic expres-
ion of MIA has also been observed in mammacarci-
oma (Bosserhoff et al., 1999b), ovarian cancer

Bosserhoff et al., 1999a), and various gastrointestinal
arcinomas (Wagner et al., 2000). Although MIA is
hought to play an important role in cartilage forma-
ion, the cellular actions of MIA are not clear. Incuba-
ion of cultured melanoma cells or chondrocytes with
ecombinant MIA protein leads to rapid cell rounding
nd inhibition of cell growth (Blesch et al., 1994; Kondo
t al., 1998). Furthermore, MIA has been shown to
nteract with fibronectin and laminin, possibly via the
inding motif for integrins in these molecules, and to
nhibit the attachment of suspended melanoma cells to
ulture surface coated with laminin or fibronectin
Bosserhoff et al., 1997a, 1998). In cartilage, MIA pro-
ein is localized to cell bodies of chondrocytes and their
mmediate vicinity and does not seem to be a constit-
ent of cartilage matrix (Bosserhoff et al., 1997c).
ased on these observations, it has been proposed that
ne function of MIA is to regulate (restrict) cell–matrix
nteractions, possibly by masking binding sites in lami-
in and fibronectin for integrins on the cell surface
Bosserhoff et al., 1998). In neoplastic cells, expression
f MIA may therefore lead to enhanced metastatic po-
ential.

Here, we report on a human gene and its mouse
DNA homologue that are related to MIA and therefore
amed MIA-like (MIAL). We have characterized MIAL

gene structure, mRNA distribution, subcellular protein
localization, posttranslational modification, and secre-
tion. Our results suggest that MIAL encodes a small
xtracellular protein that is preferentially expressed in
he inner ear in human. We also report a frequent
olymorphism in the initiation codon of human MIAL
hat abolishes synthesis of MIAL protein, suggesting
hat MIAL may be involved in human inner-ear dys-
unction.

MATERIALS AND METHODS

Database searches and sequence analysis. The cochlea-specific
EST cluster, tentative human consensus (THC) sequence 147247, was
retrieved from TIGR HGI (http://www.tigr.org/tdb/hgi/searching/
hgi_xpress_search.html), which lists contigs of ESTs and organizes
these clusters according to tissue expression. Nucleic acid homology
searches and protein sequence comparisons were carried out using
BLAST (http://www.ncbi.nlm.nih.gov/BLAST). Sequence alignments
were performed using the ClustalW multiple sequence alignment
algorithm (http://dot.imgen.bcm.tmc.edu:9331/multi-align/multi-align.
html). The NIX program at the Human Genome Mapping Project Re-
source Center (HGMP-RC) (http://www.hgmp.mrc.ac.uk/homepage.
html) was used to define the positions of potential coding sequences.

Sequencing of polymerase chain reaction (PCR) products was per-
formed manually with 32P-end-labeled primers or by incorporation of
33P-labeled dideoxy nucleotides (Amersham Pharmacia Biotech) using
he Thermo Sequenase cycle sequencing kit (Amersham Pharmacia
iotech). Sequencing of plasmid DNA was performed on an ALFexpress
NA sequencer (Amersham Pharmacia Biotech). Prediction of the se-

retory signal peptide and cleavage site was performed using the Sig-
alP program version 2.0 (http://www.cbs.dtu.dk/services/SignalP/).
ydrophilicity plots were constructed by Kyte–Doolittle analysis

http://bioinformatics.weizmann.ac.il/hydroph/). Prediction of O-glyco-
ylation and binding sites for transcription factors was carried out with
he NetOGlyc 2.0 program (http://www.cbs.dtu.dk/services/NetOGlyc/)
nd MOTIF (http://www.motif.genome.ad.jp/), respectively.

Polymerase chain reaction conditions. PCR was performed in
5-ml reactions containing 10 pmol primer, 10 mM Tris–HCl, pH 8.3,

50 mM KCl, 1.5 mM MgCl2, 0.001% (w/v) gelatin, a 0.17 mM con-
centration of each dNTP, 3 mM cresol red, 12% sucrose, and 0.5 U
AmpliTaq polymerase (Boehringer Mannheim). PCR amplifications
were performed in a PTC-225 DNA engine (MJ Research).

cDNA cloning of human and mouse MIAL. Human MIAL cDNA
as isolated from fetal whole brain total RNA (Clontech Catalog No.
4019-1) by reverse transcription (RT) and PCR using the 59 primer
59-AAAGGCAGGAACCACTGAAGTC-39) and the 39 primer (59-
GCTCAACATTTCCCCGCTCTA-39). The PCR product was cloned

nto the pPCR-Script Amp vector (Stratagene) and sequenced on
oth strands. The 39 end of MIAL cDNA was obtained by sequencing
f IMAGE Clone 285357, GenBank Accession No. N63222 (contained
n THC 147247), purchased from HGMP-RC. To isolate murine Mial
DNA, the mouse IMAGE Clone 661055 (GenBank Accession No.
A222797), showing homology to the human MIAL 39 coding region,
as purchased from HGMP-RC and sequenced on both strands. To
btain the 59 end of the mouse transcript, total RNA was prepared
rom embryonic day (E) 12.5 whole mouse and 59-RACE was per-
ormed using the SMART RACE cDNA Amplification Kit (Clontech
atalog No. K1811-1) with a gene-specific primer (complementary to
ucleotides 305 to 332 of GenBank Accession No. AA222797). The
econstructed open reading frame of mouse Mial was verified by
T-PCR performed on E12.5 whole mouse RNA using the primers
Mial-v1F (59-CAGCAAGAAGGAAGATGGCAAG-39) and mMial-

1R (59-GTCAGAGCTGGGGAGAATGACC-39) annealing in the 59-
nd 39-untranslated region (UTR), respectively. The PCR product
as cloned and sequenced.

Radiation hybrid mapping of mouse Mial. The T31 mouse radi-
tion hybrid mapping panel consisting of DNA from 100 hybrids was
btained from Research Genetics (http://www.resgen.com/). Fifty
anograms of DNA from each hybrid cell line was screened twice for
he presence or absence of the Mial gene using the PCR primers
Mial-c1F (59-CAGATAAAACAGAAACACCAGT-39) and mMial-

1R (59-GGGGCAAGAGTAAACAAGA-39) designed to amplify a
58-bp fragment of the Mial-39 UTR. Standard PCR amplification
as performed using an annealing temperature of 52°C. Genotype
ata for the 100 clones were sent to The Jackson Laboratory (http://
ww.jax.org/resources/documents/cmdata/rhmap/rhsubmit.html) to
etermine the chromosomal location of Mial with respect to

the Mouse Genome Database (MGD) linkage map (http://www.
informatics.jax.org/).

In situ hybridization. Human conceptuses were collected from
legally terminated pregnancies in agreement with the French law
and Ethics Committee recommendations. Tissues were fixed with 4%
paraformaldehyde, embedded in paraffin blocks, and sectioned at 5
mm. A 688-bp PCR product of MIAL cDNA (corresponding to bp 269
to 1619) was cloned into a pPCR-Script Amp vector (Stratagene).
The PCR product (688 bp) shows ,50% homology with MIA cDNA
and thus is likely to hybridize specifically to MIAL mRNA. Sense and
antisense riboprobes were generated using either T3 or T7 RNA
polymerase in the presence of a-35S-UTP (1200 Ci/mmol; NEN).
Labeled probes were purified on Sephadex G50 columns. Hybridiza-
tion and posthybridization washes were carried out according to
Wilkinson (1992). Slides were dehydrated, exposed to Biomax MR

X-ray films (Amersham Pharmacia Biotech) for 3 days, dipped in
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42 RENDTORFF ET AL.
Kodak NTB2 emulsion for 17 days at 14°C, developed, counter-
stained with toluidine blue, and coverslipped with Eukitt. No hybrid-
ization signal was detected with the a-35S-labeled sense probe, con-
firming that the in situ hybridization pattern of the a-35S-labeled
antisense probe was specific.

Laser capture microdissection. Heads of E17 mouse and 8- to
10-week-old human fetuses, obtained after permission was granted
by the Danish Scientific Ethical Committee, were frozen in Tissue-
Tek embedding medium OCT (Miles), sectioned at 8–10 mm in a
ryostat, mounted on uncoated microscope glass slides, and stored at
80°C. Frozen tissues sections were fixed in 70% ethanol and

tained with hematoxylin and eosin. Thereafter sections were dehy-
rated in alcohol and then in xylene and air-dried. Using the PixCell
I Laser Capture Microdissection System (Arcturus Engineering
nc.), cells were microdissected according to the manufacturer’s pro-
ocol. Total RNA was extracted from the cells using the Micro RNA
solation kit (Stratagene). Reverse transcription was performed es-
entially as described below.

RNA isolation and RT-PCR analysis. Total RNA was prepared
Chomczynski and Sacchi, 1987) from snap-frozen tissues from hu-
an embryos and fetuses ranging from 6 to 12 weeks of development

r from embryonic (E14.5), postnatal, and adult mouse. Human total
NA from adult tissues and fetal brain was obtained from Clontech.
NA was treated with RNase-free DNase I (Gibco BRL), and cDNA
as synthesized using oligo(dT)11V primers and Superscript II

(Gibco BRL). cDNA, synthesized from approximately 20 ng RNA,
was amplified by PCR with primers to MIAL, MIA, or b-ACTIN
DNA. cDNA derived from 30 metastatic melanoma cell lines was
repared as described (Guldberg et al., 1997). For human MIAL and
IA, two independent primer sets were used and found to give

imilar results. One set was designed to amplify sequence across
xon–intron borders to exclude amplification of genomic DNA.
rimer sequences were as follows: hMIAL-7F, 59-TCCTCTTT-
ATCTGCCACCTCC-39; hMIAL-7R, 59-GAGATGGGAGTCGTGGG-
TATT-39; hMIAL-THCF, 59-ATGCATCCCCCTGTAAGAG-39; hMIAL-

THCR, 59-GGTTGGAGGTGGCAGATA-39; hMIA-v1F, 59-CCAAGT-
GGTGTATGTCTTCTCCAA-39; hMIA-v1R, 59-GGCAGTAGAAATC-
CCATTTGTCTGT-39; hMIA-r2F, 59-TGTGTGCGGACCAGGAGTG;
hMIA-r2R, 59-GAAATAGCCCAGGCGAGCAG-39; mMial-m3F, 59-
CCCAGCAACTTGGTGAAGGAGCAGCGT-39; mMial-m3R, 59-CAG-
TTGGTGGAAAGACCGGGGCAAGAG-39; mMia-1F, 59-GCAGTGT-
TCAGGGAGGTTA-39; mMia-1R, 59-TGCAGGGATAGCGGTAG-39;
b-ACTINA, 59-AAGTGTGACGTTGACATCCG-39; and b-ACTINB, 59-
GATCCACATCTGCTGGAAGG-39.

MIAL expression vectors. To generate myc-tagged MIAL expres-
sion vector, cDNA of human MIAL or the ACG initiation codon MIAL
variant was amplified by PCR using a sense primer complementary
to nucleotides 268 to 241 from the initiation codon and introducing
a XhoI site (59-CACGCTCGAGAAGGCAGGAACCACTGAAGT-
CAGTCCC-39) and an antisense primer deleting the natural stop
codon and introducing a NotI site (59-CCATAGCGGCCGCCTCGCA-
GAAGAAGTCAATATCCGTG-39). To generate myc-MIAL23-128, the
sense primer used annealed at the second in-frame ATG codon at
nucleotides 67 to 87 and a Kozak consensus sequence and a XhoI site
were introduced upstream thereof (59-CACGCTCGAGACCATG-
GACCGTCTAGCTTCCAAG-39). PCR products were digested with
XhoI and NotI, and iserted in-frame with a C-terminally located
9-amino-acid myc epitope tag in the mammalian expression vector
pEF (pEF/myc/cyto) (Invitrogen). To generate MIAL tagged with the
9-amino-acid hemagglutinin (HA) epitope, cDNA of human MIAL
was amplified by PCR using a sense primer complementary to nu-
cleotides 268 to 247 from the initiation codon and introducing a
NotI site (59-CAGTCGATAGCGGCCGCAAGGCAGGAACCACTGA-
AGTC-39) and an antisense primer deleting the natural stop codon
and introducing a NotI site (59-GACACGTAGGCGGCCGCCTCGCA-
GAAGAAGTCAATATC-39). The PCR product was digested with NotI
and inserted in-frame with a C-terminally located HA tag in the
mammalian expression vector pMT2 (Grove et al., 1993) using the

NotI site. Before subcloning, the pMT2 vector had been modified by
excision of the RSK1 gene present in the vector and introduction of
a stop codon after the HA tag. All plasmid inserts were checked for
PCR-introduced errors by sequencing.

Expression of MIAL in cultured cells. COS7 cells were cultured in
Dulbecco’s modified Eagle’s medium supplemented with 10% fetal
bovine serum at 37°C in atmospheric air containing 5% CO2. For
transfection, monolayers of ;3.2 3 105 cells in 9.6-cm2 dishes were
ncubated for 4 h in serum-free medium with 1.5 mg DNA complexed
ith 12 ml of LipofectAMINE (Life Technologies, Inc.) according to

he manufacturer’s instructions. After transfection, the medium was
eplaced with medium containing 10% fetal bovine serum, and cells
ere cultured for 24 or 48 h. To analyze secretion of myc-tagged
IAL, cells were washed three times with serum-free medium and

ncubated for 10 or 18 h in serum-free medium supplemented with 30
M insulin-like growth factor II to promote cell survival. Thereafter,
he medium was collected, and cells were washed with phosphate-
uffered saline solution (PBS), pH 7.4, and lysed in SDS–PAGE
ample buffer (2% sodium dodecyl sulfate, 62 mM Tris (pH 6.8), 10%
lycerol, 5% b-mercaptoethanol, 0.1% (w/v) bromphenol blue). MIAL

in the medium was isolated by immunopurification. Briefly, the
medium was centrifuged for 3 min at 1000g to remove contaminating
cells, and the supernatant was subsequently centrifuged for 10 min
at 20,000g to remove the remaining debris. The supernatant was
incubated with 2 mg monoclonal mouse anti-myc 9E10 antibody
Santa Cruz Biotechnologies) for 2 h at room temperature with the
ddition of 25 ml of a 50% slurry of protein G–agarose beads (Amer-

sham Pharmacia Biotech) during the final 45 min. Agarose beads–
antibody complexes were precipitated by centrifugation, washed five
times with 0.5% Triton X-100, 150 mM NaCl, 10% glycerol, 50 mM
Tris–HCl (pH 7.4), drained, and dissolved in SDS–PAGE sample
buffer.

Coimmunoprecipitation of HA-MIAL and myc-MIAL. COS7 cells
were cotransfected with 0.75 mg plasmid expressing myc-MIAL and
HA-MIAL or empty HA vector. After 48 h, cells were washed with
PBS and then solubilized for 15 min in 500 ml lysis buffer (0.5%
Triton X-100, 150 mM NaCl, 50 mM Tris–HCl (pH 7.4), 10% glycerol,
5 mM EDTA, 25 mM NaF, 1 mM phenylmethylsulfonyl fluoride, 10
mM leupeptin, 10 mM pepstatin, and 200 kallikrein inhibitor

nits/ml aprotinin) on ice. Subsequent manipulations were per-
ormed at 0–4°C. Cell extracts were clarified by centrifugation for 10
in at 14,000g, and the supernatant was incubated with 2 mg mouse
onoclonal 12CA5 anti-HA antibody for 2 h with the addition of 20

ml of a 50% slurry of protein A–agarose beads (Amersham Pharmacia
Biotech) during the final 25 min. Agarose beads–antibody complexes
were precipitated by centrifugation, washed five times with lysis
buffer, drained, and dissolved in SDS–PAGE sample buffer.

Immunoblotting. Protein samples were fractionated by 15%
SDS–PAGE and electroblotted onto Hybond polyvinylidene diflu-
oride membrane (Amersham Pharmacia Biotech). Membranes
were blocked overnight with 5% (w/v) nonfat dry milk (Carrefour,
Paris, France) in Tris-buffered saline (pH 7.6) and incubated with
9E10 antibody to the myc tag or with rabbit polyclonal antibody to
the HA tag (Santa Cruz Biotechnologies). The primary antibodies
were visualized by incubation with anti-mouse or anti-rabbit an-
tibody coupled to horseradish peroxidase followed by enhanced
chemiluminescence development (Amersham Pharmacia Biotech)
and autoluminography.

Metabolic 35S-labeling. Monolayers of ;2 3 106 COS7 cells in
7-cm2 dishes were transfected with plasmid expressing myc-tagged
IAL and cultured for 48 h. Cells were then washed twice with PBS

nd incubated with sulfate- and serum-free minimum essential Ea-
le’s medium supplemented with 15 mM Hepes (pH 7.4), 5 nM
nsulin-like growth factor II, and 0.5 mCi/ml sodium [35S]sulfate.

After 18 h, the medium was collected, centrifuged for 3 min at 1000g,
and centrifuged thereafter for 10 min at 20,000g. The supernatant
was precleared by incubation with protein G–agarose for 20 min.
Thereafter, agarose beads were removed by centrifugation, and

MIAL was precipitated from the supernatant as described above.
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Immunocytochemistry. Transfected COS7 cells grown on glass
overslips coated with poly-D-lysine were washed with PBS, fixed
ith 4% paraformaldehyde in PBS for 10 min, permeabilized with
.2% Triton X-100 in PBS, and incubated for 20 min with 10% horse
erum in PBS. Cells were then incubated for 1 h with mouse anti-

Golgi 58K antibody (Sigma) (10 mg/ml) and rabbit anti-myc antibody
(0.5 mg/ml) (Santa Cruz Biotechnologies) in PBS containing 2% horse
erum. Cells were rinsed five times with PBS and incubated for 45
in with Texas red-conjugated anti-mouse antibody (5 mg/ml) and

uorescein-isothiocyanate (FITC)-conjugated anti-rabbit antibody (2
mg/ml) (both from Jackson Immunochemicals). In this double-immu-
nostaining protocol, no cross-reaction was observed between second-
ary antibody and the inappropriate primary antibody or the horse
serum (data not shown). After being washed, the coverslips were
mounted on slides. Cells were examined with a Leica DMRB epiflu-
orescence microscope with the appropriate filters, and images were
captured using a Sensys 1400 CCD camera (Photometrics) and
IPLab Spectrum imaging software (Vysis).

Analysis of initiation codon polymorphism in human MIAL. A
54-bp PCR product containing the initiation codon of MIAL was
CR-amplified from genomic DNA extracted from whole blood of
nrelated individuals using standard methods. PCR was carried out

n 15 ml using the primers hMIAL-9F (59-CATCTGCACAGAGCT-
CTTGGA-39) and hMIAL-9R (59-GAGCAGCCTGTTATGAAAA-
GG-39). Thermocycler conditions were an initial denaturation at

95°C for 3 min; 32 cycles of 94°C for 15 s, 54°C for 20 s, and 72°C for
30 s; with a final extension for 5 min at 72°C. Seven microliters of the
PCR sample was digested overnight with 5 U BbsI (New England
Biolabs) in a 40-ml reaction and analyzed on 2% agarose gels.

RESULTS

Cloning of Human and Mouse MIAL cDNA

In a search for cochlea-specific EST clusters using
the TIGR HGI database, we retrieved THC 147247,
which is assembled from four ESTs originating from a
human cochlear cDNA library (Robertson et al., 1994).
By database searching, we found a human genomic
clone, 705D16 (GenBank Accession No. AL034428),
from chromosome 20 that showed 100% identity to the
390 nucleotides of THC 147247. Integrated genomic
sequence analysis using the NIX program predicted
four exons in clone 705D16 immediately upstream
from the sequence with homology to THC 147247. The
predicted exons encoded a protein with significant ho-
mology to MIA. To clone the cDNA of the MIA homo-
ogue, RT-PCR was performed using primers based on
equence upstream of the predicted exon 1 (upstream
rimer) and THC 147247 (downstream primer). cDNA
rom human whole fetal brain, which may contain tis-
ue of inner-ear origin, as discussed below, was used as
emplate. The PCR resulted in a 688-bp product. The
ontig of this PCR product and THC 147247 is shown
n Fig. 1A. The longest open reading frame predicts a
28-amino-acid protein of 14.3 kDa, in which the first
0 amino acids constitute a potential signal peptide
ith a likely cleavage site between residues 20 and 21.
verall, this protein shows 45% identity and 63% sim-

larity to MIA (Fig. 1B), but no significant similarity to
ny other sequence in the databases. Due to the ho-
ology with MIA, the protein was named MIAL for
IA-like. The 59-UTR of MIAL mRNA has not been
recisely determined, but by RT-PCR we could amplify
IAL cDNA with a 59 primer corresponding to bp 283
o 260. Thus, the 59 end extends at least 83 nucleotides
pstream from the predicted translation initiation
odon. The sequence around the initiation codon con-
orms to a Kozak consensus sequence (GCCACCatgG)
ith respect to the most important nucleotides, i.e., a
urine at 23 and a guanine at 14 (Kozak, 1996). This

translation initiation site is preceded by an in-frame
stop codon located 51 nucleotides upstream. The MIAL
mRNA appears to be subject to alternative polyadenyl-
ation. Thus, six cochlear ESTs exist in GenBank with a
poly(A) tail 468 nucleotides downstream from the stop
codon and 14 nucleotides downstream from a canonical
AATAAA polyadenylation signal (Fig. 1A). In addition,
three cochlear ESTs (GenBank Accession Nos. H87930,
H88326, and N67179) suggest polyadenylation 1045
nucleotides downstream from the stop codon and 24
nucleotides downstream from an ATTAAA polyadenyl-
ation signal. Finally, one cochlear EST (GenBank Ac-
cession No. H89184) suggests that MIAL mRNAs with

39-UTR longer than 1316 nucleotides may exist, but
o canonical polyadenylation signal or a poly(A) tail
as present in this EST sequence.
We next cloned the murine homologue of MIAL. The

9 coding region of human MIAL showed homology to
an EST (GenBank Accession No. AA222797) originat-
ing from an embryonic whole mouse cDNA library.
Sequencing of the EST clone revealed that it encoded
the final 45 amino acids only of the putative murine
homologue of MIAL. Therefore 59-RACE-PCR was per-
formed on E12.5 whole mouse RNA, which yielded a
single PCR product of about 650 bp. The cDNA contig
of the 59-RACE-PCR product and the insert of IMAGE
Clone 661055 contained an open reading frame predict-
ing a 128-amino-acid protein with a putative 18-amino-
acid secretory signal peptide with a likely cleavage site
between residues 18 and 19. Thus, the predicted pre-
protein is the same size as human MIAL, and the two
proteins show an overall amino acid identity of 87%
and a similarity of 92% (Fig. 1C). The sequence sur-
rounding the start ATG of the mouse cDNA is identical
to that of human MIAL and thus contains a Kozak
sequence with the two most important positions con-
served. We therefore conclude that the cDNA repre-
sents the murine homologue of human MIAL, and we
have named the mouse gene Mial. The 59-UTR of Mial
extends at least 23 nucleotides upstream of the puta-
tive initiation methionine as indicated by 59-RACE.
The insert of IMAGE Clone 661055 shows a 535-nucle-
otide 39-UTR of mouse Mial. Nineteen nucleotides up-
stream of the poly(A) tail, a CATAAA sequence is lo-
cated that directs polyadenylation with 20% efficiency
compared with the canonical AATAAA sequence (Wick-
ens, 1990).

MIA contains four cysteine residues thought to be
important for the tertiary structure (Blesch et al.,
1994). These four cysteines are conserved in human
and mouse MIAL. Moreover, hydropathic analysis of

the MIA and MIAL family of proteins using Kyte–
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Doolittle plots (Kyte and Doolittle, 1982) showed an
overall similar structure of hydrophobic and hydro-
philic domains. Tyrosine 50 of both human and mouse
MIAL may be O-sulfated, since it is preceded by two
acidic residues (Bundgaard et al., 1997). No glycosyla-
ion sites are predicted in MIAL.

enomic Organization of the Human MIAL Gene

The exon–intron structure of MIAL was deduced by
lignment of MIAL cDNA with the sequence of the

genomic clone 705D16. The predicted gene structure
was confirmed by amplification and sequencing of
exon–intron boundaries. The MIAL coding region is
divided into four small exons of 115, 140, 108, and 24

FIG. 1. Sequence of MIAL. (A) cDNA nucleotide and deduced
nderlined. In-frame stop codons are marked by asterisks. Consensu
B) Amino acid alignment of human MIAL and MIA. (C) Amino acid
oxes indicate identity and similarity, respectively, between the ami
otential site for tyrosine O-sulfation is marked by an inverted tria
bp that are distributed over a 2687-nucleotide chromo- S
somal region (Fig. 2). All splice junctions are in agree-
ment with the GT-AG consensus sequence. A compar-
ison of the genomic structure of MIAL with that of MIA
revealed a highly conserved intron–exon structure in
the codon phase (Fig. 2). Inspection of the sequence of
genomic clone 705D16 showed that the intergenic dis-
tance between the MIAL initiation codon and the
neighboring gene, small nuclear ribonucleoprotein
polypeptide B2 (SNRPB2), is 7.4 kb and that MIAL and

NRPB2 are arranged in a head-to-tail configuration.
A 3-kb region 59 to the initiation codon of human
IAL was analyzed for consensus binding sites for

ranscription factors using the TRANSFAC database.
he search indicated binding sites (score .98) for

ino acid sequence of human MIAL. The putative signal peptide is
olyadenylation signals in the 39-UTR are indicated by boldface type.
gnment of mouse and human MIAL. In (B) and (C), black and gray
acid sequences. Conserved cysteines are marked by asterisks and a
e (ƒ).
am
s p
ali

no
OX5 (SRY-related HMG box), SRY (sex-determining
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45CLONING AND CHARACTERIZATION OF MIAL
factor), CRE-BP1 (cAMP-responsive element binding
protein 1), MZF1 (myeloid-specific zinc finger protein
1), runt-factor AML-1, CdxA, and the homeodomain
transcription factors Hmx1 and Hmx3 (Table 1). The
binding site for Hmx is also recognized by the homeo-
domain factor Nkx-2.5 (Amendt et al., 1999). Addi-
tional analysis identified three core binding sites (AA-
CAAT) for SOX proteins (Mertin et al., 1999).

Radiation Hybrid Mapping of the Mouse Mial Gene

To establish the chromosomal localization of mouse
Mial, PCR analysis was performed on DNA from the

31 mouse radiation hybrid panel (McCarthy et al.,
997). The data placed Mial on mouse chromosome 2
etween markers D2Mit138 (LOD .3) 30.9 cR proxi-
al and D2Mit259 (LOD .3) 20.8 cR distal in the T31

atabase, corresponding to a location between 79.4 and
0 cM from the top of chromosome 2. This chromosomal
egion shows conserved synteny to the human chromo-
omal region 20p11.22–p12.2, where the human
enomic clone 705D16, containing MIAL, has been lo-
ated by the Sanger Centre. No loci for nonsyndromic
nner-ear defects have thus far been linked to human
hromosome 20p11.22–p12.2 or to the syntenic murine
egion.

FIG. 2. Conserved exon structure of human MIAL and MIA gene
introns are given in basepairs. The sequences of exon–intron junctio
capital letters and gt-ag consensus splice junction sequences underlin
not been defined.

TABLE 1

Predicted Transcription Factor Binding Sites in the
-kb Region 5* to the Initiation Codon of Human MIAL

Transcription
factor

Predicted binding site
in the MIAL promoter

Position 59 to MIAL
initiation codon (bp)

OX 5 TTAACAATAG 2239 to 2248
RY AAACAAA 22224 to 22218

21480 to 21486
21217 to 21223
2435 to 2429

RE-BP1 TTACGTAA 2456 to 2463
ZF1 AGTGGGGA 2592 to 2585
unt factor AML-1 TGTGGT 22367 to 22362
dx A ATTAATA 21949 to 21955

AATAATA 21949 to 21955
mx1 and Hmx3 TCAAGTG 22694 to 22688

21738 to 21732
w22139 to 22145
Tissue Distribution of Human and Mouse MIAL
mRNA

The temporal and spatial expression of MIAL in the
developing human inner ear was investigated by in
situ hybridization. No expression of MIAL was detected
in the otic vesicle (the primordial inner ear) or in the
inner ear at early stages of its formation (weeks 5, 6,
and 7) (data not shown). At developmental week 9.5,
when the labyrinths of the inner ear have largely as-
sumed their final form, strong expression of MIAL was
observed in the utricle, saccule, and ampullae of the
semicircular canals (Fig. 3B). These structures belong
to the vestibule, which is the organ that senses gravity
and acceleration. Expression of MIAL was restricted to
cells right beneath the epithelium that lines the fluid-
filled labyrinths. Interestingly, expression was highest,
and the layer of MIAL-expressing cells was thickest,

nder regions of relatively well-developed sensory ep-
thelia (e.g., the cristae ampullaris and utricular mac-
la shown in Figs. 3A and 3G), in which the mechano-
ensitive hair cells of the inner ear are located. In the
ochlea, where development of the sensory epithelium
ags behind that of the vestibule, MIAL was also ex-
ressed by cells beneath the epithelium, but expression
as weaker than in the vestibule (Fig. 3D). In regions
ithin the semicircular canals with no developed sen-

ory epithelium, MIAL expression was low (Fig. 3F).
No expression of MIAL was observed in other embry-
onic or fetal tissues analyzed, which included brain,
spinal cord, eye, developing kidney, heart, gut, liver,
pharyngeal arches, limb buds, and vertebral anlage
(data not shown).

We next used semiquantitative RT-PCR to analyze
the expression of MIAL in human and murine inner
ar and to compare it with that of MIA. The human and
ouse specimens were analyzed at fetal weeks 8–10

nd embryonic day 17, respectively. At these stages,
he mouse inner ear is somewhat more developed than
he human ear. Cells from various structures of the
nner ear were dissected from tissue sections using the
aser capture microdissection technique (Fig. 4C). For
omparison, cells were also dissected from midbrain
nd retina. Thereafter, RNA was extracted and sub-
ected to RT-PCR. In the mouse, a strong Mial signal

oding sequence is indicated by boxes, and the lengths of exons and
of the MIAL gene are shown at the bottom, with coding sequence in
The stippled line in MIAL indicates that the start of the 59-UTR has
s. C
ns
ed.
as observed in cells from cochlea and vestibule,
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whereas no expression was detected in the otic capsule,
midbrain, and retina (Fig. 4A). A similar distribution
was observed for Mia (Fig. 4A). In human, MIAL was
also expressed in the labyrinth of the inner ear (Fig.

FIG. 3. In situ hybridization analysis of MIAL expression in the
nner ear. A 9.5-week human fetal head was sectioned, mounted on
glass slide, and stained with hematoxylin and eosin (A, C, E, G, I).
he adjacent section was hybridized with 35S-labeled antisense

MIAL riboprobe (B, D, F, H). Dark-field illumination shows MIAL
expression in the utricle, saccule, and ampullae (B), in cochlea (D),
and in the posterior semicircular canal (F). (H) Bright-field illumi-
nation of an ampulla at higher magnification reveals high-level
MIAL expression in a cell layer beneath the sensory epithelium
(s-ep) of crista ampullaris and a lower level of expression beneath the
nonsensory epithelium (ns-ep). (I) Low-magnification view of the
section with boxes indicating the regions magnified in A–F. No
hybridization signal was detected in sections hybridized with MIAL
sense riboprobe as illustrated in (J), which is the adjacent section of
(B). ca, crista ampullaris; um, utricular macula. Magnification: (A,
B, J) 332; (C–F) 380; (G, H) 3168; (I) 38.
4B). Whether the labyrinth was cochlear or vestibular
could not be unambiguously determined due to mor-
phological distortion of the fetal heads used for these
experiments. No MIAL expression was detected in otic
capsule, midbrain or retina. MIA showed weak expres-

FIG. 4. RT-PCR analysis of MIAL and MIA mRNA expression in
the inner ear. Sections of fetal mouse (A) and fetal human (B) head

ere mounted on glass slides and stained with hematoxylin and
osin. Cells from (A) otic capsule (1), cochlea (2), vestibule (3), mid-

brain (4), and retina (5) or (B) otic capsule (1), inner-ear labyrinth
(2), midbrain (3), and retina (4) were microdissected by laser capture.
A6 and B5 are negative controls (H2O). Total RNA was extracted,
reverse-transcribed, and subjected to cDNA amplification using
primers for MIAL, MIA or b-ACTIN. PCR products were resolved by
lectrophoresis on 2% agarose gels containing ethidium bromide. For
IAL and MIA, 30–32 PCR cycles were used; for b-ACTIN, 27 cycles

were used. The experiments were repeated three times with similar
results. (C) Example of tissue microdissected by laser capture. The
mouse cochlea prior to capture (1), captured cells from the otic

capsule (2), and captured cells from cochlear labyrinth (3).
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sion in the labyrinth and capsule of the human inner
ear. A roughly similar signal for b-ACTIN in all tissues
confirmed that the samples in Figs. 4A and 4B con-
tained similar amounts of cDNA.

RT-PCR analysis of fetal and adult human tissues
other than the inner ear detected expression of MIAL
in whole fetal brain only (Fig. 5A). Thus, both in situ
hybridization and RT-PCR suggest a remarkably re-
stricted distribution of MIAL mRNA in humans and
suggest that the inner ear may be the major site of
synthesis. In the mouse, Mial mRNA also showed a
narrow, but less restricted, tissue distribution, with
signal detected in fetal whole brain, eye, and limb and
in adult brain and ovary (Fig. 5B). In the ovary, ex-
pression of Mial appeared weakly at postnatal day 7
and reached adult levels at day 24 after birth (Fig. 5C).
Finally, no Mial expression was detected in adult

ouse testis, thyroid gland, skeletal muscle, or spleen
data not shown). The mRNA of b-ACTIN was present

at roughly similar levels in all tissues.
Since expression of MIA is invariably observed in

human malignant melanoma (Bosserhoff et al., 1999a),
30 metastatic melanoma cell lines were analyzed for

FIG. 5. Tissue distribution of MIAL mRNA in mouse and human.
otal RNA from fetal and adult tissues was reverse-transcribed and
ubjected to cDNA amplification using primers for MIAL or b-AC-
IN. PCR products were resolved by electrophoresis on 2% agarose
els containing ethidium bromide. (A) Human fetal and adult tis-

sues. Positive control is genomic DNA. (B) Mouse fetal and adult
tissues. (C) Ovary from 7-, 10-, and 24-day-old mice. For MIAL,
30–32 PCR cycles were used; for b-ACTIN, 22 cycles were used. The
experiments were repeated three times with similar results.
MIAL expression by RT-PCR. However, MIAL was ex-
pressed by 1 melanoma cell line only, in contrast to
MIA, which was expressed by all of the cell lines (data
not shown).

Expression and Secretion of MIAL Protein by
Cultured Cells

We next performed an initial characterization of the
protein product of the MIAL gene. We first investigated
whether the MIAL cDNA was able to direct the expres-
sion of a protein in transfected mammalian cells and
whether the protein was secreted, as suggested by the
presence of a signal peptide. The coding region plus 68
nucleotides of the 59-UTR of human MIAL cDNA was
cloned into the mammalian expression vector pEF-
myc, resulting in the fusion of the 9-amino-acid myc
epitope tag to the C-terminus of MIAL. COS7 cells
were transiently transfected with the plasmid, cul-
tured for 48 h, and then washed. Ten or 18 h after
washing, cells and medium were collected and ana-
lyzed for the presence of MIAL by immunoblotting for
the myc epitope tag. As shown in Fig. 6A (left panel),

FIG. 6. Expression, secretion, and homodimer formation of
MIAL protein in mammalian cells. COS7 cells were transfected with
mammalian expression vector containing C-terminally epitope-
tagged MIAL and cultured for 48 h. (A) To assay for secretion of

IAL, cells expressing myc-MIAL were washed and incubated in
erum-free medium in the presence or absence of 1 mg/ml brefeldin A.
fter 10 or 18 h, cells and medium were collected and analyzed for

he presence of MIAL protein by SDS–PAGE and immunoblotting
ith antibody to the myc epitope tag. (B) Cells expressing myc-MIAL
ere lysed in nonreducing (NR) or reducing, i.e., containing b-mer-

captoethanol, (R) SDS–PAGE sample buffer. Lysates of duplicate
determinations were subjected to SDS–PAGE and immunoblotting
with antibody to the myc epitope tag. (C) Cells were transfected with
myc-MIAL together with empty vector (2) or HA-MIAL. After 48 h,
cells were lysed and subjected to immunoprecipitation (I.P.) with
antibody to the HA tag. Aliquots of the precipitates were subjected to
immunoblotting with antibody to the myc tag (top) or to the HA tag
(middle). Preimmunoprecipitation lysates were subjected to immu-
noblotting with antibody to the myc tag (bottom). The experiments

were performed two (A) or three (B and C) times with similar results.
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48 RENDTORFF ET AL.
the transfected cells expressed one protein product of
;15 kDa, which is in agreement with the size predicted
by the cDNA sequence. Moreover, MIAL protein was
also present in the medium, where it accumulated over
time (Fig. 6A, compare lanes 1 and 3 in the right-hand
panel), indicating that MIAL is synthesized into the
endoplasmic reticulum and secreted by the cells. To
support this conclusion, parallel cell cultures were
treated with the fungal metabolite brefeldin A, which
inhibits the translocation of vesicles from the endoplas-
mic reticulum to the Golgi apparatus and thereby
blocks protein secretion via the Golgi apparatus (Mi-
sumi et al., 1986). Treatment with brefeldin A com-

letely abolished accumulation of MIAL protein in the
edium (Fig. 6A, lanes 2 and 4, right panel). MIAL

rom brefeldin A-treated cells migrated as a higher-
olecular-weight species compared to that of un-

reated cells (Fig. 6A, left panel), suggesting that MIAL
s subject to posttranslational processing in the Golgi
pparatus.
MIAL and MIA contain four conserved cysteine res-

dues that may be involved in disulfide bridge forma-
ion. To investigate this possibility, COS7 cells ex-
ressing myc-MIAL were lysed in reducing or
onreducing sample buffer and analyzed by SDS–
AGE and immunoblotting. Interestingly, nonreduced
IAL migrated as a species approximately twice the

ize of reduced MIAL (Fig. 6B), suggesting that MIAL
s assembled into a covalently linked homodimer in the
ells. To address this possibility further, we first cloned
IAL into another expression vector, resulting in C-

erminal tagging of MIAL with the 9-amino-acid HA
ag. HA-MIAL was found to behave in the same way as
yc-MIAL with respect to subcellular localization, se-

retion, and double molecular size in nonreducing
DS–PAGE (data not shown). Myc-MIAL and HA-
IAL were then coexpressed in COS7 cells, followed by

ysis of the cells and immunoprecipitation with anti-
ody to the HA tag. Immunoblotting of the precipitates
ith anti-myc antibody showed that HA-MIAL was
ble to coprecipitate myc-MIAL (Fig. 6C, lane 2, upper
anel). The anti-HA antibody did not precipitate myc-
IAL from cells that were not cotransfected with HA-
IAL (Fig. 6C, lane 1, top panel). Immunoblotting of

he preprecipitation lysates showed that myc-MIAL
as expressed at the same level under both transfec-

ion conditions (Fig. 6C, bottom panel). This experi-
ent demonstrates directly that MIAL forms a ho-
odimer in cells.
Human and mouse MIAL proteins contain a poten-

ial site for tyrosine O-sulfation (Glu-Asp-Tyr50). To
investigate whether MIAL is sulfated, cells expressing
myc-MIAL were metabolically labeled with [35S]sul-
fate. Thereafter, secreted MIAL was isolated from the
culture medium by immunoprecipitation and analyzed
by SDS–PAGE under reducing conditions and autora-
diography. As shown in Fig. 7B, lane 2, the precipitates
contained a sulfated protein of approximately 15 kDa,

corresponding to the size of a MIAL monomer. Sulfa-
tion of MIAL was nearly abolished by treatment of cells
with chlorate during 35S labeling (Fig. 7B, lane 1).
Chlorate competitively inhibits the formation of 39-
phosphoadenosine 59-phosphosulfate, which is the sul-
fate donor in cellular sulfation reactions (Farley et al.,
1978). Immunoblotting for the myc tag showed that
equal amounts of MIAL were present in the precipi-
tates from untreated and chlorate-treated cells (Fig.
7A). MIAL immunoprecipitated from cell lysates was
also sulfated (data not shown).

The subcellular localization of MIAL in transfected
COS7 cells was analyzed by immunocytochemistry.
Immunostaining for the myc epitope tag revealed in-
tense staining in a perinuclear structure resembling
that of the Golgi apparatus and less intense staining in
a cytosolic network that presumably corresponds to the
endoplasmic reticulum (Fig. 8A, panel 1). In contrast,
no staining was detected in the nucleus. By double-
immunostaining, the perinuclear MIAL signal was
found to overlap with the signal of the Golgi marker
protein, 58K, supporting the conclusion that MIAL was
present in the Golgi apparatus (Fig. 8A, compare pan-
els 1 and 2). Moreover, treatment of cells with brefeldin
A redistributed MIAL as well as 58K from a predomi-
nantly perinuclear to a predominantly cytoplasmic lo-
calization (Fig. 8A, panels 3 and 4). Truncation of the
putative signal peptide resulted in a mutant, MIAL23-

28, with completely different subcellular localization
compared to wildtype MIAL. MIAL23-128 was uniformly
distributed in the cytoplasm and the nucleus and
showed no Golgi localization (Fig. 8A, panels 5 and 6).
Accordingly, brefeldin A did not affect the subcellular

FIG. 7. Sulfation of MIAL protein in COS7 cells. Cells were
transiently transfected with myc epitope-tagged MIAL and cultured
for 48 h. Cells were then washed and incubated with [35S]sulfate in
erum-free medium in the presence or absence of 25 mM sodium
hlorate. After 18 h, MIAL was immunoprecipitated from the culture
edium with antibody to the myc tag. Aliquots of the precipitates
ere subjected to SDS–PAGE (reducing conditions) and analyzed by

mmunoblotting for the myc epitope tag (A) or by autoradiography
B).
distribution of MIAL23-128 in contrast to wildtype MIAL
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49CLONING AND CHARACTERIZATION OF MIAL
(Fig. 8A, panels 7 and 8). Immunoblotting showed that
MIAL23-128 was expressed at the expected size, but at a
lower level than wildtype MIAL (Fig. 8B).

Identification of an Allelic Variant of Human MIAL
That Does Not Express Protein

During the cloning of the human MIAL gene, we
discovered a polymorphism in the initiation codon. The
allelic variant (termed a) contained ACG (threonine) as
codon 1 as opposed to ATG of the wildtype MIAL allele
(termed A) (Fig. 9A). The T-to-C transition in the MIAL
variant creates a cleavage site for the endonuclease
BbsI, allowing genotype identification by BbsI diges-
tion of PCR-amplified genomic sequence that includes
the initiation codon of MIAL (Fig. 9B). In 505 unrelated
individuals subjected to genotype analysis, 456 (90.3%)
were found to be AA homozygous, 48 (9.5%) were Aa
heterozygous, and 1 (0.2%) was aa homozygous. The
variant allele of MIAL also contained a c-to-g transver-
sion at position 229 in the 59-UTR (Fig. 9A).

We next investigated whether the MIAL allele con-
taining ACG in the initiation codon could direct the
synthesis of MIAL protein. The variant allele was used
to generate an expression plasmid, myc-MIAL-
(Met1Thr), that was identical to the construct contain-
ing wildtype MIAL except for ACG as codon 1. As
shown in Fig. 9C, no MIAL protein was expressed by
COS7 cells transfected with myc-MIAL(Met1Thr),
whereas transfection with wildtype myc-MIAL plas-
mid resulted in robust expression.

DISCUSSION

In this study we have discovered and cloned a human
gene and the corresponding mouse cDNA and per-
formed an initial characterization of the gene, mRNA,
and protein. The gene was named MIAL since similar-
ity in exon structure and primary sequence revealed an
evolutionary relationship with MIA. Very recently,
Robertson et al. (2000) reported cDNA cloning of hu-

an and mouse OTOR, which are identical to human
and mouse MIAL, respectively. In addition, the cDNA
of the chicken and bullfrog orthologues were also iso-
lated. All MIA and MIAL sequences reported show
conservation of size, a putative signal peptide, and four
cysteines. Thus the two genes constitute a small and
unique family encoding proteins that are likely to have
a similar three-dimensional structure.

Like MIA, MIAL was found to encode an extracellu-
ar protein. In transfected cells, MIAL was secreted
nto the medium via the Golgi apparatus, as evidenced
y immunocytochemistry and accumulation of MIAL in
he culture medium, which could be blocked by the
olgi inhibitor brefeldin A. Apparently, secretion of
IAL is directed by the predicted signal peptide, since

he deletion mutant MIAL23-128 was absent from the
olgi apparatus and showed abnormal cytoplasmic

nd nuclear localization compared to wildtype MIAL. p
We have obtained evidence for two types of post-
translational modification of MIAL. First, MIAL forms
a covalently linked homodimer, as evidenced by size in
nonreducing electrophoresis and by coimmunoprecipi-
tation experiments with differentially epitope-tagged
MIAL proteins (Fig. 6). Second, MIAL is sulfated as
shown by metabolic labeling with [35S]sulfate (Fig. 7).
Sulfation may occur at Tyr50, which is situated in a
motif for tyrosine O-sulfation and because MIAL is not
predicted to be glycosylated, and hence should not be
sulfated on sugar residues. The two modifications may
be important for MIAL function. Thus, tyrosine sulfa-
tion is known to regulate protein–protein interaction of
extracellular molecules (Kehoe and Bertozzi, 2000),
and homodimerization is essential for the biological
activity of many extracellular proteins. It is likely that
MIA may also be sulfated and form a dimer, since both
the tyrosine O-sulfation motif and the cysteines are
conserved.

MIAL showed remarkably restricted expression in
human tissues when analyzed by in situ hybridization
and RT-PCR. Expression was detected solely in fetal
inner ear and brain. Moreover, we cannot exclude the
possibility that the signal detected by RT-PCR in fetal
brain may derive from inner-ear tissue. In agreement
with this possibility, MIAL ESTs (11 all together) have
een reported only from fetal cochlea and not from
rain or any other human tissue. It is therefore possi-
le that in humans, MIAL is expressed specifically in
he inner ear. In the mouse, Mial showed less re-
tricted tissue distribution, since it was detected by
T-PCR also in eye, limb, ovary, and brain. Our data
re in accordance with Northern blot analysis by Rob-
rtson et al. (2000), who, in multiple human and
hicken tissues analyzed, detected strong OTOR ex-
ression only in cochlea and a very weak signal in
hicken eye.
Within the inner ear, MIAL was expressed by cells

ocated beneath the epithelium that lines the laby-
inth. Expression seemed particularly high under the
ensory epithelium, in particular beneath the quite
dvanced sensory epithelial structures of utricle and
ristae ampullares of fetal human week 9.5 inner ear.
t this fetal age, the sensory structures of the cochlea
re poorly developed, which may be the reason that
IAL showed less robust expression in the cochlea

han in the vestibule. Consistent with our findings, in
itu hybridization analysis by Robertson et al. (2000)
howed strong OTOR expression in cell layers beneath
he well-developed sensory epithelium of late embry-
nic and posthatching chicken cochlea. The spatial con-
ervation of MIAL expression in human and chicken,
hich are evolutionarily distant, suggests an impor-

ant role for MIAL in the inner ear. The distribution of
IAL in the inner ear also raises the possibility that

xpression of MIAL is induced by signals derived from
he sensory epithelium.

RT-PCR suggested that MIA and MIAL are co-ex-

ressed in the murine, and perhaps also the human,
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50 RENDTORFF ET AL.
inner ear. However, there may be an important quan-
titative difference in the expression level. Thus, Dietz
and Sandell (1996) failed to detect MIA expression in
he E13.5 mouse inner ear by in situ hybridization.
resumably, the sensitive RT-PCR technique used
ere was able to detect low levels of MIA expression in
he inner ear. Clearly discordant expression of MIA
nd MIAL was observed in human melanoma cells.
IAL was expressed by only 1 of 30 melanomas ana-

FIG. 8. Subcellular localization of MIAL and MIAL23-128 in COS7
cells. (A) Cells were transiently transfected with myc epitope-tagged
MIAL or MIAL23-128, cultured for 24 h, and incubated with or without

mg/ml brefeldin A for 2 h. Thereafter, cells were fixed and subjected
to double-immunofluorescence staining for the myc epitope tag
(green) and for the Golgi marker 58K (red). (B) COS7 cells express-
ing myc-MIAL or myc-MIAL23-128 were lysed under reducing condi-
tions and subjected to SDS–PAGE and immunoblotting with anti-
body to the myc epitope tag. The experiments were performed three
times with similar results.
yzed, whereas MIA was expressed throughout. A com-
arison of regulatory elements in the promoter region
f MIA and MIAL provides several clues to distinct
ranscriptional regulation of the two genes. The MIA
romoter contains binding sites for the transcription
actors Sox9, AP-2, and NF-kB, which have proven

FIG. 9. A polymorphism in the initiation codon of human MIAL
hat abolishes protein expression. (A) Nucleotide sequence of

genomic DNA around the initiation codon of human MIAL from a
wildtype homozygote (AA), a heterozygote (Aa), and a homozygote
(aa) for ACG in the initiation codon. The allelic variant, but not
wildtype MIAL, contains a BbsI restriction site (59GAAGAC(N2)).

oding sequence is shown in capital letters. (B) Restriction digestion
nalysis of initiation codon polymorphism in the MIAL gene.

Genomic DNA from four individuals was PCR-amplified to produce a
254-bp fragment containing the initiation codon of MIAL. The PCR
products were digested with BbsI, which cleaves the ACG allele into
fragments of 151 and 103 bp. One 254-bp fragment identifies an AA
homozygote, three fragments of 254, 151, and 103 bp identify an Aa
heterozygote, whereas two fragments of 151 and 103 bp identify an
aa homozygote. The first lane contains a 50-bp ladder molecular-
weight marker. (C) COS7 cells were transfected with plasmid con-
taining myc-tagged wildtype MIAL or the allelic variant, myc-
MIAL(Met1Thr). Forty-eight hours after transfection, cells were
lysed and subjected to SDS–PAGE under reducing conditions and

immunoblotting with antibody to the myc epitope tag.
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51CLONING AND CHARACTERIZATION OF MIAL
functional in promoting MIA transcription in chondro-
cytes or melanoma cells in vitro (Bosserhoff et al., 1996;
Xie et al., 1998, 1999). In contrast, the MIAL promoter
contains no AP-2 or NF-kB sites. The MIAL promoter
ontains three core SOX binding elements, but none
ith optimal flanking sequence for SOX9 binding

Mertin et al., 1999).
In humans, we discovered a variant MIAL allele with
CG as codon 1. In transfection experiments, this al-

ele was unable to direct MIAL protein expression.
CG in codon 1 is well known to result in little or no
rotein translation (discussed in Kozak, 1996). Genetic
iseases where the start ATG has mutated to ACG
nclude a-thalassemia (Pirastu et al., 1984), b-thalas-

semia (Beris et al., 1993), Tay-Sachs disease (Harmon
t al., 1993), and variegate porphyria (Frank et al.,
999). In the rare cases where a non-ATG serves as a
tart site, introduction of ATG by mutagenesis causes
arge increases in protein yield (Kozak, 1996).

Considering the severe effect on protein expression,
he ACG allele was found to be surprisingly frequent.
n the Danish population, 9.5% are heterozygous for
he ACG allele, and in 505 individuals, one ACG ho-
ozygote was identified. The homozygous male was 60

ears old and had no unusual medical record or appar-
nt phenotype. An audiogram obtained from the ho-
ozygous individual showed bilateral hearing loss at

he higher frequencies. Hearing loss of the better hear-
ng ear was 5 dB at 1000 Hz, 10 dB at 2000 Hz, 20 dB
t 4000 Hz, and 30 dB at 8000 Hz. Vestibular function
as not investigated. The hearing loss of the homozy-
ote is within normal range when considering his age.
owever, the normal hearing loss by the elderly is
elieved to contain an important genetic component
Steel, 2000). Moreover, the penetrance of several deaf-
ess genes varies considerably from individual to indi-
idual, pending on genetic background or environment,
s for instance prolonged noise stress (Steel, 2000).
Extracellular matrix and cell adhesion molecules are

elieved to play a prominent role in development of the
omplex structures of the mammalian inner ear (re-
iewed in Legan and Richardson, 1997). Several forms
f nonsyndromic deafness or balance defect that result
rom mutations in genes encoding extracellular pro-
eins have been described in humans and mice. These
enes include TECTA (Verhoeven et al., 1998),
OL11A2 (McGuirt et al., 1999), COCH (Robertson et
l., 1998), and Otog (Simmler et al., 2000). The impor-
ance of extracellular matrix proteins in inner ear func-
ion, the inner ear-restricted MIAL expression pattern,
nd the existence of an inactive allele suggest that
IAL may contribute to nonsyndromic hearing impair-
ent or balance defect in humans. Identification and

xamination of additional homozygotes for the MIAL
CG allele will provide a powerful means of establish-

ng the role of MIAL in normal function and disease of

he inner ear.
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