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We have developed a bacterial artificial chromosome transgenesis approach that allowed the expression of
myosin VIIa from the mouse X chromosome. We demonstrated the complementation of the Myo7a null mutant
phenotype producing a fine mosaic of two types of sensory hair cells within inner ear epithelia of hemizygous
transgenic females due to X inactivation. Direct comparisons between neighboring auditory hair cells that were
different only with respect to myosin VIla expression revealed that mutant stereocilia are significantly longer than
those of their complemented counterparts. Myosin VIla-deficient hair cells showed an abnormally persistent tip
localization of whirlin, a protein directly linked to elongation of stereocilia, in stereocilia. Furthermore, myosin VIlla
localized at the tips of all abnormally short stereocilia of mice deficient for either myosin XVa or whirlin. Our results
strongly suggest that myosin VIla regulates the establishment of a setpoint for stereocilium heights, and this novel
role may influence their normal staircase-like arrangement within a bundle.

Sound perception and balance depend on the function of
specialized sensory epithelial hair cells equipped with bundles
of mechanosensory, microvillus-like cellular projections called
stereocilia (42). Rows of stereocilia of increasing heights form
a staircase-like arrangement organized into a V- or W-shaped
bundle. Sound waves deflect bundles of stereocilia toward the
taller row, which is believed to pull on tip links, opening trans-
duction channels and leading to hair cell depolarization (22).
The length, staircase-like organization, and bundle shape of
stereocilia are critical for frequency selectivity and hair cell
sensitivity. Each individual stereocilium is filled with hundreds
of uniformly polarized and tightly cross-linked actin filaments.
The actin filaments in each stereocilium core are oriented with
the barbed ends (plus, polarizing ends) at its tip (10), and
recent studies demonstrated that morphologically mature ste-
reocilia undergo continuous turnover (40). The turnover of the
actin core follows a treadmilling mechanism, and actin renewal
rates are proportional to the lengths of stereocilia (39). How-
ever, the molecular bases for development of stereocilia, or-
ganization, and maintenance are not fully understood. Analy-
ses of mouse models for deafness and balance defects indicate
that formation of stereocilia, maintenance, and function de-
pend on several proteins, including some of the known uncon-
ventional myosins.

Myosin Vlla is an unconventional myosin that, when lost or
modified by mutation, is responsible for embryonic lethality
and deafness in Drosophila melanogaster (26, 47), circling be-
havior in Mariner zebrafish mutants (11), hearing impairment
and vestibular dysfunction in shakerl mice, and hearing and
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retinal defects in human Usher syndrome 1B (13, 51). Myosin
Vlla is expressed in sensory hair cells from the earliest stages
of their development and localizes to their cytoplasm, apical
parts, and stereocilia (15, 39). In mice homozygous for the
Myo7a*°%%58 allele, an N-ethyl-N-nitrosourea-induced reces-
sive nonsense mutation which reduces the protein to below
detectable levels (13, 16, 32), bundles of stereocilia show pro-
gressive morphological rearrangements from around embry-
onic day 18.5 (21, 41). Kros and colleagues (28) previously
described raised thresholds for transduction currents and ab-
normal transduction channel gating in hair cells of myosin VIIa
mutants, which could be explained by a reduced tension of tip
links, thus resulting in a deafness phenotype. This reduced
gating spring tension could reflect the properties of the tip link
complexes and, more generally, the overall morphological re-
arrangements within mutant hair bundles. The molecular
mechanism for the disorganization of stereocilia within shak-
erl hair bundles remains unresolved and could be related to
insufficient stereocilia coupling within a bundle, defects in their
anchoring into the cuticular plate, or a perturbed regulation of
actin dynamics affecting elongation of stereocilia during devel-
opment (40). The elucidation of the role(s) of myosin VIIa in
hair bundle development is therefore crucial to enhance our
understanding of the underlying basis for the deafness pheno-
types of shakerl mice and Usher 1B syndrome in humans.
Using an X-chromosome-directed bacterial artificial chro-
mosome (BAC) transgenic approach, we demonstrate genetic
complementation of the Myo7a**?*5® allele (13, 16, 32). The
embryonic stem (ES) cell-based BAC transgenesis method that
we employed uses a recombination-mediated cassette ex-
change (RMCE) reaction whereby an “acceptor” locus of loxP
and lox5-11 sites is targeted within the hypoxanthine-guanine
phosphoribosyltransferase (Hprt) gene on the X chromosome
to act as docking sites for an extrachromosomal DNA molecule
with similarly arrayed lox sites (19, 43). Many BAC vectors
used for creating genomic libraries have such an arrangement
of lox sites (12, 52). The Hprt locus was chosen because it has
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proven to be a reliable integration site for expression from
tissue-specific promoters (4, 14), including expression from a
human BAC clone (18). Some previously described methods
for the Cre-mediated integration of genomic constructs at a
single loxP site (5) entail integration of the entire genomic
construct, including the vector backbone. The inclusion of pro-
karyotic sequences in transgene constructs has been implicated
in the silencing of their expression in mice (6, 8). The RMCE
reaction described here minimizes prokaryotic sequences at
the transgene integration site.

The Myo7a BAC transgenes integrated at the Hprt locus are
subject to X inactivation so that Myo7a*020SB/#62058 females
carrying a hemizygous copy of the transgene exhibit mosaic
expression of myosin VIIa within the inner ear sensory epithe-
lium. The fine mosaic of myosin VIla-deficient and -comple-
mented hair cells allowed a direct comparison of phenotypic
differences between the two hair cell populations within the
same specimen, thereby eliminating variables such as genetic
background, sampling strategy, and parallel processing/analy-
sis. When directly compared with their complemented coun-
terparts, stereocilia lacking myosin VIIa are significantly
longer but shorten faster in the presence of an actin polymer-
ization inhibitor. In addition, the loss of whirlin from tips of
stereocilia that normally occurs during hair bundle maturation
was delayed, and this correlated with elevated levels of its
immunofluorescence in myosin VIla-deficient cells. Our re-
sults strongly suggest that myosin VIIa plays a regulatory role
in setting the appropriate heights of stereocilia and demon-
strate that X-linked BAC transgenic mouse lines provide a
useful tool for studying gene function, as they can significantly
enhance the resolution of phenotypic analyses.

MATERIALS AND METHODS

Vector construction and BAC manipulation. An Hprt targeting construct was
generated in a pBluescript SKII(+) (Stratagene)-based backbone vector con-
taining a modified polylinker and an MCI-DTA-negative selection marker.
Genomic sequences from the Hprt gene of 129S7/SvEv origin were cloned as
homologous arms on either side of a puromycin resistance-thymidine kinase
fusion gene (puAtk) cassette (7) flanked by directionally opposed loxP and
lox5-11 sites to create construct pCCI18; the 5" arm was a 2.5-kb EcoRV/HindIII
fragment from vector pRIV6.9PGK, and the 3’ arm was a 2.7-kb HindIII/BamHI
fragment from vector pIV7.1 (17).

Four BAC clones were used in this study: zebrafish (RPCI 71-30122) and
human (RPCI 11-189K21) BACs were used in the initial phase of establishing
and validating BAC integration into ES cells, whereas BACs containing Myo7a
(RPCI 23-138G2 and RPCI 24-233J11) were used for complementation in mice.
The cloning vectors used in the four BAC clones, either pBACe3.6 or pTAR-
BACI1, both contained loxP and lox5-11 sites flanking the genomic insert and the
sacBII gene (12, 52). The vector backbones were modified by insertion of the
pgk/EM7 Neo/Kan®-positive selection cassette (pCEI) into the sacBII gene by
bacterial homologous recombination. pCEI1 was generated by PCR of homol-
ogous arms of sacBII sequences with Hi-Fidelity Supermix (Invitrogen) as fol-
lows: the 5" arm (bp 3110 to 3609) of pBACe3.6 was amplified with primers
sacBIINIA (AACGAAAAATACCAAGTGCCTCAA) and sacBII1B (GATATG
TTTTTCCGTCTCCGTCAA), and the 3" arm (bp 3736 to 4179) of pBACe3.6
was amplified with primers sacBII3A (AAAACGGATACCAAGGCGAAGA
ATC) and sacBII 3B (CTGCGAAGTGAGAGTAAGTGAATG), followed by
restriction enzyme digestion (HindIII/EcoRI for the 5" arm and Spel/BamHI for
the 3’ arm) and four-way ligation into vector PL450 (31). The recombineering
cassette was amplified by PCR using primers sacBII1A and sacBII3B and gel
purified (Qiagen gel purification kit). BAC clones were modified in Escherichia
coli EL350 cells (31). BAC clones were retransformed into E. coli DH10B cells
for large-scale DNA preparation.

Recombination was confirmed by Southern analysis of BAC DNA using Kan®
gene- or homology arm-specific DNA probes. Additionally, for modification of

MYOSIN VIla REGULATES ACTIN DYNAMICS OF STEREOCILIA 1703

sacBII, pulsed-field gel analysis was performed on 1 pg of Notl-digested BAC
DNA using a Bio-Rad CHEF mapper (an initial switch time of 4 s, a final switch
time of 17.3 s, a gradient of 6 V cm™ !, and a run time of 18.3 h). A Qiagen
large-construct kit was used for the preparation of modified BAC DNA. DNA
was resuspended in Tris-EDTA buffer and concentrated by evaporation to ap-
proximately 1 ug ml™'.

ES cell culture. ES cell cultures, electroporation, mini-Southern-blot analysis
of ES cell clones, and the generation of chimeric and germ line mice were
described previously (37). The male 129S7/SvEvBrd-Hpri™ ES cell clone ABI
was used for targeting. ES cells (0.9 X 107 cells) were electroporated (500 wF,
230 V; Bio-Rad) with Pmel-linearized pCCI18 (10 pg) and selected after 24 h
using puromycin (3 pg ml~!'). Southern analysis was performed using a 5’
external probe, a 400-bp BamHI/Xmnl fragment isolated from clone
RIV6.9IPGK, and a 3’ external probe, a 0.7-kb HindIII/PstI fragment from clone
phpt2 (17). The drug selection sensitivities of homologous recombinant
hprtm@meeDBrd B clones to hypoxanthine-aminopterin-thymidine, 6-thiogua-
nine (6-TG), puromycin, and G418 were assessed.

For RMCE integration of BAC inserts into hpri¢™meel)Brd 3 5 107 cells were
electroporated (500 wF, 230 V; Bio-Rad) with various amounts of BAC DNA
and 25 pg pCAGGS-Cre (1). The selection of ES cell clones with G418 (200 ug
ml~") began 24 h after transfection and proceeded for 5 to 6 days. Subsequently,
selection with 6-TG (10 pM) proceeded for 3 to 4 days, at which time double-
resistant colonies were isolated. BAC integration was verified by Southern anal-
ysis using the 5’ external probe and a 3’ internal probe (400-bp EcoRI/Xhol
fragment from clone IV7.1PGK) (17).

BAC integrity was analyzed by PCR under standard conditions (Platinum 7ag;
Invitrogen). Annealing temperatures were as follows: 50.0°C for RPCI 71-30122
primer pairs 2, 5, and 7 and the mouse-specific control, 54.0°C for primer pairs
1,3, 6, and 8, 58.0°C for primer pair 4, and 52.5°C for all RPCI 11-189K21 primer
pairs. BAC integration was visualized by fluorescence in situ hybridization
(FISH) analysis on metaphase spreads of ES cells (24). BAC probes were fluo-
rescein isothiocyanate-labeled zebrafish (RPCI 71-30122) and Texas Red-labeled
mouse (RPCI 23-156G14) Hprt.

Mouse breeding and behavioral analyses. All animal studies were licensed by
the United Kingdom Home Office under the Animals (Scientific Procedures) Act
of 1986 and approved by the local ethics committee. To test for complementa-
ti()l'l, My07a4626SB/4()ZbSB males were bred with My07a462633/+ Hprt(Myo7u)Rn1/+
females. Offspring were of mixed CBA/Ca, 12957, C3H, and C57BL/6J genetic
backgrounds. Mice were genotyped by PCR for the Myo7a??65E allele (21) and
by Southern blotting with the Hprt 3" internal probe (see Appendix S1 in the
supplemental material for an alternative PCR-based genotyping method for the
BAC transgene). PCR-based genotyping does not determine the homozygosity of
the Myo7a?®?%E allele, as wild-type Myo7a is also present in BAC transgenic
animals. Therefore, candidate complemented mice were selected based on the
presence of BAC and the absence of a shakerl vestibular phenotype. To confirm
complementation, candidate BAC transgenic mice were test bred with wild-type
C57BL/6J mice in order to establish whether they were Myo7a#02058/#6265B pased
on the genotypes of offspring. Hearing was assessed using a Preyer’s reflex (flick
of the pinna) in response to a 19.5-kHz tone burst at an intensity of 90 dB sound
pressure level, and vestibular function was evaluated based on behavior (circling,
head bobbing, and hyperactive locomotion indicating vestibular dysfunction).

SEM. For scanning electron microscopy (SEM) analyses, cochleae from adult
mice at postnatal day 28 (P28) were fixed for 3 h with 2.5% glutaraldehyde in 1
mM sodium cacodylate buffer (pH 7.4). Samples were then washed in phosphate-
buffered saline, processed with the OTOTO (osmium-thiocarbohydrazide-
osmium-thiocarbohydrazide-osmium) method, adapted from a method de-
scribed previously by Hunter-Duvar (23), dehydrated in ethanol, critical-point
dried (BalTec), and viewed with an S-4800 scanning electron microscope (Hita-
chi) at 3 to 5 kV. A summary of mice used for experimentation is provided in
Appendix S2 in the supplemental material.

Histochemistry. Myosin VIIa was immunolocalized in cochleae isolated from
mice at P5 and fixed in 4% paraformaldehyde using polyclonal anti-myosin VIIa
antibody (Proteus BioSciences). Myosin XVa and whirlin were localized using
antibodies PB48 and HL5141, respectively (3, 30), at P7, P15, and P28. Stereo-
cilium dimensions and pixel intensity values (in arbitrary intensity units) were
measured with NTH ImageJ software. Hair cells (10 to 30 cells for each genotype)
from the middle turn of the cochlea were analyzed, and only the most lateral
(tallest-row) stereocilia were evaluated (at least one cochlea of at least four
animals of each genotype). Analyses of the dimensions of stereocilia were fo-
cused on the most lateral row, as it was not possible to unambiguously determine
to which row the shorter stereocilia of the disorganized shakerl hair bundles
belonged. SEM images were obtained at the same distance from the detector and
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FIG. 1. Modifying the Hprt locus to allow BAC insert integration by RMCE. (a) Targeting construct pCCI18 linearized with Pmel was homologously
recombined into intron 2 of the Hprt locus to generate ES cell clones with the RMCE acceptor allele iprt™ D54 X _chromosome base pair coordinates
for the targeting vector and RMCE cassette are indicated (NCBI m36 and Ensembl v42). Correct targeting was determined using Ncol digestion with
the use of the 3" probe and BamHI digestion with the use of a 5" probe. P, Pmel; N, Ncol; B, BamHI; puAtk, puromycin resistance-truncated thymidine
kinase fusion gene. (b) Southern analysis of Hprt targeting using 5" and 3’ flanking probes. M, Aprt™<¢DB4 ES cell clone; WT, wild-type ES clone. (c)
Integration of BAC inserts into the hprt™@™<DBd Jocus is schematically depicted. The BACs were modified with the pgkEM7 Neo/Kan® cassette from

plasmid pCEIl in E. coli EL350. DNA for the BACs was prepared from E. coli

DHI10B cells and electroporated into ES cells carrying the hprt ¢ eeDBrd

allele. The alternative Southern blot genotyping strategies for pPBACe3.6 and pTARBACI vector-based BAC clones are depicted. R, EcoRI; B, BamHI;
Neo/Kan®, neomycin and kanamycin resistance gene. The sensitivities (superscript S) and resistances (superscript R) of ES cell clones to the drugs
puromycin (Puro), Neomycin (Neo), and 6-TG are indicated in the flow diagram on the right. BamHI ?kb indicates that for p TARBACI vectors, the
size of the diagnostic BamHI fragment is not consistent between individual BAC clones and must be determined empirically or by prediction, if the BAC
clone sequence is known. The 3’ internal probe was used for subsequent genotyping of ES cell-derived mouse lines.

from samples mounted at comparable angles. Two-tailed ¢ tests were performed
using Excel software.

Organotypic cultures of mouse organ of Corti at P4 were prepared as previ-
ously described (39). For the cytochalasin D experiments, organ of Corti cultures
from one ear were incubated for 16 h with Dulbecco’s modified Eagle’s F-12
medium containing 0.025 wM cytochalasin D from a 0.05 mM ethanol stock
(Sigma), while the other ear of the same animal was incubated with an equivalent
amount of ethanol (1.5 pl per 3 ml of medium). Cultures were then processed as
previously described (39), and actin filaments were stained with Alexa Fluor
488/phalloidin and analyzed using a Zeiss LSM 510 confocal microscope (Zeiss)
with a 63X 1.4-numerical-aperture objective.

A summary of mice used for experimentation is provided in Appendix S2 in
the supplemental material.

Myo7a-lacZ mice. A full description of the generation and analysis of Myo7a-
lacZ transcriptional reporter mice is contained in Appendix S7 in the supple-
mental material.

RESULTS

BAC integration at the Hprt locus by RMCE. An acceptor
locus was generated by targeting an RMCE cassette into the
single Hprt locus in ABI male ES cells, creating the fpr (" eDBrd
allele (Fig. 1a and b). The targeted ES cells retained hypoxan-
thine-aminopterin-thymidine resistance and 6-TG sensitivity
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FIG. 2. Testing efficiency and integrity of BAC integration at the hprt™™<eDBd acceptor locus using a zebrafish BAC clone. (a) Southern
analysis with 3" internal and 5’ flanking probes. (b) FISH analysis of an ES cell metaphase spread showing colocalization of the zebrafish BAC
RPCI 71-30122 (fluorescein isothiocyanate) (green) and the mouse Hprt locus containing BAC RPCI 23-156G14 (Texas Red). (c) PCR analysis
for BAC integrity using eight primer pairs internal to the RPCI 71-30122 sequence (GenBank accession number AL590148) and control primers
that amplified the mouse genomic sequence. The PCR analysis is schematically depicted as solid green bars for an intact BAC sequence within
an individual ES cell clone; red bars depict a gap, and striped bars indicated that the extent of the gap is unknown.

and acquired puromycin resistance. Bacterial recombination
based on the Ared system (29, 31) was used to insert the
kanamycin resistance gene into the sacBII gene present in
the backbone of multiple vectors (Fig. 1c; see Appendix S3
in the supplemental material). A combination of G418 pos-
itive selection for integration of the BAC sequence followed
by 6-TG negative selection for Hprt gene-specific integration
can thus be employed to specifically select for the RMCE
event (Fig. 1c).

Our initial experiments were directed at establishing and
validating BAC integration using clones of known sequence
from species other than mouse. The zebrafish BAC clone
(RPCI 71-30122), with a 141-kb insert size, was cotransfected
with pCAGGS-Cre (1) into an hprt¢™eeDBr ce] line by elec-
troporation (40 pg of BAC and 20 pg of pCAGGS-Cre, giving
a molar ratio of 1:12). This yielded nine double (G418 and
6-TG)-resistant ES cell clones, estimated as approximately 2%
of the total G418-resistant ES clones (as plating 20% of the
transfected cells yielded gave 117 colonies with G418 selection
alone). Using Southern analysis with Hprt flanking probes and
metaphase FISH analysis with differentially labeled RPCI 71-
30122 and a mouse Hprt locus BAC, we demonstrated Hprt
integration of RPCI 71-30122 by RMCE in all G418 and 6-TG
double-resistant ES clones, with no evidence of BAC integra-

tion at other loci (Fig. 2a and c; data not shown). A similar
analysis was performed using a 151-kb human BAC clone
(RPCI 11-189K21), except that 25 pug of pCAGGS-Cre was
used each time in multiple transfections, with the BAC quan-
tity titrated as indicated in Appendix S4 in the supplemental
material. Southern analysis of the 36 surviving G418 and 6-TG
double-resistant ES cell clones showed that 30 of them had
completed RMCE events at the hprt™ ™ <¢D5 gllele (see Ap-
pendix S5 in the supplemental material). Of the remainder,
two ES cell clones showed a deletion within the hprt7ceDBrd
allele without site-specific BAC integration. Additionally, four
BAC transgenic ES cell clones showed 3’ Hprt flanking frag-
ments that indicated that the RMCE reaction did not proceed
to completion in some or all of the ES cells within each clone.
This created an insertion, or a “pop-in,” of the entire BAC
clone at the single loxP site of the hprt™(™<¢DBrd gllele. The
pop-in events occurred in clones originating from transfections
performed using all four of the molar ratios of BAC to
pCAGGS-Cre that were used.

We used the same zebrafish and human BAC transgenic ES
cell clones to analyze the integrity of the heterologous DNA
sequences integrated within the mouse Hprt locus. The inte-
grated zebrafish BAC clone (RPCI 71-30122) was analyzed
using eight PCR primer pairs with genomic targets spaced at
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10- to 20-kb intervals (Fig. 2b; see Appendix S6 in the supple-
mental material). Of the nine ES cell clones analyzed, eight
contained intact BAC inserts and one had a deletion. For the
34 ES cell clones with the integrated human BAC (RPCI
11-189K21), a total of 33 PCR primer pairs were used (see
Appendices S5 and S6 in the supplemental material). Twenty-
two clones (65% of the total) appeared to be intact at the
resolution of this analysis, while 12 clones carried a variety of
deletions.

BAC transgenesis and complementation of the shakerl mu-
tation. BAC clones from the C57BL/6J mouse strain contain-
ing the Myo7a gene (RPCI 23-138G2 and RPCI 24-233J11)
were chosen for transgenesis (Fig. 3a). As a reporter for Myo7a
transcription, RPCI 23-138G2 was modified by the integration
of an E. coli lacZ gene. Analysis of the hprtMo7a-lac2)Brd t1qpg.
genic mouse line demonstrated that expression from the X
chromosome within the inner ear was specifically in hair cells
and persisted beyond 6 months of age (see Appendix S7 in the
supplemental material). In order to complement the shakerl
phenotype of the Myo7a*%2°5® allele, a total of five transgenic
mouse lines were created for two different Myo7a-containing
BAC clones (see Appendix S8 in the supplemental material).
From these five transgenic lines, two independent BAC trans-
genic lines for RPCI 23-138G2 (Myo7a BAC C11 and Myo7a
BAC C9) and a single line for RPCI 24-233J11 (Myo7a BAC
D7) were bred into the Myo7a mutant background. The breed-
ing strategy culminated in a cross between a Myo 7q*0205B/#62058
male and a Myo7a*%?°5/" female carrying the BAC transgene
on an X chromosome so that half of the resulting offspring
were expected to give a shakerl phenotype in the absence of
complementation. The offspring carrying at least one
Myo7a*°?%58 allele and a BAC transgene, but showing no
circling and head bobbing (indicative of vestibular dysfunc-
tion), were found in two out of three of the Myo7a BAC
transgenic lines, namely, Myo7a BAC C11 and line Myo7a
BAC D7, and complementation was confirmed by test
breeding (see Appendix S9 in the supplemental material).
Mice from both of these BAC transgenic lines were analyzed
further, with the allele being collectively referred to as
hprt@®e7aBrd The third BAC transgenic line, Myo7a BAC
C9, did not yield any complemented mice, presumably due
to a deletion within the BAC that affected the normal func-
tion of the Myo7a gene.

The bundles of stereocilia on the apical surfaces of auditory
hair cells of Myo7a*0205B/462658 mice that were either
Hprt®yo7mBrdlY males or HprtMo7@Brdi(Myo7a)Brd females were
indistinguishable from those of Myo7a*0?5%/* and wild-type
mice in terms of bundle shape, orientation, and the presence of
tip links and horizontal top connectors between adjacent ste-
reocilia, confirming the successful complementation of the
Myo7a?02058/#62658 phenotype (Fig. 3b and ¢ and 4a and data
not shown). Moreover, we did not find any alterations of the
cellular arrangement of inner ear epithelia or the morphology
of hair bundles in any of the cochleae of Myo7a™’* or
Myo7a*%?°58'* mice carrying either one or two copies of the
Mpyo7a BAC transgene (data not shown), which suggests either
that an excess of myosin VIIa has no adverse effect or that
protein levels are closely regulated. Myo7a*02058/#62658
Hprt®ye7aBrdl+ mice showed a very fine intermixing of com-
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plemented and mutant hair cells due to the process of female
X-chromosome inactivation.

Myosin VIIa plays a regulatory role in the dynamics of actin
of stereocilia. The fine mosaic of myosin VIIa-deficient and com-
plemented hair cells in the inner ear epithelia of female mice
hemizygous for the BAC transgene allowed direct side-by-side
comparisons of affected and complemented hair cells. Detailed
SEM analyses performed on inner hair cells from the middle turn
of the mosaic cochlea (approximately 50% of cochlear length)
demonstrated that the width (0.40 = 0.05 wm; n = 293; P = 9.9 X
107> by # test) and length (3.02 = 0.57 wm; n = 323; P = 1.8 X
1077 by ¢ test) of the most lateral (tallest) stereocilia on mutant
inner hair cells were significantly increased relative to those of
myosin VIla-complemented inner hair cells in the immediate
vicinity (0.36 = 0.03 pm [z = 338] and 2.07 = 0.43 um [n = 378])
(Fig. 4a and b). The analysis of mosaic auditory epithelia enabled
us to visualize differences in dimensions of stereocilia that were
not large enough to be detected in previous studies of shakerl
mice (41). The length of the stereocilia of inner hair cells com-
plemented by transgenically expressed myosin VIla did not differ
significantly from those of wild-type animals when hair cells from
the corresponding regions of the cochlea were compared (2.09 +
0.25 wm; n = 263; P = 0.5 by ¢ test). Consistent with previous
studies (41), the number of stereocilia in the most lateral (tallest)
row was significantly reduced in mutant inner hair cells (22
lateral row stereocilia per bundle [£4.5];n = 63; P = 1.4 X
10738 by ¢ test) relative to adjacent Myo7a-complemented
inner hair cells (34 lateral row stereocilia per bundle [+1.7];
n = 59).

The actin core of the mature stereocilium undergoes continu-
ous turnover while its length is maintained in a dynamic steady
state (39, 40). However, to promote elongation of stereocilia
during development, the polymerization rates of actin filaments
must exceed their depolymerization rates until the stereocilia
reach their predetermined lengths. In the shakerl mutants, the
myosin VIla deficiency within the cuticular plate (a dense, actin-
rich structure at the apex of each hair cell) and at the bases of
stereocilia could result in decreased rates of actin depolymeriza-
tion and greater elongation of stereocilia. To investigate the rates
of actin depolymerization in developing shaker1 hair bundles, we
blocked actin polymerization with cytochalasin D (39) in cultured
auditory epithelia harvested from P4 Myo7a*0205B/#02658
Hprte7Brd/* females mosaic for myosin VIla expression. In
untreated explants from the corresponding regions of the other
ear of each mouse, the myosin VIla-deficient stereocilia of the
lateral rows were significantly longer than the stereocilia of adja-
cent hair cells expressing myosin VIla, consistent with our SEM
observations of adult mice. However, upon 16 h of cytochalasin D
treatment, the differences in lengths of stereocilia between myosin
VlIla-deficient and -complemented hair cells were dramatically
reduced (Fig. 4c and d), indicating that actin depolymerization
rates were higher in the absence of myosin VIla rather than
lower.

The excessive elongation of myosin VIIa-deficient stereocilia
could be explained by elevated rates of actin polymerization in the
stereocilium core. Therefore, we analyzed the localization of two
proteins implicated in elongation of stereocilia, myosin XVa and
whirlin (3, 20, 27, 33), in myosin VIla-deficient hair cells. Both
myosin XVa and whirlin were found in the tips of both myosin
Vlla-deficient and -complemented stereocilia at P7. The intensity



VoL. 28, 2008 MYOSIN VIla REGULATES ACTIN DYNAMICS OF STEREOCILIA

Chromosome 7

9I?.7Mb 9I?.30Mb SIT.SBMb 9|B.00Hb 9|B.1 OMb
Pak1 Gdpd4 Myo7a Capn5 B3gnt6 Phca

97,926,593bp  97,994,705bp ;10>
97,844,923bp—, §97,994,982bp
[ RPCI 24-233J11 (150kb) |
[ RPCI23-138G2(219kb) |

97,852,608bp— & s8,071,430bp

caomplemented

alatalafaiaia¥aia

ANNNAANAN
SIS NN A2

1707

FIG. 3. Myosin Vlla expressed from the X chromosome complements the sensory epithelium of shakerl mice. (a) Schematic of the relative
position of the Myo7a genomic locus relative to those of other genes in the vicinity and the BAC clones used for transgenesis: RPCI 23-138G2 and
RPCI 24-233J11 (GenBank accession number AC115022). Chromosome 7 base pair coordinates for Myo7a and the BAC clones are shown (NCBI
m36 and Ensembl v42). The Myo7a transcriptional start is defined under GenBank accession number AF384559. (b) Myosin VIla immunoreactivity
(green) coincided with the complementation of hair bundles in mosaic (left) and fully complemented (middle) auditory epithelia at PS. The
high-resolution confocal image (on the right) shows a well-organized hair bundle and myosin VIIa immunoreactivity at the apex of a complemented
cell (*), while an adjacent myosin VIla-negative cell exhibits disorganized stereocilia. Actin filaments in stereocilia were counterstained with
rhodamine/phalloidin (red). Scale bars, 10 um (left and middle) and 2.5 wm (right). (c) Comparison of SEM images of auditory sensory epithelia
of Myo7a*0205B/#6265B  (shakerl), Myo7a™'* (wild type), female Myo7aq*020SB/#626SE ppp(Myo7mBrdl™ (mogaic), and female Myo7a*02058/#62658
Hprt®yoraBra/Myo7a)brd (complemented) mice at P28. The Myo7a*02055/#02655 hair bundles of outer and inner hair cells were severely disorganized
compared to those of wild-type mice. The apical surfaces of the auditory epithelia of complemented mice were indistinguishable from those of

wild-type mice, while mosaic females showed a fine mixing of disorganized and complemented hair bundles. Scale bars, 30 wm.
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FIG. 4. Complemented hair cells are indistinguishable from those of wild-type mice and allow fine analysis of the shakerl phenotype in mosaic
females. (a and b) The successful complementation (compl.) of the shaker1 phenotype in a subpopulation of hair cells within mosaic Myo7a*02058/#62058
HprMe70Brdl+ auditory epithelia (left, outer hair cells [top image] and inner hair cells [bottom image]) allowed a detailed SEM comparison between
adjacent cells (a), revealing an increase in length of myosin VIIa-deficient inner hair cell (IHC) stereocilia at P28 (b). For consistency, only the single row
of the most lateral (tallest) stereocilia in each bundle was measured. For comparison, images of a representative outer hair cell from a complemented
male [Myo7a?0205B/462658 [y (Myo70)BrdlY] and an inner hair cell from a fully complemented female [Myo7a?02655/4626S8 ppp(Myo7a)Brd/(Myo7a)Brd] (5
middle, top, and bottom images, respectively) and outer and inner hair cells from wild-type (Myo7a*'™) mice (a, right, outer hair cells [top image]
and inner hair cells [bottom image]) are provided. Confocal analyses revealed that in cultured epithelia at P4, the longer myosin VIla-deficient
stereocilia (c, right) shortened faster in the presence of cytochalasin D than did stereocilia of complemented (c, left) inner hair cells (c, bottom,
and d) compared to controls treated with an ethanol carrier (c, top, and d). Measurements for shaker1 (sh1) inner hair cells (IHC) were 4.60 =
0.56 wm for the ethanol control (eth. contr.) and 2.07 = 0.26 wm for cytochalasin D (cyto. D) (P = 5.5 X 10~ by ¢ test); measurements for shakerl
outer hair cells (OHC) were 3.49 + 0.41 pm for the ethanol control and 1.86 * 0.29 wm for cytochalasin D (P = 9.6 X 1073¢ by ¢ test);
measurements for complemented inner hair cells were 3.63 * 0.35 pm for the ethanol control and 2.31 * 0.19 pm for cytochalasin D (P = 4.8 X
10~ "8 by ¢ test); measurements for complemented outer hair cells were 2.54 = .24 pum for the ethanol control and 2.02 = 0.17 wm for cytochalasin
D (P =29 X 10" by ¢ test). An asterisk represents a significant difference (P < 0.01). Actin filaments shown in panel ¢ were stained with Alexa

Fluor 488/phalloidin. Scale bars, 2 pm (a) and 5 pm (c).

of myosin XVa immunofluorescence was graded with stereoci-
lium lengths, as previously described for control animals (39),
while the intensities of whirlin labeling were comparable across
the bundle of stereocilia (Fig. 5a) (3, 27). However, at P7, the
whirlin-specific immunofluorescence measured at the level of the
cuticular plate was elevated in hair cells lacking myosin VIla
compared to their complemented counterparts within mosaic ep-
ithelia (Fig. 5a). In Myo7a**?°5®/* mice, whirlin immunolabeling
at the tips disappears from shorter stereocilia during morpholog-
ical maturation of the bundle (3, 27). In myosin VIIa-comple-
mented hair cells at P15 and P28, whirlin immunofluorescence
recapitulated the distribution obtained previously with this anti-
body in wild-type adult mice and was observed only in the tips of
the most lateral stereocilia of inner hair cells but was absent from
the shorter stereocilia of the second and subsequent rows within
the same bundle and from all outer hair cell stereocilia (Fig. 5a,
top right). Surprisingly, however, whirlin immunoreactivity per-
sisted across the mature bundles of stereocilia of both inner and
outer hair cells lacking myosin VIIa at P15 and P28, irrespective
of the length of individual stereocilia (Fig. 5a and data not

shown). To further evaluate possible interactions between myosin
VIIa and whirlin, we analyzed the spatial distribution of myosin
VIIa within the auditory sensory epithelia of shaker2 and whirler
mutants lacking myosin XVa and whirlin, respectively (2, 20, 33,
36). Although overall myosin VIla-specific immunofluorescence
showed comparable levels in the cytoplasms of mutant and con-
trol hair cells (data not shown), we detected myosin VIla at the
tips of the abnormally short stereocilia of both Whm""* and
Myo15°#"2 mice. In the lateral row of stereocilia of Whrm™"™"
and Myo15"%'* mice, the myosin VIIa labeling was restricted to
the sides of stereocilia (Fig. 5b) and was absent from the tips, as
previously described (15, 39). However, we were able to detect
myosin VIla in the tips of the shorter stereocilia within the same
bundles of Whm"”* and Myo15%'* (Fig. 5b, inset) and wild-type
(data not shown) mice.

DISCUSSION

Site-specific BAC insert integration at the Hprt locus is
selected efficiently. The approach for the integration of BAC
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myosin XVa | whirlin

P15, IHC

FIG. 5. Both myosin XVa and whirlin localize to the tips of myosin VIla-deficient stereocilia, but the whirlin labeling pattern persists
abnormally during bundle development. (a) Myosin XVa and whirlin localized (green) to the tips of stereocilia of myosin VIla-deficient inner
(arrows), outer (arrowheads), and complemented hair cells at P7. Insets show representative inner hair cells at a higher magnification; comple-
mented hair cells are indicated by asterisks. Interestingly, whirlin could still be observed in the tips of all myosin VIIa-deficient stereocilia at P15
(bottom, inner hair cells [[HC] and outer hair cells [OHC]) while being restricted to the most lateral stereocilia of complemented inner hair cells
(*). Note the elevated levels of whirlin immunoreactivity in the cuticular plates of cells lacking myosin VIIa (pixel intensity values in arbitrary units
for mutant outer hair cells are 27.24 * 2.88, [n = 34] for complemented outer hair cells and 16.70 = 2.09 [n = 27] for mutant outer hair cells [P =
2.5 X102 by ¢ test]). (b) In mice heterozygous for whirler (Whrn*”*) and shaker2 (Myo15*"?'*) alleles, myosin VIIa (green) is present along the
length of the most lateral (tallest) stereocilia (top, left inset) and at the tips of the shorter stereocilia (bottom, left inset). In the abnormally short
stereocilia of mice lacking whirlin (Whrn"*") and myosin XVa (Myo15%?*"), myosin VIIa localizes at the tips. Insets show isolated stereocilia at
a high magnification; merged images on the left show a green channel in the middle and a red channel on the right. Actin filaments in stereocilia
were counterstained with rhodamine/phalloidin (red). Scale bars, 10 pm.

inserts that we have adopted is based on RMCE using two
inverted Jox sites that are already present in many vector back-
bones used for genomic libraries (12). The individual BAC
clones only require modification using a standardized and ef-
ficient recombineering reaction in order to insert a positive
selection cassette (29, 31). The positive/negative dual selection
ensures that the Cre-mediated integration of the BAC into the
Hprt locus occurs with a very low background of randomly
integrated BACs. Analyses using BACs containing heterolo-
gous sequences indicate that the majority of integrated BAC
inserts are intact. It is likely that the deletions that we observed
were introduced as a result of DNA strand breakage during
BAC isolation or transfection, as there was little evidence of de
novo deletion during BAC propagation or recombineering.
We envisage that the technique of RMCE integration of
BACGs could be particularly useful where control over copy

number and integration site is desirable. One example might
be the creation and phenotypic analysis of an allelic series of
engineered transgene variants within mice or ES cells (38, 48).
The minimal manipulation required also makes this approach
an attractive alternative to targeted knock-in for creating tran-
scriptional reporters or fusion proteins with a variety of tags
and “humanizing” mice by gene addition on a null mutant
background or by syntenic replacement (50).

X-inactivation mosaicism as a tool in cell biology research.
Chimeras and mosaics provide a means to create mice con-
taining two genetically distinct cell populations that can en-
hance the information on gene function that can be obtained
from null mutant studies alone; for example, we can ask about
the contribution of mutant cells to particular tissues during
development or whether a gene functions cell autonomously
(35, 46). Currently available strategies each have their own
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FIG. 6. Diagram of myosin VIla and whirlin distribution in control shaker1 and whirler and shaker 2 mutants. The distributions of whirlin and
myosin VIla in stereocilia are mutually exclusive, with myosin VIIa tip localization being associated with impeded elongation of stereocilia.

strengths and weaknesses. Chimeric expression always requires
de novo production by fusing mutant and wild-type compo-
nents as embryos or ES cells. Mice mosaic for a null allele can
be achieved by the partial somatic inactivation of targeted
endogenous floxed alleles by the use of appropriate Cre trans-
genic mouse lines. Alternatively, Cre-mediated mitotic recom-
bination techniques have the potential to simultaneously cre-
ate a mosaic null and fluorescently label the genotype (53).
Mosaic expression through the epigenetic process of female X
inactivation has previously been used in conjunction with phe-
notypically neutral reporter genes to trace cell lineages during
development (9, 45). In this report, we extend the use of
female X-inactivation mosaicism to study gene function using
a simple and reliable method. A mouse line can be established
with the appropriate temporal-spatial expression for a given
gene in approximately half of the normal complement of cells.
We demonstrate that this method has particular utility in com-
parative analyses. The mosaic inner ear epithelia used in this
study allow us to evaluate two cell populations side by side so
that immunolabeling with specific antibodies and quantitative
analyses of stereocilial dimensions can be performed with min-
imal measurement error with respect to the developmental
differences between individual animals, variable conditions of
sample preparation, and, most importantly, the changing mor-
phology of hair bundles along the cochlear duct. In the apical
turn, V-shaped bundles are formed by relatively few but gen-
erally long stereocilia, while in the basal turn, the bundles are
W-shaped bundles and are composed of more numerous and

shorter stereocilia. The transition between these two extremes
is gradual, giving intermediate lengths and numbers of stereo-
cilia in the middle turn, so careful measurements of the co-
chlear duct are necessary if one wants to compare correspond-
ing hair cells in two different animals. The importance of
mosaic analyses is accentuated further in mouse mutants ex-
hibiting abnormally short cochlear ducts (e.g., looptail) (34).
In future applications, the mosaic analysis may be facilitated
by using reporter genes linked to the BAC transgene or to the
other Hprt allele, thus providing a cell-autonomous marker for
visualizing which cells are complemented. Alternatively, the
ability to monitor the expression, or deficiency, of the comple-
menting protein may be achieved by fusion to fluorescent pro-
teins or an antibody epitope tag. In this report, hair cell pa-
thology itself was predictive of myosin VIla deficiency, and
reliable antibodies were available, so additional cell-autono-
mous markers were not essential for the mosaic analysis.
Mosaic complementation demonstrates that myosin VIIa is
involved in the dynamic regulation of elongation of stereocilia.
The lengths of stereocilia and the staircase-like organization of
the bundle are critical to the sensitivity of hair cells. Each
stereocilium is supported by a rigid paracrystalline array of
tightly cross-linked, parallel actin filaments, which undergoes
continuous turnover so that the length of a mature stereo-
cilium is maintained in a dynamic steady state (39). However,
the molecular factors involved in the dynamic regulation of
elongation of stereocilia and postdevelopmental maintenance
of their length gradation within the staircase are yet to be
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defined. Here, we studied myosin VIla, a positively oriented
molecular motor expressed in hair cells that moves towards the
plus ends of the actin filaments (49) at the stereocilial tips. The
auditory sensory epithelium mosaic for myosin VIIa-deficient
and -complemented hair cells demonstrated that stereocilia
lacking myosin VIIa are longer than those of controls but
shorten faster in the presence of an actin polymerization in-
hibitor. While our results obtained using cytochalasin D treat-
ment disproved our working hypothesis that myosin VIIa has a
role in promoting actin depolymerization at bases of stereo-
cilia, they suggested the possibility of higher rates of actin
polymerization in myosin VIIa-deficient stereocilia.

Our immunohistochemical analyses showed that both myo-
sin XVa and whirlin, two proteins implicated in elongation of
stereocilia (2, 3, 27, 40), localized to the tips of myosin VIIa-
deficient stereocilia. However, myosin VIla deficiency corre-
lated with abnormally persistent whirlin localization in the tips
of mature stereocilia of shorter rows, and this coincided with
the higher intensity of whirlin-specific immunofluorescence in
the hair cell cytoplasm. Most interestingly, we showed that
myosin VIla localized to the tips of the abnormally short ste-
reocilia lacking whirlin or myosin XVa in Whm™*" and
Myo15°2"2 mice (32, 36). In wild-type mice, whirlin is detect-
able at the tips of all stereocilia during development but only at
the tips of the most lateral (tallest) stereocilia in adults. Con-
versely, myosin VIIa is absent from tips of developing control
stereocilia (our unpublished observations) while being present
at the tips of shorter mature stereocilia. It is striking that the
stereocilial distributions of whirlin and myosin VIla are mutu-
ally exclusive. This negative correlation between the tip local-
izations of whirlin and myosin VIIa indicates the presence of
an interacting protein(s) that either stops myosin VIla from
binding to the tip complex during development of stereocilia or
promotes myosin VIIa binding at the tips of mature stereocilia.

The tips of stereocilia show morphological variations. The
most lateral (tallest) stereocilia have dome-shaped tips filled
with electron-dense material, while the pointed tips of stereo-
cilia from shorter rows show only small electron-dense patches.
The extent of electron density correlates with the levels of
myosin XVa immunoreactivity at the tips of stereocilia (39). It
is possible that the myosin XVa/whirlin complexes promote
actin polymerization in proportion to their densities and that
myosin VIIa competes with the scaffold proteins at the tips,
thus regulating the speed of actin polymerization. The lack of
myosin XVa or whirlin would allow myosin VIIa molecules
between the plasma membrane and actin paracrystal, as we
have observed in the abnormally short stereocilia of Whrn""!
and Myo15"?*"2 mutant mice. Conversely, myosin VIla defi-
ciency would permit more whirlin molecules at the tips, result-
ing in abnormal elongation of stereocilia (Fig. 6). The lack of
both whirlin and myosin VIIa would probably result in abnor-
mally short stereocilia, as previously observed in shakerl/shaker2
double mutants (25), as the actin polymerization activity pro-
moted by whirlin would be lost. The excessive elongation of
myosin VIla-deficient stereocilia would perturb the precision
of their length gradation within a bundle, affecting the re-
sponses of hair cells to sound stimuli (44). Therefore, the
dysregulation of the control of actin dynamics within stereo-
cilia normally mediated by myosin VIIa is likely to be a major
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factor in the pathology of shakerl in mice and Usher 1B in
humans.
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