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The shaker-2 mouse mutation, the homolog of human DFNB3, causes deafness and 
circling behavior. A bacterial artificial chromosome (BAC) transgene from the shaker-2 
critical region corrected the vestibular defects, deafness, and inner ear morphology of 
shaker-2 mice. An unconventional myosin gene, Myol5, was discovered by DNA se- 
quencing of this BAC. Shaker-2 mice were found to have an amino acid substitution at 
a highly conserved position within the motor domain of this myosin. Auditory hair cells 
of shaker-2 mice have very short stereocilia and a long actin-containing protrusion 
extending from their basal end. This histopathology suggests that My015 is necessary 
for actin organization in the hair cells of the cochlea. 

Shaker-2 (sh2) is a recessive mouse muta- . , 

tion on chromosome 11 that arose in the 
progeny of an x-ray-irradiated mouse (1)  
and has been proposed as the mouse model 
of DFNB3 (2). Affected mice lack the 
normal startle response to sound and show 
no auditory brainstem responses to sound 
pressure levels up to 90 dB SPL at frequen- 
cies of 4, 10, and 20 kHz, indicating pro- 
found deafness (3). Associated vestibular 
defects cause head-tossing and circling be- 
havior (Fig. 1A). 

Fia. 1. Phenotvoic characterization of shaker-2 

The stereociliarv bundles on both the 
inner and outer hair cells of l-month-old 
shaker-2 mice are dysmorphic (Fig. 1). The 
stereocilia are extremely short, but scanning 
electron microscopy shows that they are 
arrayed in a nearly normal pattern. Whole 
mounts of the organ of Corti stained with 
phalloidin reveal a long actin-containing 
structure associated with mutant inner hair 
cells. Visualization of actin staining in the 
mutant mice by scanning laser confocal mi- 
croscopy demonstrates that the prominent 

actin bundle is initiated beneath the cutic- 
ular plate of the inner hair cells, continues 
in a basal direction, and extends from the 
base of each cell in a medial orientation for 
up to 50 ym. The presence of this abnormal 
actin-containing structure on inner hair 
cells suggests that the sh2 gene is critical for 
normal cytoskeletal morphology and actin 
organization. Other loci for genetic deafness 
share this phenotypic feature with shaker-2 
(4). These loci may represent defects in 
different steps of a common pathway or 
different components of a multisubunit ac- 
tin-organizing system. 

Recently, fine genetic mapping placed 
sh2 in a region of chromosome 11 near four 
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m'&. (A) lime-i&se photography captures the circling behavior of a single 
shaker-2 homozygote. (B to E) Whole mounts of organ of Corti from 
1 -month-old normal and mutant mice were stained with rhodamine-conju- 
gated phalloidin to visualize actin and analyzed by laser scanning confocal 
microscopy (1 7). In all cases, normal controls were wild-type iiiermates of 
affected mice. Micrographs are oriented with the outer hair cells at the left and 
inner hair cells at the right. Panels (B) and (C) represent a focal plane imme- 
diately beneath the cuticular plate (adjacent to the luminal surface of the 
epithelium); (D) and (E) are optical sections at a focal plane near the basal end 
of inner hair cells (close to the basal lamina). In (B), laser scanning confocal 
microscopy of the inner hair cells shows an actin-rich area in the center of 
each cell (arrow), which was absent in wild-type mice (C). In the mutants (D), 
each inner hair cell was associated with one long abnormal actin-containing 
structure that projected from the base of the cell (arrows); normal mice lacked 
this structure (E). Scale bar, 10 Fm. (F) High-magnification laser scanning 

confocal optical section through the subapical domain of a mutant inner hair 
cell. Micrograph is oriented with inner hair cells at the top. The apical borders 
of the inner hair cell are identified by junction-associated actin, in contact with 
two flanking supporting cells (arrowheads), as well as junctions with support- 
ing cells at medial and lateral aspects. The abnormal actin-containing struc- 
ture was clearly viewed in the center of the inner hair cell. Scale bar, 10 Fm. 
(G) Cochlea prepared for scanning electron microscopy (7 7) revealed the 
apical (luminal) surface of an inner hair cell in a 1 -month-old sh2lsh2 mouse. 
Stereocilia were extremely short, and some were located away from the 
nomal bundle site. Scale bar. 2 Fm. (H) Scanning electron microscopy of a 
1 -month-old mutant mouse cochlea showing two inner hair cells (IHC labels 
the cell on the right), a supporting cell (SC) positioned between the two inner 
hair cells, and the three rows of outer hair cells (OHC identifies afirst-row cell). 
Stereocilia of outer hair cells were extremely short. Several stereocilia on each 
outer hair cell were located outside the typical bundle location. 
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genes whose homologs map to 17p11.2 in 
the critical region for a human recessive 
congenital deafness, DFNB3 (3). Complete 
1-Mb yeast artificial chromosome and BAC 
contigs that span the s b - 2  critical region 
have been generated (5). Because there 
were no compelling candidate genes in the 
nonrecombinant region, we adopted an in 
vivo complementation approach to narrow 
the sh2 critical region. BAC clones from the 
contig were injected individually into fer- 
tilized eggs from sh2/sh2 parents, and a BAC 
clone that rescues the sh2 phenotype was 
identified. A transgenic founder that re- 
sponded to sound and did not circle was 
shown to contain the BAC 425~24 clone. 
This founder was mated to a sh2/sh2 female, 
and four of six progeny had normal hearing 
and behavior. Only the animals that inher- 
ited the transgene exhibited correction of 
the shaker-2 phenotype. The hair cells of a 
sh2/sh2 animal rescued by the BAC trans- 
gene had normal stereocilia (Fig. 2) and no 
unusual actin-containing structures. This 
confirmed that BAC 425~24 contains the 
sh2 gene and sufficient regulatory sequences 
for phenotypic correction. 

To identify the shaker-2 gene, we se- 
quenced the 140-kb BAC 425~24 and ex- 
amined it for potential coding regions, using 
GENSCAN, GRAIL, and BLAST (6). This 
approach identified a gene encoding a novel 
unconventional myosin that we have desig- 
nated Myol5. Partial My015 cDNAs were 
isolated by polymerase chain reaction (PCR) 
amplification from an embryonic day 17 
(E17) mouse cDNA library using primers 
derived from predicted exons of Myol5. To 
date, a deduced 5352-base pair (bp) cDNA 
spanning 49 exons has been assembled. This 
cDNA contains an open reading frame 
throughout its length and is predicted to 
encode a 1783-amino acid peptide of >200 
kD. Northern (RNA) blot analysis detects a 
-5-kb transcript in adult mouse brain and 
kidney (Fig. 3A), suggesting that the current 
cDNA is nearly full-length. Reverse tran- 
scription PCR (RT-PCR) analysis reveals 
that My015 is expressed in the inner ear of 
El8 mouse embryos as well as in adult brain 
and liver (Fig. 3B). 

Myosins are mechanoenzymes that bind 
F-actin and hydrolyze adenosine triphos- 
phate (ATP) to produce force. These pro- 
teins are involved in diverse functions in- 
cluding vesicle movement, extension of cel- 
lular processes, cytokinesis, phagocytosis, 
signal transduction, cellular movement, and 
muscle contraction. Features common to all 
myosins are a conserved motor domain re- 
sponsible for its actin-activated adenosine 
triphosphatase (ATPase) activity, regulato- 
ry domains that bind light chains such as 
calmodulin, and various dissimilar tail 
structures that may be involved in binding 

membranes, cargo, or both (7). Comparison 
with other myosins indicates that the 
motor domain of Mvol5 extends from ami- 
no acids 41 to 714 and includes a consensus 
ATP binding site and a potential ATP- 
guanosine triphosphate (GTP) binding site 
(8). The COOH-terminal region of My015 
has several interesting features, including 
similarities to the talin and myosin tail 
(MyTH4) domains [for details, see (9)]. 

Myosins are divided into subclasses on 
the basis of comparisons of the motor do- 
mains and features of the tail. Conventional 
mvosins constitute class 11. and the other 13 
classes are unconventional myosins. A ge- 
netic distance tree was constructed with a 
portion of the motor domains of 40 myo- 
sins, including each of the known classes as 
well as My015 and its human homolog, 
MY015. Neither My015 nor MY015 joined 
any of the existing branches of the unrooted 
tree with greater than 50% confidence, 
which suggests that these genes are suffi- 

ciently divergent to constitute a new class 
designated myosin-XV (Fig. 4A). 

No obvious rearrangements, insertions, 
or deletions were detected in the My015 
gene (lo), which suggested that a point 
mutation was the likely cause of the shak- 
er-2 defect. PCR primers were designed to 
amplify all 49 of the exons identified in 
cDNAs or predicted by one of the gene 
identification algorithms. In general, 20 to 
100 bp of flanking intronic sequence were 
included in the amplification products. In 
codon 674 within exon 18, a G + A tran- 
sition was found that produces a Cys + Tyr 
substitution (Fig. 4B). The presence of this 
alteration was confirmed by restriction di- 
gestion of PCR-amplified genomic DNA 
from sh2 homozygotes and heterozygotes 
(Fig. 4C). This is a highly conserved amino 
acid within the motor domain, with 78 of 
82 myosins examined containing a cysteine 
residue at the corresponding position (I I). 
The genes that do not encode Cys at this 

Fig. 2 Transgene correction of shaker-2. BAC 425~24 
was obtained from Research Genetics after screening 
of their 129/Sv mouse BAC library with the polymor- 
phic marker D7 7Mit26 (78). The ends of the BAC were 
sequenced directly using Sp6 and T7 primers. Primers 
were designed to amplify the vector-insert junctions of 

- 

the BAC (forward: Sp6 primer, reverse: 5'-CCTCAAC- 
CTCTGTGGGTTGT-3'; forward: T7 primer, reverse: 
5'-CTGTCGAGTTGGCTCATTGA-3'). Fertiliied eggs 
collected from sh2/sh2 females mated wlh sh2/sh2 
males were injected with BAC 425~24 miniprep DNA 
that had been digested with Not I and dialyzed against 
microinjection buffer. A total of 51 eggs were injected 
and eight pups were born (19). All pups were typed for 
(A) Dl 1 Mit26 and the unique vector insert junctions at 
the (B) Sp6 end and (C) T7 ends of the BAC. Controls 
are water (lane I), BAC 425~24 (lane 2), and sh2/sh2 (lane 3). One mouse had normal behavior and a 
startle response to sound (lane 4). Only this mouse had the 129/Sv allele of Dl 1 Mit26 from the BAC and 
scored positive for the BAC vector-insert junctions. This founder was mated to a sh2/sh2 female. Scoring 
of the progeny for BAC-specific PCR products demonstrated cosegregation of the transgene with 
restoration of heating (lanes 7 to lo), whereas nontransgenic animals were deaf and exhibited head- 
tossing and circling behavior (lanes 5 and 6). (D) The presence of normal stereocilia on inner hair cells 
(arrow) in a 2-month-old progeny of the transgenic founder were demonstrated by analysis of the organ of 
Corti by laser scanning confocal microscopy. Scale bar, 10 pm. 

Fig. 3. My015 is expressed in the inner ear. (A) Northern blot A 1 2  3 4  - -.w -. 
analysis reveals expression of My015 in adult brain (lanes 1 and 
2) and kidney (lanes 3 and 4). A blot containing 2 ~g of poly-A+ My015 
RNA from adult brains and kidneys of normal (lanes 1 and 3) and 
sh2 mutant (lanes 2 and 4) mice was hybridized with two anti- 

= a- 
sense riboprobes that together correspond to the COOH-termi- GAPDH Ir 
nal1351 nucleotides of the My075 cDNA (exons 40 to 48). The 

)I 
I 

blot was washed to afinal strinaencvof 0.1 x SSC at 68°C and I 9 A .; f i  7 

biot was subsequently stripped and reprobed with a GPDH 
probe (exposure 5 hours). (B) RT-PCR was used to detect 
My075 transcripts in 1 kg of total RNA from adult mouse liver 
( l i e  3), brain (lane 4), i d  three different preparations of El8 mouse inner ear (lanes 5 to 7). Controls 
were water (lane 1) and mouse genomic DNA (lane 2). Primers used for PCR amplication were defied 
from My075 exons 34 to 38. The 760- and 450-bp products (arrows) correspond to the sizes expected 
from amplication of My075 genomic DNA and cDNA, respectively. DNA sequencing confirmed that the 
450-bp RT-PCR product was a My075 cDNA fragment. 
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position have conservative changes to Thr of the myosin motor (Fig. 4D). This cys- rable region of the Drosophila class 111 my- 
or Leu. The substitution of a hydrophobic teine is within a putative actin binding site. osin, NinaC, with Leu-Phe-Asn results in a 
Tyr residue is likely to disrupt the function Substitution of Arg-Cys-Ile in the compa- null allele (1 2). Thus, the shaker-2 muta- 

m 
Lt ATY A 

l ~ b m t s t r a p s  

Fig. A Si-~dw-2 mioe have a mutation in Myo 75, a new class of myosins, in a highly conserved 
amino add. (A) An unrwted genetic distani trse i l I ~ ~ a t e s ~  dbgenca o f M I S  horn other D y, l*o,5 (.LM) dasses of myosins (20). Forty myosin proteins from the public dabbmes were aligned with m15 
CIustaMl using the default settings. The portion selected represented amino acMs 213 to 51 1 in H, ~y-015 
chicken fast s W  muscle myosin (GgFsk), a class II conventional myosin. The P W P  I WM 
padage of programs was used to gemrate a ganetic distEMce m 1009 bootstrap data sets I1 WW 0 
were generated and analyred with the programs PROTDlST and NEIGHBOR, and the program nl 
CONSENSE prod& he "mooted bes. Mden qweafhg in >!30?6. >TO%, a zm% of the 7 &zl boat- trials am denoted by sdid ckdes, way cirdes, and open citdes, mspecthrely. Th? 

Wn Hlo In) spedes represented are Acantkm&a casMmii (Aca), Acetabulania &Toni @I), AmMQxw wl rrm W M  (shy) 
thaha (At), Bwh malaui (Bm), Bos tawus (Bt), Aictyostsdim discddum @d), C b w M a  VIII ~t A ~ M  (CI~IBJ 
i-mhmww (Dm), Gallus @us (Gg), H&nthYsannus (Ha), M a m o m  (Hs). Musmusah ac RnmyrS 
(Mm), Ftmcdum W m m  0, Rattus nonwhm (Rn), ~ y c e s  w d s b  (Sc), x ax 

mansoni (Sm); Sus scrofa (Ss), and Toxopfnsma gondii (Tox). The accession XI At W.42 m) 
numbers for the sequences, by dass, areas foltows darw I: MmlA L00923, Gg BBM I UW049, 
Dm MIA545573, W MIA P22467, Hs MIC U14391; dass U: Brnll M74000, Dm NM2 POW31, Gg Fsk P13538, WII p08799, Sc myol (IIA) S46773; class 
Ilk Dm Nina C ~10678; obes IV: Aca HMW j05678; class V: Mm dhk? V ~57377, Gg pi 80 ~11718, Rn myr6 ~60416, Sc Myo2(V4 p i  9524, Sc rnyolyVB) 
p32492; dam VI: Mm W s  w d m  ~49730, Ss VI 854818, Dm 95F Q01!XQ dam VII: Mm shah-7 U814.53, Hs Vlla ~55208; class Vlll: At ATM A 
~67104, At ATM B 234292, Ha my 1 U94781; class IX: Rn myr5 ~77609, Hs MlXb ~42391; dsrs lk BtX M5042; class XI. At my82 234294, At myal 
68389, Ha my;ok5 U94785, Ha rny2 U94782; clsss MI: Ce MI s68563; cbw XIIk Ad M2 U94398, Ad MI U94397; class Xnr: Tox A affXE626, Pf XN 
y09693, ToxB af006627. (B) DNA sequence of exon 18 from sh2/sh2 (top) and C57BU6J (bottom) mice rewaled a G +A transition that results in a Cys -. 
Tyr change. (C) This change disrupts a mttiction sRe for Tee I (GCWGC). Qenomic DNA hwn sh2/sh2 (laws 1 and 4) and sh2/+ (lams 2 and 5) mice and 
DNA from BAC 4251324 (lams 3 and 8) were arnplifred (forwarrl prkmjr. 5'-GTAGCACAGCTTTTCTCCAG-3'; reverse primer: 5'-AGTGCCACACTTCA- 
CAGG-3') by PCR. Products were not digested (lanes 1 to 3) or di@Med with Tse I (lanes 4 to 6), separated by gel electrophoresis, and stained With ethidium 
bromide. The 5AC 425~24 product gives bands at 223,71, and 61 bp, as there are two Tse 1 sites in ttw PCR product. sh2/sh2 mice are homozygous for 
thedisruptionofmofthesetwositesandthushaveonly~-and61-bp~.sh2/+miceam~~sforthechange,asevidsncedbythetwo 
banding patterns superimposed on me another. @) The Cys 4 Tyr change occurs at a h$hly ccmemd position of the motor domain of this myosin. A 
C l W  alignment of a 12-amino acid region from members of several m/osin subclasses illustrates the location of the cysteine within a h!ghty conswed 
sequence, PHFVRCIKPN (161, that has been proposed as part of en aetin-binding region of the motor domain. 

G CG C T O C C  TO 

t 
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tion is likely to destroy actin binding of 
h4vol5, creating a loss-of-function allele. 
My01 5 led to identification of the human 
homolog, h4YO15, and to the discovery of a 
nonsense mutation and two Inissense muta- 
tions in three unrelated human families 
with nonsyndromic, congenital deafness, 
DFNB3 (9). 

Mutations in three different uncon.rren- 
tional myosins, h4.i!'015'h2, h4yo6'", and 
h4y07a'h', cause deafness ( 1  3).  Morphology 
and histology of severe loss-of-function al- 
leles in the mouse suggest that each of these 
myosins has a unique function in the hair 
cells of the inner ear. Our results show that 
My015 is involved in the maintenance of 
aciin organization in the hair cells of the 
organ of Corti. Loss of h4yo7a causes disor- 
ganization of the characteristic pattern of 
the stereocilia early in development, where- 
as loss of My06 function causes fusion of the 
stereocilia and loss of the inner hair cells 
and support cells by 6 weeks of age (14). In 
contrast, the inner hair cells of sh2 mutants 
survive longer 11 5)  and the abnormallv 
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Camper, data not shown 
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short stereocilia are arranged in a nearly 
normal pattern on the hair cell surface Associat ion of Unconventional Myosin MY0 15 
These features make shaker-2 mice a good 
model for examining the role of a uniaue Mutations with Human Nonsyndromic 

u 

unconventional myosin in the auditory sys- 
tem and for the ex~loration of mechanisms 
for the delivery of functional proteins to 
surviving mutant hair cells. 
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DFNB3, a locus for nonsyndromic sensorineural recessive deafness, maps to a 3-cen- 
timorgan interval on human chromosome 17~11.2,  a region that shows conserved 
synteny with mouse shaker-2. A human unconventional myosin gene, MY015, was 
identified by combining functional and positional cloning approaches in searching for 
shaker-2 and DFNB3. MY015 has at least 50 exons spanning 36 kilobases. Sequence 
analyses of these exons in affected individuals from three unrelated DFNB3 families 
revealed two missense mutations and one nonsense mutation that cosegregated with 
congenital recessive deafness. 

Nonsyndromic recessive deafness accounts 
for about 80% of hereditary hearing loss (1 ) .  
To date, 20 loci responsible for this form of 
deafness have been mapped and three have 
been identified (2-4). DFNB3, first identi- 
fied in families fsoin Bengkala, Bali, initially 
was mapped to a 12-centimorgan (cM) re- 
gion near the centroinere of chrornoso~ne 17 
(5) and subsequently was refined to a 3-cM 
region of 17p11.2 (6). Congenital hereditary 
deafness in two unrelated consanguineous 
families from India is also linked to DFNB3 
(6), indicating that the contribution of 
DFNB3 alleles to hereditary deafness is likely 
to be geographically widespread. 

On the basis of conserved synteny and 
similar phenotypes, we proposed that the 

autosonla1 recessive mouse mutation shak- 
er-2 was the homoloe of DFNB3 (5,  6). In 

u 

the accompanying paper, lye describe the 
bacterial artificial chroluosome (BAC)-me- 
cliated transgene correction of the deafness 
and circling phenotype of holnosygous shak- 
er-2 mice (7). DNA sequence analyses of 
this BAC revealed an ullconventional my- 
osin gene, Myo15. Myosins are a family of 
actin-based ~nolecular motors that use en- 
ergy from hydrolysis of adenosine triphos- 
phate (ATP) to generate mechanical force. 
The classic, two-headed filament-forming 
myosins that provide the basis for muscle 
contraction are referred to as conventional 
myosins. Other members of the myosin su- 
perfarnily, the unconventional myosins, 
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