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Mutations in myosin XV are responsible for con-
enital profound deafness DFNB3 in humans and
eafness and vestibular defects in shaker 2 mice. By
ombining direct cDNA analyses with a comparison
f 95.2 kb of genomic DNA sequence from human
hromosome 17p11.2 and 88.4 kb from the homolo-
ous region on mouse chromosome 11, we have de-
ermined the genomic and mRNA structures of the
uman (MYO15) and mouse (Myo15) myosin XV
enes. Our results indicate that full-length myosin
V transcripts contain 66 exons, are >12 kb in

ength, and encode 365-kDa proteins that are unique
mong myosins in possessing very long ;1200-aa N-
erminal extensions preceding their conserved mo-
or domains. The tail regions of the myosin XV pro-
eins contain two MyTH4 domains, two regions with
imilarity to the membrane attachment FERM do-
ain, and a putative SH3 domain. Northern and dot

lot analyses revealed that myosin XV is expressed
n the pituitary gland in both humans and mice.

yosin XV transcripts were also observed by in situ
ybridization within areas corresponding to the
ensory epithelia of the cochlea and vestibular sys-
ems in the developing mouse inner ear. Immuno-
taining of adult mouse organ of Corti revealed that
yosin XV protein is concentrated within the cutic-
lar plate and stereocilia of cochlear sensory hair
ells. These results indicate a likely role for myosin
V in the formation or maintenance of the unique

Sequence data from this article have been deposited with the
enBank Data Library under Accession Nos. AF144093, AF144094,
F144095, and AF051976.

1 These authors contributed equally to this work.
2 To whom correspondence should be addressed. Telephone: (301)

35-8110. Fax: (301) 480-8019. E-mail: fridellr@nidcd.nih.gov.
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ctin-rich structures of inner ear sensory hair
ells. © 1999 Academic Press

INTRODUCTION

Recessive congenital nonsyndromic deafness DFNB3
as originally identified in a kindred in Bengkala, Bali
nd subsequently mapped to a 3-cM region on chromo-
ome 17p11.2 within the Smith–Magenis syndrome crit-
cal region (Friedman et al., 1995; Liang et al., 1998). On
he basis of conserved synteny, the mouse deafness locus
haker 2 (sh2) was proposed as a model for DFNB3 (Li-
ng et al., 1998). This prediction was verified when mu-
ations in the human and mouse unconventional myosin
V genes were shown to cause DFNB3 and sh2, respec-

ively (Probst et al., 1998; Wang et al., 1998). In humans,
hree different myosin XV (MYO15) mutations were
ound to cosegregate with profound congenital deafness
n three unrelated families, two in India and one in Bali
Wang et al., 1998). In sh2 mice, a myosin XV (Myo15)
utation was identified, and the sh2 phenotypes of cir-

ling, head tossing, and deafness were rescued by germ-
ine injection of a BAC clone containing the Myo15 gene
Probst et al., 1998).

Myosins are molecular motors that use energy from
TP hydrolysis to pull against or move along actin
laments. The myosin superfamily includes conven-
ional class II myosins and 14 classes of unconven-
ional myosins. Myosin family members share a struc-
ural organization consisting of a conserved head or
otor domain, a neck region with myosin light chain-

inding sites, and a divergent tail domain (Cope et al.,
996; Mermall et al., 1998; Mooseker and Cheney,
995; Sellers, 1999). The filament forming class II my-
0888-7543/99 $30.00
Copyright © 1999 by Academic Press
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244 LIANG ET AL.
sins of muscle and nonmuscle cells have been exten-
ively studied and are relatively well characterized
Sellers, 1999). In contrast, an understanding of the
echanochemical and biological properties of many of

he unconventional myosins is just beginning to
merge. Proposed functions for unconventional myo-
ins include roles in organelle movement, membrane
rafficking, and the subcellular localization of specific
roteins or RNAs (Baker and Titus, 1998; Mermall et
l., 1998).
In addition to myosin XV, two other unconventional
yosin genes are associated with hearing loss in hu-
ans and mice. The profound deafness and vestibular

efects of Snell’s waltzer and shaker 1 mice are caused
y mutations in myosin VI (Myo6) and myosin VIIA
Myo7a), respectively (Avraham et al., 1995; Mburu et
l., 1997). In humans, MYO7A mutations are associ-
ted with dominant (DFNA11) and recessive (DFNB2)
onsyndromic deafness, as well as with Usher syn-
rome type 1b, a recessive disorder characterized by
ongenital deafness and progressive retinal degenera-
ion (Chen et al., 1996; Liu et al., 1997a,b; Weil et al.,
995, 1996, 1997). Both Myo6 and Myo7a are present
n sensory hair cells of the inner ear, but their roles in
he auditory and vestibular systems remain unclear
Avraham et al., 1997; Hasson et al., 1995, 1997). An-
ther unconventional myosin, myosin 1b (Myo1b), is
ound at the tip-link region of cochlear hair cell stere-
cilia and has been proposed to be a component of a
otor complex that mechanically resets gated ion

hannels to maintain optimal sensitivity to physical
ound stimuli (Garcia et al., 1998; Gillespie et al., 1993;
asson et al., 1997; Steyger et al., 1998). Given the
iversity and critical nature of unconventional myosins
n sensory cells of the auditory system, further study of
hese motor proteins offers a unique opportunity to
nderstand better the molecular mechanics underlying
ound transduction.
We previously reported partial cDNA sequences of

he human (4.8 kb) and mouse (5.35 kb) myosin XV
enes (GenBank Accession Nos. AF051976 and
F053130; Probst et al., 1998; Wang et al., 1998). A
artial Myo15 cDNA (1.76 kb, GenBank Accession No.
B014510) was also independently described (Wak-
bayashi et al., 1998). Here, we markedly extend these

FIG. 1. (A) Comparative analysis of the human and mouse myosi
uman cosmid clones and mouse BAC clone 425p24 that contain my
epresented. The vertical numbered lines indicate the starting pos
ositions of predicted translation start and termination signals are
ST clones. Use of the first polyadenylation signal would result in a
mino acids of the full-length protein. The positions of Alu (huma
esignated by triangles. Closed circles indicate the positions of six
17S2207 are newly identified highly polymorphic dinucleotide repea
uman MYO15 genomic region showing percentage of nucleotide ide
omologous mouse sequence. Human exons identified in cDNA frag
ntranslated regions of the MYO15 and DRG2 genes are indicated by
rawn as: L1, white pointed box; MIR, black triangle; other SINE, l
round 92 k) identify CpG islands in the human sequence, with whit
dentical matches to mouse (e.g., W62803) and human (e.g., D8199
egion, labeled mouse ESTs, around 92 kb. These EST clones are lik
ndings by providing complete genomic and cDNA
tructures of the human and mouse myosin XV genes.
e also present a comparative analysis of approxi-
ately 95 kb of human and mouse genomic DNA se-

uences and report the results of myosin XV expression
tudies. These data will facilitate the identification of
yosin XV mutations associated with deafness and

lso provide insight into the function of myosin XV in
ormal sound transduction.

MATERIALS AND METHODS

Sequencing and genomic DNA analysis. The sequence of a cosmid
ontaining 39.5 kb of the human MYO15 gene (155d02, GenBank
ccession No. AF051976) has been reported (Wang et al., 1998). Two
dditional cosmids (145g11 and 3h3) were isolated from an arrayed
hromosome 17 library using PCR products from the ends of cosmid
55d02 as probes. The sequences of these cosmids were determined
s described (Wilson and Mardis, 1997). Briefly, cosmid DNA was
inetically sheared, and random fragments were subcloned. Se-
uences of individual clones were obtained with dye terminator (PE
pplied Biosystems, Norwalk, CT) and dye primer (Amersham-Phar-
acia Biotech, Arlington Heights, IL) chemistries on ABI 377xl

utomated DNA sequencers. The complete sequence of the inserts of
osmids 145g11 (36.8 kb) and 3h3 (34.2 kb) were determined by
ssembling 982 and 582 random sequences, respectively, with the
hred/Phrap/Consed suite of programs (Ewing and Green, 1998;
wing et al., 1998; Gordon et al., 1998). Error frequencies (estimated
y the program Phrap) were 1.07 in 104 bp (145g11) and 0.78 in 104

p (3h3). A 95.2-kb contig compiled from cosmids 155d02, 145g11,
nd 3h3 has been deposited with GenBank (Accession No.
F051976).
Using a similar approach, the ;140-kb insert from mouse strain

29/Sv of the BAC clone 425p24, containing the Myo15 gene, was
artially assembled from 1142 random shotgun DNA sequences.
ogether with the sequence of directed PCR products (used to fill
mall gaps between the assembled sequence contigs), an 88.4-kb
equence contig, containing the Myo15 gene in its entirety, was
onstructed (GenBank Accession No. AF144093). DNA sequence as-
embly and editing was performed with the Sequencher program
Genecodes, Ann Arbor, MI).

The percent identity plot of the human and mouse genomic se-
uence contigs was prepared as follows. Interspersed repetitive ele-
ents were first masked with RepeatMasker (A.F.A. Smit and P.
reen, http://ftp.genome.washington.edu/RM/RepeatMasker.html),
nd then the human and mouse sequences were aligned using an
xperimental version of the Blast program (Altschul et al., 1997). A
ercent identity plot of that alignment was created with a program
alled “laps” (Schwartz et al., 1991). Of 65 MYO15 coding exons, all
ut the 6-bp exon 8 were readily predicted on the basis of conserva-
ion between the human and the mouse genomic sequences.

V genomic regions. The chromosomal positions of three overlapping
XV and most of an adjacent GTP-binding protein gene, DRG2, are

ns of exons identified in human and mouse cDNA fragments. The
wn as are two polyadenylation signals identified in human MYO15
O15 protein with 39 different residues replacing the C-terminal 79
and B-family SINE (mouse) interspersed repetitive elements are
Ps identified in MYO15 coding exons (see Table 1). D17S2206 and
within the MYO15 gene (see Table 1). (B) Percent identity plot of the
ty in segments between consecutive gaps in an alignment with the
nts are represented by dark rectangles and are numbered. The 39
en rectangles. Interspersed repeats identified by RepeatMasker are
t gray triangle; all other elements, dark gray. Low rectangles (e.g.,
dicating a CpG/GpC ratio .0.6 and dark gray for CpG/GpC .0.75.

EST clones were returned by BLAST searches with the conserved
derived from an adjacent gene downstream of MYO15.
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246 LIANG ET AL.
Genomic DNA sequences were analyzed for expressed sequences
ith the GENSCAN program (Burge and Karlin, 1998) and with
LAST 2.0 (Altschul et al., 1997). After interspersed repetitive ele-
ents were masked, GENSCAN accurately predicted 59 of the 65
YO15 coding exons that were recovered in cDNA clones. Four

dditional exons (5, 9, 34, and 45) were predicted by GENSCAN and
ound in cDNAs but discrepancies existed between actual and pre-
icted donor or acceptor splice sites. Exons 8 and 59 were identified
n cDNA clones but were not predicted by the GENSCAN program.

The neural network promoter prediction (NNPP) program (M. G.
eese, www-hgc.lbl.gov/projects/promoter.html) was used to scan the
enomic interval between the DRG2 polyadenylation signal and the
tart of the MYO15 ORF. This program identifies TATA box and
ranscription initiation elements, predicts a transcription start site,
nd assigns output sequence probability scores ranging from 0 to 1.0.
ith repetitive elements masked and the probability score cut-off set

t 0.95, a single potential promoter element was identified in the
uman sequence (score 5 0.99). This sequence is conserved in the
ouse genome, and the mouse sequence was also predicted by the
NPP program as a potential promoter (score 5 0.96).

cDNA analysis. Temporal bones of 1- to 3-day-old mouse pups
C57Bl/6J) were dissected in phosphate-buffered saline (PBS), pH
.4, and homogenized in Trizol reagent, and total RNA was recovered
s described (Life Technologies, Gaithersburg, MD). Poly(A) RNA
rom cochleae of 18- to 22-week human fetuses was a gift from C.

orton. Oligo(dT) or random-primed first-strand cDNA libraries
ere constructed using an Advantage RT-for-PCR kit (Clontech Lab-
ratories, Palo Alto, CA). Partial myosin XV cDNAs were isolated by
CR from these libraries with an Advantage cDNA PCR kit (Clon-
ech Laboratories). cDNA fragments were either gel-purified and
irectly sequenced or cloned into the pGEM T-Easy vector (Promega,
adison WI) prior to sequencing. The human and mouse myosin XV

DNA sequences have been deposited with GenBank under Acces-
ion Nos. AF144094 and AF144095.

mRNA analysis. Human poly(A) RNA from adult pituitary gland,
iver, and brain was purchased from Clontech Laboratories. Total
NA from whole adult mice pituitaries (Pel Freez Biologicals, Rog-
rs, AR) was extracted with Trizol reagent (Life Technologies).
oly(A) RNA was isolated with an Oligotex mRNA Kit (Qiagen Inc.,
alencia, CA), and Northern analysis was performed as described

Ausubel, 1991). cDNA probes labeled with [a-32P]dCTP were pre-
ared using a random priming system (Rediprime II, Amersham-
harmacia Biotech). Prehybridization and hybridization (106 cpm/
l) were carried out at 42°C in Ultrahyb solution (Ambion, Inc.,
ustin, TX). Blots were washed to a final stringency of 65°C in 0.13
SC and 0.1% SDS and analyzed by autoradiography. After the
ouse Northern blot was hybridized with the human DRG2 cDNA

robe, it was washed at 55°C. Between probings, blots were stripped
y heating at 95°C in 0.5% SDS (23 15 min) and then exposed to film
o ensure that probe was adequately removed.

A multiple tissue cDNA panel (Catalog No. K1420; Clontech Lab-
ratories) was used to examine the tissue-specific expression of
YO15 by RT-PCR. As a positive control, first-strand cDNA from

dult human pituitary gland was made with a RT-PCR kit (Catalog
o. 11146-024; Life Technologies). To normalize the amount of first-

trand cDNA used for PCR, a cDNA from a control gene G3PDH was
rst amplified. Amounts of first-strand cDNA that gave approxi-
ately equivalent levels of this control product were then used to

mplify a 506-bp cDNA product with primers from MYO15 exons 29
nd 32. PCR amplification was performed with the Clontech cDNA
olymerase mix (94°C for 60 s followed by 20 or 26 cycles at 94°C for
0 s, 55°C for 30 s, and 68°C for 60 s), and products were visualized
y ethidium bromide staining of agarose gels. After 20 cycles,
YO15 product was seen only in the pituitary lane. After 26 cycles,

roduct was visible from all of the tissues, although substantially
ore product was seen from the pituitary gland.
MYO15 mRNA expression in human pituitary was examined by in

itu hybridization as described (Lloyd et al., 1995; Qian et al., 1996).
igoxigenin 11–UTP-labeled riboprobes were prepared from a
YO15 cDNA fragment cloned into the pGEM-T Easy vector, and
ntisense or sense probes were transcribed from the T7 promoter
Riboprobe System, Promega, Madison, WI).

In situ hybridization of mouse embryos was performed as de-
cribed (Ressler et al., 1994; Sassoon et al., 1988). Heads of 18.5-day
ouse embryos were fixed in 4% paraformaldehyde/PBS after the

kin and brain were removed. The heads were embedded in paraffin
nd sectioned at a thickness of 10 mm in the transverse orientation.
iboprobes labeled with a-35S-UTP and a-35S-ATP were prepared

rom cDNA fragments in pGEM-T Easy (Promega) with T7 RNA
olymerase using a RNA transcription kit (Stratagene, La Jolla, CA).

Antibody production and immunolocalization. A Myo15 cDNA
ragment encoding residues 2157–2347 was cloned in-frame with
ST in pGEX4T-1 (Amersham-Pharmacia Biotech). The same cDNA

ragment was also cloned in-frame with the maltose-binding protein
MBP) in pMAL-c2 (New England Biolabs, Beverly, MA). Expression,
xtraction, and purification of GST-Myo15 (2157/2347) and MBP-
yo15 (2157/2347) fusion proteins from Escherichia coli were per-

ormed according to the manufacturers’ protocols. The purified GST
usion protein was used to immunize a rabbit, and the MBP protein
as used to affinity purify the resulting antiserum (TF1). Antibody
B48 was raised in a rabbit against a synthetic peptide correspond-

ng to Myo15 residues 2380–2402 (GDADLEKPTAIAY-
MKGGGQPGG, Princeton Biomolecules, Columbus, OH). Coupling
f MBP-Myo15 protein and the synthetic peptide to agarose beads
nd affinity purification were performed with the buffers and proto-
ol provided with the AminoLink Plus Immobilization Kit (Pierce,
ockford, IL).
Temporal bones from adult mice (B6C3F1/J) were dissected in

eibovitz L-15 medium. Cochlea were removed and fixed for 1 h in
% paraformaldehyde in PBS. Organs of Corti were dissected, per-
eabilized for 0.5 h in 0.5% Triton-X 100 in PBS, and incubated

vernight in blocking solution (2% BSA, 5% goat serum in PBS).
amples were then incubated for 1 h in blocking solution containing
ffinity-purified Myo15 antiserum (;0.01 mg/ml), washed with PBS,
nd incubated for 40 min with a 1:200 dilution of fluorescein-conju-
ated donkey anti-rabbit antibody (Amersham Pharmacia Biotech).
s controls, primary antibody was omitted (not shown) or the Myo15
ntiserum was preadsorbed with a 1:1.6 excess of immunogenic
eptide (Fig. 7F). Samples were mounted for microscopy with a
rolong Antifade Kit (Molecular Probes, Eugene, OR). Images were
btained with a Zeiss 410 confocal laser scanning microscope (Figs.
E, 7G, and 7H) or a Zeiss Axiophot microscope equipped with a 363,
.4 numerical aperture objective and a Cellscan (Scanalitics, Inc.,
airfax, VA) fluorescence microscopy imaging system (Fig. 7F).

RESULTS

enomic and cDNA Analysis

To expedite the characterizations of the human and
ouse myosin XV genes, we have compiled 95,255 bp of

nished sequence from human chromosome 17p11.2
nd 88,406 bp of sequence from the homologous region
n mouse chromosome 11 (Fig. 1A and Materials and
ethods). Potential coding regions within the genomic
NA were identified by aligning the human and mouse

equences to reveal conserved regions, by querying the
equences against the transcribed sequence databases,
nd through the use of the GENSCAN gene prediction
rogram (Fig. 1B and Materials and Methods). Primers
esigned from predicted exon sequences were then
sed to isolate partial cDNA fragments from first-
trand cDNA libraries prepared from human fetal co-
hleae or mouse inner ears (Fig. 2A). Using this ap-
roach, 65 myosin XV coding exons and a 59 noncoding
xon were identified in human and mouse cDNA frag-
ents (Figs. 1 and 2A). The 59 noncoding exon may be
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247HUMAN AND MOUSE MYOSIN XV GENES
he initial myosin XV exon since it is positioned imme-
iately downstream of a conserved region (86.5% iden-
ity over 74 nt) that was identified as a potential pro-
oter element by the neural network promoter

rediction program (Fig. 2B and Materials and Meth-
ds).
The longest MYO15 mRNA deduced from overlap-

ing cDNA fragments and the genomic analysis is
1,847 nt, from predicted cap site to polyadenylation
ignal. This mRNA contains a 10,590-nt open reading

FIG. 2. (A) cDNA analysis and myosin XV protein domain struct
re shown as lines above (human) and below (mouse) a diagram of the
irectly from exon 1 to exon 3. Amino acid identities/similarities ov
rotein diagram. Amino acid similarities here and in other protein ali
f the MacVector program (Oxford Molecular, Campell, CA). The SH3
roteins against the PROSITE database of sequence profiles with
egion labeled FERM-like is similar to a FERM domain in MYO7A b
). The motor, IQ, and MyTH4 domains were recognized via their hom
o generate rabbit polyclonal antisera (TF1 and PB48) are indicated
eafness are noted (Probst et al., 1998; Wang et al., 1998). (B) Sequ
egions. A ClustalW alignment of the human (H) and mouse (M) myos
nd sequences returned as potential promoter elements by the neur
NPP predicted transcription start sites are indicated with the aste

hows the position of the exon 1 donor splice site. The sequences of olig
r mouse (top) myosin XV cDNA clones are denoted with arrows. A P
splice donor site. The genomic nucleotide position of the first base
rame (ORF, Fig. 2A). The corresponding mouse mRNA
s 11,769 nt with a 10,533-nt ORF. An AUG in exon 2,
ocated 339 nt downstream of the predicted transcrip-
ion start site in the human mRNA, is a good candidate
or the myosin XV translation start codon. The se-
uence context of this AUG is conserved between the
uman and the mouse genes, and it is identical to the
ptimal vertebrate translation initiation signal (GC-
ACCAUGG, Kozak, 1996). In both the human and

he mouse sequences, in-frame stop codons are found

. The positions of overlapping cDNA fragments isolated by RT-PCR
osin XV protein. The hatched lines indicate cDNA fragments spliced
regions of the human and mouse proteins are indicated above the
ents were determined with the ClustalW (BLOSUM matrix) feature

d FERM domains were identified by querying the human and mouse
ofileScan (www.isrec.isb-sib.ch/software/PFSCAN_form.html). The
was not identified as a FERM domain by ProfileScan (see also Fig.
ogy to similar domains in other myosins. The regions of Myo15 used
ublished human and mouse myosin XV mutations associated with
e comparison of the human and mouse myosin XV exon 1 genomic
V exon 1 genomic regions is shown. Identical nucleotides are boxed,

network promoter prediction program (NNPP) are underlined. The
k (see also Materials and Methods). The downward pointing arrow
ucleotide primers used in RT-PCR to isolate partial human (bottom)
product was not obtained with primer LMG 294 that spans the exon
luded in the alignment is indicated.
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248 LIANG ET AL.
5 nt upstream of this AUG. The myosin XV ORF ends
t a conserved termination codon (UGA) within exon
6. Potential polyadenylation signals (AAUAAA) are
resent 910 and 948 bp downstream of this position
n the human and mouse sequences, respectively
Fig. 1A).

In the course of our sequence analysis, two highly
olymorphic dinucleotide repeats and 6 single nucleo-
ide polymorphisms (cSNPs) were identified within the
YO15 gene. The characteristics of these genetic
arkers and their nucleotide positions according to the

5.2-kb genomic sequence contig are summarized in
able 1.
An alignment of the human and mouse genomic se-

uences is presented as a percent identity plot (PIP) in
ig. 1B. This plot graphically illustrates the homology
etween the coding regions of the human and mouse
yosin XV genes, as well as those of DRG2, a GTP-

inding protein gene adjacent to myosin XV in both
enomes. A highly conserved genomic region that has
ot been recovered in human or mouse cDNA frag-
ents is evident on this plot in the intron between
yosin XV exons 2 and 3 (Fig. 1B). A portion of this

egion contains a conserved ORF flanked by potential
9 and 39 splice sites and may be included as an exon in
ome myosin XV transcripts.

yosin XV Protein Structure

The protein encoded by the deduced MYO15 mRNA
s composed of 3530 amino acids and has a calculated

olecular mass of 395.1 kDa. The corresponding
ouse protein is composed of 3511 amino acids and

TAB

Single Nucleotide Polymorphisms (cSNP) and Po

cSNP Exon Variant

17S2208 17 46051C3 T

17S2209 19 47519C3 A

17S2210 41 59772G3 A

17S2211 46 63064C3 T

17S2212 48 64037C3 T

17S2213 55 67394T3 G

STR Alleles Het.

17S2207 9 0.89

17S2206 10 0.90

Note. The nucleotide positions are in reference to the 95.2-kb MYO
hanges. Frequencies were determined from 32 chromosomes. Fo
espectively, are the first bases of the forward primers. The number
40 chromosomes.
hares 82% overall identity with the human protein
Fig. 2A). The most striking feature of the myosin XV
roteins, in relation to other myosins, is the presence of
very long N-terminal extension preceding the con-

erved motor domain. The predicted N-terminal re-
ions of the human and mouse proteins are 76% iden-
ical and are composed of 1223 and 1208 amino acids,
espectively. In both species, the N-terminal exten-
ions have a high proline content (;17%) and are en-
oded primarily by the GC-rich exon 2 (see Fig. 1B).
xcept for weak matches to proline-rich regions in
ther proteins, they show little similarity to sequences
n the protein databases.

The motor domains of the human and mouse myosin
V proteins are 94% identical (Fig. 2A) and are most
losely related to the motor domain of bovine myosin X
41.2% identity for MYO15). Like other myosins, the my-
sin XV motor domain contains regions predicted to func-
ion as ATP- and actin-binding sites (Cope et al., 1996;
robst et al., 1998; Wang et al., 1998). Immediately fol-

owing the motor domain are two regions (1909-LQR-
LRGFFIKR and 1932-LQSRARGYLARQ in MYO15)

hat closely resemble the myosin light chain-binding site
onsensus sequence (IQxxxRGxxxRK, Mooseker and
heney, 1995). Precedent from other myosins suggests

hat these sequences mediate binding to calmodulin or
ther members of the EF-hand family of calcium-binding
roteins (Houdusse et al., 1996).
The tail domains of the human and mouse myosin

V proteins are composed of 1587 and 1584 amino
cids, respectively. Over the lengths of their tails, the
uman and mouse proteins are 83% identical (Fig. 2A).
LAST searches and protein alignments revealed that

1

orphic Short Tandem Repeats (STR) in MTO15

Frequency Forward (F) and reverse (R) primers

0.59/0.41 F: CTCCTTCAGATTCAACATGG
R: TCTGTGACCTGACTAGGCTC

0.59/0.41 F: AGAAGTGAGGAGGATCCAGT
R: TGTCTGGCCAAAGCTAAG

0.59/0.41 F: TCTCCCTGGATTCTCATTTA
R: TCTTTGTCTTCTGTTCCACC

0.62/0.38 F: GTATCAGCCACCTCCCTC
R: TGAATCCTCTGGACAGGTAG

0.62/0.38 F: ATCAGAAGCAGCACAATAGG
R: GTCATATTTCCCTGGAACAG

0.97/0.33 F: AGAGAATAGAAGCTCCCAGC
R: GAACCACAGAGCAGGAAAG

Size (bp) Forward (F) and reverse (R) primers

135–155 F: TATTCTTACCACCTCCCCTG
R: CAGGACCTGCTAGTGCAGG

141–165 F: CTGCCTGTCCCTCCACCCACC
F: CCTCCCTCCTGGACGCTCTTG

sequence contig (Accession No. AF051976). The six cSNPs are silent
17S2207 and D17S2206, nucleotide positions 21672 and 38680,

lleles and heterozygosities (Het.) of the STRs were determined from
LE

lym

15
r D
of a



(
(
1
X
t
8
B
S
X
p
(
S
M

249HUMAN AND MOUSE MYOSIN XV GENES
FIG. 3. (A) Comparison of the domain structures of MYO15, MYO7A, and HUM-4. Percentage amino acid identities (top) and similarities
bottom) of regions in MYO7A and HUM-4 relative to MYO15 are indicated. The FERM domain in HUM-4 was identified with ProfileScan
see Fig. 2A). Other domains in HUM-4 and MYO7A have been previously described (Baker and Titus, 1997; Chen et al., 1996; Mburu et al.,
997). No regions with a propensity to form coiled-coil a-helices were detected with the PairCoil program (Berger et al., 1995) in the myosin
V tail, indicating that myosin XV may function as a single-headed myosin. (B) ClustalW alignment of the MyTH4 domains in unconven-

ional myosins. Identical amino acids are dark shaded, and similar residues are light shaded. The first MyTH4 domain in MYO7A has an
8-amino-acid insertion (Chen et al., 1996) that is not included in the alignment. Acanthameoba myosin-4 (M60954); Hs MYO7a (U39226);
. taurus myosin-X, (U55042); C. elegans HUM4 (myosin-XII, Z66563). (C) ClustalW alignment of the putative myosin XV SH3 domain with
H3 domains in other proteins. The alignment reveals several residues in myosin XV that are highly conserved in SH3 domains. The myosin
V domain also contains an insertion at the same position as an insertion in the PI3K SH3 domain (Liang et al., 1996). Rn PI3K,
hosphatidylinositol 3-kinase (Q63787); Hs ArgBP2a, Arg/Abl-interacting protein (AF049884); Gg Cortactin, Src substrate p80/85 protein
M73705); Hs GRB2, epidermal growth factor receptor-binding protein (M96995); Hs SH3P17, an SH3 domain-containing protein (U61166);
c Myo5p, a type I myosin (NCBI protein database Accession No. 1699241); Ac HMW IV, high-molecular-weight myosin-4 (J05678); Hs
YO7A (U39226). GenBank accession numbers are provided in parentheses after each protein.



t
C
o
t
t
l
p
b
1
s
s
t
a
1
o
w
F
m
g

a
t
a
p
s
a
m
a
S
d
m
fi

A

a
a
4

o
t
t
o
f
t
w
N
n
t
m
s
m
(
m
C
C
t
p
s

N
M
A
A
I
I
M
F
M
S
F

(

250 LIANG ET AL.
he myosin XV tail regions were similar to the tails of
aenorhabditis elegans myosin XII (HUM-4) and my-
sin VIIA (MYO7A). This similarity is most evident in
wo myosin tail homology 4 (MyTH4) domains and in
wo regions that, in MYO7A, have been termed talin-
ike domains (Chen et al., 1996). MyTH4 domains are
resent in the tails of several unconventional myosins,
ut their function(s) remains unknown (Chen et al.,
996). The talin-like domains, on the other hand, are
imilar to a membrane attachment FERM domain con-
erved in talin, protein 4.1 (band 4.1), and members of
he ezrin, radixin, and meosin family of cytoskeleton-
ssociated proteins (Chen et al., 1996; Chishti et al.,
998; Mburu et al., 1997). Similarities among the tails
f MYO15, MYO7A, and HUM-4, including regions
ith homology to the FERM domain, are illustrated in
ig. 3A. A comparison of the myosin XV MyTH4 do-
ains to those of other unconventional myosins is

iven in Fig. 3B.
A potential protein interaction motif in the form of

n SH3 domain was also identified in the tail regions of
he human and mouse myosin XV proteins immedi-
tely following the first FERM-like domain (Fig. 3A). A
utative SH3 domain has also been identified at a
imilar position in myosin VIIa (Mburu et al., 1997). An
lignment of these regions to a selection of SH3 do-
ains from other proteins is shown in Fig. 3C. This

lignment reveals several residues in the myosin XV
H3 regions that are highly conserved among SH3
omains (Musacchio et al., 1992). The protein and
RNA positions of all of the potential domains identi-
ed in MYO15 are given in Table 2.

lternative Processing of Myosin XV Transcripts

In our analysis of inner ear MYO15 cDNAs, several
lternatively spliced transcripts were identified. As ex-
mples, cDNAs individually missing exons 2, 8, 26, 30,
0, and 61 were recovered. In the case of exons 30, 40,

FIG. 3—
r 61, the exon skipping produces a reading frameshift,
erminating the MYO15 ORF shortly downstream of
he missing exon. Skipping of exons 2, 8, or 26, on the
ther hand, does not interrupt the MYO15 reading
rame. While it is difficult to assess the significance of
hese alternatively spliced transcripts, some appear
orthy of further consideration. Both cDNA and
orthern blot analyses, for example, support the alter-
ative inclusion of exon 2 in mRNAs. Exon 2 contains
he myosin XV translation start codon and encodes
ost of the myosin XV N-terminal domain. In tran-

cripts without exon 2, the first AUG in-frame with the
yosin XV ORF is located at the beginning of exon 3

Fig. 4A). The context of this AUG is similar in the
ouse and human transcripts (human sequence, AC-
CAG/AUGCAC; mouse sequence, ACGCAG/AUG-
AG, where the slash indicates the exon 1/exon 3 junc-

ion). Starting translation at this position would
roduce a protein with 20 residues preceding the con-
erved motor domain.
Alternative splicing of exons 8 and 26 has also been

TABLE 2

Exon Locations of MYO15 Domains

Domain Exon Nucleotide Amino acid

-terminal domain 2–3 337–4007 1–1223
otor 3–24 4,008–6,035 1224–1899
TP-binding site 7 4,281–4,304 1315–1322
ctin-binding site 17 5,304–5,327 1656–1663

Q motif 1 24 6,063–6,095 1909–1919
Q motif 2 24 6,132–6,164 1932–1942
yTH4 domain 1 29–31 6,534–6,860 2066–2174
ERM-like 43–48 8,397–8,939 2687–2867
yTH4 domain 2 53–57 9,489–9,821 3051–3161

H3 domain 49–51 8,931–9,215 2865–2959
ERM 59–65 9,987–10,829 3217–3497

Note. Nucleotide positions are according to the MYO15 cDNA
GenBank Accession No. AF144094).
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251HUMAN AND MOUSE MYOSIN XV GENES
bserved in both human and mouse cDNAs. Exon 8 is
nt, and its inclusion introduces a 2-amino-acid inser-

ion in the myosin XV motor domain. When positioned
n the framework of the chicken fast skeletal myosin II
rystal structure, this insertion falls within an unre-
olved variable surface loop (residues 200–220) at the
unction of the 25- and 50-kDa proteolytic cleavage
roducts (Cope et al., 1996; Rayment et al., 1993).
ertebrate nonmuscle myosin IIB and smooth muscle
yosin II isoforms also have insertions within this loop

s a result of alternative splicing (reviewed in Sellers,
999). A 7-amino-acid insertion at this position in
vian smooth muscle myosin II has been shown to
mpact markedly the in vitro motility properties of the
rotein (Kelley et al., 1993).
In the case of exon 26, alternative splice acceptor

sage results in a long form of the exon (216 nt in
umans and 189 nt in mice), a short form of the exon
54 nt), or exon skipping (Fig. 4C). Inclusion of the
hort form of exon 26 introduces an 18-amino-acid in-
ertion C-terminal to the second IQ motif compared to
ranscripts without exon 26. A translation termination
odon is introduced into the myosin XV ORF in the long
orm of exon 26 (Fig. 4C). Translation of transcripts
ontaining this version of the exon would produce a
rotein that is truncated shortly after the IQ motifs.

ead-through Transcription into MYO15

In both the human and the mouse genomes, a gene,
RG2, encoding a putative GTP-binding protein is

ound immediately upstream of myosin XV (see Fig. 1).
he DRG2 polyadenylation signal is located just 755
nd 1137 bp upstream of myosin XV exon 1 in the
uman and mouse sequences, respectively. In our at-
empts to identify the 59 end of the human MYO15
RNA using rapid amplification of cDNA ends

RACE), two classes of products were obtained. In one
lass, sequences from the 39 portion of MYO15 exon 2

FIG. 4. Schematic representation of alternative splicing events
plicing resulting in the inclusion or exclusion of the ;3800-nt exon
xons 2 and 3 are indicated. (B) Alternative splicing of the 6-nt ex
epicted. The GT dinucleotide repeat following the splice donor site is
t this position in the mouse sequence [AAG/ATAAAG/GTATGCTG(G
cceptor sites (a, b, and c) are used with the donor splice site follow
ere found spliced to exon 3 and downstream exons.
hese products likely arise from incomplete first-
trand cDNA synthesis. The second class of RACE
roducts were hybrid cDNA fragments containing
RG2 exons fused to MYO15 exons. In all of these
roducts, another exon (nt 23907–23974) derived from
repetitive LINE element in MYO15 intron 1 was

resent between the DRG2 and the MYO15 sequences.
his intermediate exon contained translation termina-
ion codons in all three reading frames, indicating that
hese transcripts do not likely encode DRG2/MYO15
usion proteins. We hypothesize that these transcripts
esult from transcription read-through from the DRG2
ene into the MYO15 gene and that they are not func-
ionally significant. Their existence, however, has com-
licated the identification of the 59 end of the MYO15
ene.

nalysis of Myosin XV mRNA Expression

To determine the tissue distribution of MYO15
RNA expression, a dot blot with poly(A) RNA from 50

dult and fetal tissues was sequentially hybridized
ith radiolabeled cDNA probes from the N-terminal

exon 2) or tail (exons 31–41) regions of MYO15. With
oth probes, hybridization signals were detected pri-
arily in mRNA from adult pituitary gland (Fig. 5A),

lthough with longer exposure times some signal was
lso detected in RNA from testis and ovary (not
hown). The blot was next hybridized with a cDNA
robe from the DRG2 gene. This probe was chosen
ecause we had earlier identified 59 RACE products
ontaining DRG2 exons fused out of frame to MYO15
xons. While we believe that these RACE products
ere derived from nonfunctional read-through tran-

cripts, it was also possible that they were responsible
or the MYO15 hybridizing signal observed on the dot
lot. The DRG2 probe, however, hybridized to mRNA
rom all of the adult and fetal tissues on the blot,

entified in human and mouse myosin XV cDNAs. (A) Alternative
n myosin XV. The positions of predicted translation start codons in
8 (ATAAAG). The intronic sequences flanking human exon 8 are
7S2206 (see Table 2). Seven GT dinucleotide repeats are also found

]. (C) Alternative splicing involving exon 26. Three alternative splice
exon 25.
id
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252 LIANG ET AL.
ndicating that the MYO15 hybridization signal ob-
erved from pituitary gland mRNA did not likely result
rom DRG2/MYO15 read-through transcripts.

The tissue distribution of MYO15 expression was
lso examined by RT-PCR. Under amplification condi-
ions where MYO15 cDNA product was readily de-
ected from human pituitary gland, no products were
bserved from adult human brain, kidney, liver, lung,
ancreas, placenta, or skeletal muscle (data not shown;
ee Materials and Methods). However, with additional
mplification cycles, low levels of MYO15 products rel-
tive to the amount detected from the pituitary gland

FIG. 5. Tissue distribution and Northern blot analysis of myos
ybridized with the indicated radiolabeled cDNA probes. The MYO
ccession No. AF144094) encoding portions of the N-terminal (exon
RG2 probe included nt 19–1311 of a published cDNA (Schenker et
g/lane) from the indicated human or mouse tissues. The Northern
he same probes used in the dot blot analysis. The mouse blot was h
ail regions (exons 31–39, nt 6758–7739) of the predicted full-length M
as also hybridized with the human DRG2 cDNA probe. RNA mole
ere observed from each of these tissues (data not
hown). The biological significance of the low level of
YO15 expression in these tissues is not known.
The dot blot and RT-PCR analyses indicated that

dult human pituitary gland might be a useful source
f MYO15 mRNA for Northern analysis since mRNA
rom human inner ear is difficult to obtain and Myo15
xpression is limited to just a few cells in the inner ear
see below). A Northern blot was therefore prepared
ith mRNA from adult pituitary, lung, and brain and

equentially hybridized with the same probes used in
he dot blot analysis (Fig. 5B). The MYO15 exon 2

XV mRNA. (A) A multitissue dot blot (Clontech) was sequentially
probes were derived from regions of the MYO15 cDNA (GenBank
nt 408–1772) or the tail domains (exon 31–41, nt 6992–8198). The
., 1994). (B) Northern blots were prepared with poly(A) RNA (;2.5
with mRNA from human tissues was sequentially hybridized with

ridized with probes from the N-terminal (exon 2, nt 288–1072) and
15 cDNA (GenBank Accession No. AF144095). As a control, this blot
r weight standards are indicated.
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253HUMAN AND MOUSE MYOSIN XV GENES
robe hybridized to an approximately 12-kb RNA spe-
ies from pituitary gland. The size of this transcript is
onsistent with the predicted size of the full-length
YO15 mRNA [;11.9 kb not including a poly(A) tail].
similar signal was also detected when the blot was

ybridized with the probe from the MYO15 tail region.
n addition, the tail probe hybridized to a broad region
anging from approximately 5 to 9 kb. These results
uggest that both the upper (;12 kb) and the lower
;5–9 kb) hybridization signals contain sequences
rom MYO15 exons 31–41, but that only the upper
ignal contains exon 2 sequences. This interpretation
s consistent with the alternative inclusion of the
828-nt exon 2 that we observed in our cDNA analysis.
ossible explanations for the broad size range of the

ower hybridization signal (5–9 kb) include alternative
rocessing of myosin XV transcripts, resulting in a
ange of transcript sizes, and/or partial degradation of
ranscripts that do not include exon 2.

The DRG2 control probe hybridized with a major
ranscript of ;2.0 kb that was present in all of the
issues represented on the Northern blot (Fig. 5B).
imilar results were obtained with four independently
repared Northern blots with mRNA from human pi-
uitary gland and with a Northern blot containing
oly(A) RNA from adult mouse pituitary gland (Fig.
B).
Distinct MYO15 hybridization signals were not de-

ected by dot blot or Northern analysis in mRNA from
dult brains (Fig. 5B). This result was unexpected be-
ause we had previously observed MYO15 hybridiza-
ion signals of 4.5–5.5 kb on Northern blots with
RNA from human brain (Wang et al., 1998). We be-

ieve that the most likely explanation for this discrep-
ncy is that the probe used in the previous Northern
nalyses cross-hybridized to a non-MYO15 transcript.
he probe used in the earlier experiments was derived

rom MYO15 exons 31–51 and included cDNA se-
uences encoding regions of the MYO15 FERM-like
nd SH3 domains (see Table 2). In contrast, the probes
sed in the current set of experiments were chosen
rom regions of the MYO15 transcript that do not en-
ode recognizable protein domains.

MYO15 expression in normal adult human pituitary
land was further examined by in situ hybridization
ith an antisense riboprobe from MYO15 exons 31–41.
s shown in Fig. 6A, MYO15 mRNA was detected in

he cytoplasm of many anterior pituitary gland cells. In
ontrast, very little hybridization signal was observed
ith this probe in liver cells or in the pituitary gland
ith the corresponding sense probe (Figs. 6B and 6C).
he conserved expression of myosin XV in the pituitary
land indicates a function for myosin XV in this tissue.
lthough an abnormal pituitary phenotype has not
een noted in humans or mice homozygous for myosin
V mutations, a clinical examination of pituitary func-

ion may now be warranted in DFNB3 individuals pre-
umed to have nonsyndromic deafness.
yosin XV Expression in the Mouse Inner Ear

To examine Myo15 transcript expression in the de-
eloping inner ear, antisense Myo15 riboprobes from
xon 2 or exons 48–51 were hybridized in situ to par-
ffin-embedded sections of heads from 18.5-day postco-
tum (dpc) mouse embryos (Figs. 7A–7D). With both
robes, positive hybridization signals were detected in
estricted regions of the developing cochleae and ves-
ibular apparatus. Although identifying specific cell
ypes was difficult on the slides processed for in situ
ybridization, the signal appeared to be limited to the
egion of the cochlear neurosensory hair cells and to
he upper epithelial layer of the macula sacculi (Figs.
A and 7C). On other sectional planes, hybridization
ignals were also detected within the macula utriculi
nd cristae ampullaris of the three semicircular canals
data not shown). Similar inner ear hybridization sig-
als with both probes were detected on sections pre-
ared from of 15.5-dpc and day 1 postnatal mice (data
ot shown). In all of the experiments, the hybridization
ignals observed with the exon 2 probe were less in-
ense than those seen with the tail-derived probe (e.g.,
ompare Figs. 7A and 7C). This difference may indicate
hat transcripts containing exon 2 represent a subset of
yo15 transcripts in the inner ear. Alternatively, the

ifferent intensities might be explained by differences
n the specific activities or hybridization properties of
he probes.

Expression of Myo15 protein in whole-mount co-
hlear tissue from adult mice was examined by indirect
mmunofluorescence with affinity-purified, polyclonal
ntibodies directed against two regions of the Myo15
ail (see Fig. 2A and Materials and Methods). Both
ntibodies (TF1 and PB48) labeled the same structures
ithin cochlear inner and outer hair cells (Figs. 7E–
H). Labeling was most intense in the microvillus-like
xtensions of the hair cells, the stereocilia (Figs. 7E
nd 7F), and within the apical cell body in the region of
he cuticular plate (Fig. 7G). Diffuse staining was also
bserved throughout the cytoplasm of the hair cells. In
ontrast, little fluorescence was observed in supporting
ells or other cell types in the organ of Corti. With
ntibody PB48, but not with TF1, an unidentified
unctate structure at the base of the outer hair cells
as also labeled (not shown). The localization of Myo15

n cochlear sensory hair cells is consistent with the
eafness phenotype of sh2 mice and the expression
attern of Myo15 transcripts observed by in situ hy-
ridization.

DISCUSSION

The human and mouse myosin XV genes contain 66
xons and span 71 and 60 kb of genomic DNA, respec-
ively. Composite full-length myosin XV cDNAs are
pproximately 12 kb and encode proteins with calcu-
ated molecular masses of about 400 kDa. Like other

embers of the myosin superfamily, the human and
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254 LIANG ET AL.
ouse myosin XV proteins contain conserved motor
omains, light chain-binding sites (IQ motifs), and C-
erminal tail domains. A novel feature of myosin XV,
owever, is the presence of more than 1200 amino
cids preceding the conserved myosin motor domain.
ith the exception of class III myosins such as Dro-

ophila melanogaster ninaC, the motor domains of
nown myosins are located within 200 amino acids of
he N-terminus, and specific functions for sequences
rior to the motor domains have not been described
Mermall et al., 1998; Mooseker and Cheney, 1995).
he 333-amino-acid ninaC N-terminal domain pos-
esses a kinase activity that is mutationally separable
rom the activity of the motor domain and is required
or normal phototransduction in Drosophila eye cells
Montell and Rubin, 1988; Porter and Montell, 1993).
he size and evolutionary conservation of the myosin
V N-terminal region suggest that it also has a distinct

unction. The primary amino acid sequence of this re-
ion, however, provides few clues as to what this func-
ion might be. Furthermore, as indicated by our ex-
ression and cDNA analyses, myosin XV isoforms with
nd without the N-terminal extension may exist in the
ame cells. Clearly, further experimentation is needed

FIG. 6. Expression of MYO15 mRNA in anterior pituitary cells. (
MYO15 exons 31–41, nt 6992–8198) revealed diffuse cytoplasmic st
ells. Red blood cells (RBC) in capillaries were negative for MYO15 e
egative for staining. (C) Hybridization of liver cells with the antise
uclei were counterstained with nuclear fast red, and the in sit
-bromo-4-chloro-3-indolyl phosphate (NBT/BCIP).

FIG. 7. Myo15 expression in the mouse inner ear. (A–D) In situ h
adiolabeled riboprobes transcribed from cDNA fragments encoding
8–51, nt 8726–9199) domains. Dark-field images are shown with Ho
0-mm sections from the same mouse. (A) N-terminal domain antisen
robe. (D) Tail domain sense probe. With both antisense probes, bu
bserved in the same cells within limited regions of the cochleae (ar
acculi (arrows). (E–H) Localization of Myo15 in cochlear hair cells
ouse organ of Corti. (E) Immunolabeling within the stereocilia of th

OHC) with anti-Myo15 antibody TF1. (F) High-magnification view o
abeling within the apical cell body in the actin-rich region of the cut
imilar labeling was detected at this focal plane with the PB48 anti
mmunogenic peptide. The focal plane of this image is the same as t
o determine the proportion of proteins containing the
-terminal extension and the role this region plays in
yosin XV function.
The myosin XV tail contains a combination of
yTH4 and FERM-like domains that are also present

n myosin XIIA and C. elegans myosin XII (HUM-4;
aker and Titus, 1997; Chen et al., 1996; Mburu et al.,
997; Weil et al., 1995). A similar set of domains has
een noted in the tail domains of bovine myosin-X and
everal plant kinesin-like proteins (Chen et al., 1996;
buru et al., 1997). The coexistence of MyTH4 and
ERM-like domains in this diverse group of motor
roteins suggests that these domains may be function-
lly linked and that the tails of these proteins may
nteract with similar cellular components.

To date, MyTH4 domains have been found only in
yosin and kinesin-like motor proteins, and a function

or the domain has not been determined. In contrast,
he FERM domain was originally identified in a group
f proteins (band 4.1, talin, merlin and the ezrin,
adaxin, meosin family of proteins) believed to function
s linkers between the cytoskeleton and the plasma
embranes (reviewed in Chishti et al., 1998). In these

roteins, one role of the FERM domain is to mediate

In situ hybridization with a digoxigenin-labeled antisense riboprobe
ing (blue) of varying intensities in different anterior pituitary gland
resssion. (B) Hybridization with the corresponding sense probe was
MYO15 probe was also largely negative for staining. In all panels,

ybridization signal was detected with nitroblue tetrazolium and

idization of paraffin embedded ;18.5-day mouse embryo heads with
tions of the Myo15 N-terminal (exon 2; nt 288–1072) or tail (exons
st staining used to reveal nuclei. The sections shown are consecutive
robe. (B) N-terminal domain sense probe. (C) Tail domain antisense

ot with the corresponding sense probes, hybridization signals were
heads) and in the vestibular apparatus in the region of the macula
indirect immunofluorescence of whole-mount preparations of adult
ingle row of inner hair cells (IHC) and three rows of outer hair cells
ter hair cell stereocilia labeled with anti-Myo15 antibody PB48. (G)
ar plate in both inner and outer hair cells with antibody TF1. A very
y (not shown). (H) Blocking of TF1 labeling by preincubation with

t shown in G.
A)
ain
xp
nse
u h
ybr
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ech
se p
t n
row
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e s
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256 LIANG ET AL.
embrane attachment via specific binding to integral
embrane proteins. A related function for the FERM-

ike domains of unconventional myosins would be con-
istent with membrane trafficking roles predicted for
t least some of these proteins (Mermall et al., 1998).
A putative SH3 domain is also present in the myosin

V tail. SH3 domains mediate the assembly of protein
omplexes by binding proline-rich peptide sequences
nd have been found in numerous proteins with wide-
anging functions (reviewed in Dalgarno et al., 1997;
ayer and Gupta, 1998). In addition to myosin XV,

lass IV, class VII, and some class I myosins contain
H3 domains (Mermall et al., 1998). The SH3 domain

n the yeast class I myosin, Myo5p, plays a role in
rotein localization and mediates binding to a proline-
ich, actin-binding protein, verprolin (Anderson et al.,
998). A protein partner of unknown function,
can125, has also been described for the Acan-

hamoeba myosin-1C SH3 domain (Xu et al., 1997).
hile the function of the myosin XV SH3 domain is

nknown, an intriguing possibility is that it mediates
n intramolecular interaction with a region of the pro-
ine-rich N-terminal domain. A similar self-association
etween a proline-rich region and a SH3 domain in the
ignaling protein phosphoinositide 3-kinase (PI3K) has
een proposed to play a role in regulating PI3K activity
Kapeller et al., 1994). Precedent also exists for myosin
ctivity to be regulated by intramolecular folding. Un-
er some conditions, the long tails of smooth muscle
nd nonmuscle myosin II molecules can fold back upon
he neck region of the head, forming a more compact
olecule with suppressed enzymatic activities (Olney

t al., 1996; Trybus et al., 1982). Similarly, kinesin, a
icrotubule-dependent motor, has folded and extended

tates (Hackney et al., 1992).
By in situ hybridization, we observed Myo15 expres-

ion in the neurosensory epithelial regions of the co-
hlea, saccule, utricle, and cristea ampularis of the
eveloping mouse inner ear. This expression pattern is
onsistent with the auditory and vestibular pheno-
ypes of sh2 mice and also with the Myo15 immunolo-
alization reported here. With two independent Myo15
ntibodies, immunolabeling was observed within the
tereocilia and cuticular plate regions of adult cochlear
nner and outer hair cells, the primary sensory cells of
he auditory system. Hair cell stereocilia are microvil-
us-like cellular processes that form a highly organized
undle extending from the apical surface of the cell.
echanical deflection of the stereociliary bundle in

esponse to sound is believed to open or close ion chan-
els on the stereocilia, thus inducing an electrical im-
ulse that is transmitted to the central nervous system
reviewed in Hudspeth, 1992; Hudspeth and Gillespie,
994). The cores of stereocilia consist of numerous
ross-linked actin filaments that appear to be anchored
ithin the hair cell body in another actin-rich region,

he cuticular plate (DeRosier and Tilney, 1989; Hasson
t al., 1997). In sh2 mice, the stereociliary bundles of
ochlear hair cells are present and well ordered, but
he individual stereocilia are much shorter than those
f wildtype hair cells (Probst et al., 1998). In addition,
n abnormal intracellular actin rod-like structure ex-
ending toward the base of the cell is present in sh2
nner hair cells (Probst et al., 1998). These structural
nomalies, together with the localization of Myo15
ithin the hair cell stereocilia, suggest a role for Myo15

n the proper organization or assembly of the actin
laments that comprise the core of the stereocilia. A
otential role for Myo15 in the formation or mainte-
ance of the lattice of actin filaments that comprise the
uticular plate is also suggested by its presence in this
egion of the cell.
Preliminary data indicate that, in a sample of 82

ndian and Pakistani families segregating recessive
eafness, up to 10% may be linked to DFNB3 (E. R.
ilcox, pers. comm., Rockville, 1999). Thus, mutations

n MYO15 may be responsible for a relatively large
roportion of hereditary deafness. The elucidation of
he genomic and cDNA structures reported here is
ssential for the identification of additional MYO15
utations and an accurate assessment of the extent to
hich DFNB3 contributes to hereditary deafness
orldwide.
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