1LL J INCUTOUSCL DUWINUAUCU HULL SILVLINUNCILICHIC.CULL DY ULUVELSILY UL 1UAYU ULL U/ LY 14
For personal use only.

Trk B TrkC
E18 PO PS5 P10 P20 E18 PO P5 P10 P20

522bp masapp-

365bp == [N : :

P75 Actin
E18 PO P5 P10 P20 E18 PO P5 P10 P20

583bp o B2

353bp sl B8

Figure 6. Expression of mRNA for TrkB, TrkC and p75 re-
ceptors in SG during rat development. Ethidium bromide-
stained agarose gel demonstrating RT-PCR products for TrkB
(522 bp), TrkC (365 bp) and p75 (583 bp) throughout the
developmental period examined (E18-P20). DNA ladder and
the expression of mRNA for actin (internal control) are also
shown.

longest at P5 and P10. These age differences were gen-
erally maintained during neurotrophin treatment. How-
ever, N'T-3 treatment produced a modest increase in
neurite length at P5, P10 and P20, and no effect at E18
or PO. BDNF treatment produced moderate increases in
neurite length at all ages tested, with the greatest effect
at P5, P10 and P20.

Expression of neurotrophin receptbrs in
developing SGNs determined by RT-PCR

We assessed the expression of messenget RNA (mRNA)
for TrkC, TrkB and p75, the receptor proteins for NT-3
and BDNF, in 8G across age using REPCR. As shown
in Figure 6, we observed robust PCR products for the
mRNA of each receptor throughout the developmental
period analyzed. Assuming that the mRNA is translated,
these data suggest that changes in Ttk or p75 receptors
may be unlikely to mediate changes in the responsive-
ness of SG explants. However, it must be noted that the
PCR products potentially represent expression by both
neuronal and nonneuronal elements within the gan-
glion. Therefore, variation in expression between neu-
rons and other cell types is certainly possible.

Discussion

The aim of the present study was to investigate the age-
dependence of SGN survival, neurite outgrowth and
neurite extension regulation by N'T-3 and BDNE. Our
results demonstrate that both N'T-3 and BDNF support
these aspects of SGN development in a dose- and stage-
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dependent mannet and that the response pattern to neu-
rotrophins varies between each of these parameters. The
findings suggest that BDNF and N'T-3 mediate sepatate
ontogenetic events at different developmental stages.

A switch in neurotrophin dependence for SGN
survival

We found that SGNs change their dependence for sur-
vival from NT-3 at E18 to BDNF at older ages. Al-
though this report appears to be the first longitudinal
study to show such a shift in mammals, it is consistent
with previous reports from individual developmental
stages. Pirvola et al. [21] observed greater survival-
promoting effect of N'I-3 over BDNF on rat embry-
onic (E13) cochleovestibular ganglion neurons, whereas
others [22-24] reported greater BDNF dependence
for postnatal SGNs. Developmental changes in neu-
rotrophin dependence occur in other parts of the petiph-
eral nervous system as well: trigeminal ganglion neurons
switch from NT-3 and BDNF to NGF [15], wheteas
a subpopulation of DRG neurons switch from NGF to
GDNF [16].

Our data are also similar to the developmental
changes in the chick cochlea described by Avila et al.
[17]. In their report, the chick cochlear neurons in cul-
ture predominantly depend on N'T=3 for their survival
in the early embryonic period. The response is maxi-
mum at E7 and decreased thereafter, being negligible
from E13 to hatching. In contrast, the effect of BDNF
for survival is more delayed and peaked at E9—-E11 and
although diminishing from then onward, remains in a
significant range until hatching. This is roughly compa-
rable with the timing of neurotrophin dependence in the
rat, suggesting that age-dependent support of primary
auditory neuron survival by N'E3 followed by BDNF
may be a cormmon molecular mechanism shared by birds
and mammals.

Changes in survival response of SGNs to neu-
rotrophins during development could be due to the
selective death of a subset of neurons that respond
preferentially to N'I23. For example, based on knockout
mouse data, it has been suggested that developing
type I SGNs depend preferentially upon NT=3 for
their survival, whereas type II neurons depend upon
BDNF [25]. Alternatively, our observation could be
due to changes in the neurotrophin responsiveness of
individual neurons. We do not have evidence to reach
a definite conclusion regarding this point. Because rat
SGNs upregulate peripherin in culture [26], we could
not distinguish between type I and type II neurons.
However, Mou et al. {27] found that the survival of dis-
sociated postnatal (P1-P10) type 1 and type II mouse
SGNs was preferentially enhanced by BDNF when
compared with N'I=3, in agreement with our results at
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P5 and P10. With respect to other potential subtypes
of SGNs, previous immunohistochemical examinations
showed that all SGNs in both embryonic and postnatal
mammals uniformly express both TrkB and TrkC re-
ceptors and that there appear to be no distinct subsets of
neurons based on Ttk expression [22,28]. This suggests
that the overall population of SGNs may switch their
dependence for survival from NT-3 to BDNF based
on changes in the intracellular responses to TtkB and
TrkC stimulation, rather than on receptor expression.

Effects of neurotrophin concentration

For each of the measures employed, a neurotrophin con-
centration effect was noted. This typically consisted of
an increase in neuronal survival, neurite number or neu~
rite length with increasing dose. In most cases, the re-~
sponse appeared to saturate at between 5 and 10 ng/ml.
An exception was N'T-3, whetre 25 ng/ml produced sig-
nificantly greater SGN survival and neurite number
than either lower or higher concentrations. The response
saturation may reflect maximal utilization of all Trk re~
ceptors at relatively low concentrations. Another possi-
bility is that neurotrophin receptors were downregulated
at higher ligand concentrations, as has been observed in
other systems (e.g. [29]). In this case, greater amounts
of ligand may have been required to produce the same
effect. In general, we did not observe systematic changes
in threshold dose across age. When an effect was ro-
bust, it typically showed a similar minimal effective dose
at all ages (e.g., Figure 4, BDNF; Figure 5, NT-3 and
BDNF). Only when responses were minimal did we see
variation in threshold dose. These data suggest that neu-
ally with age. Rather, age-dependent changes observed
in some SGN responses may be related to changes in in-
tracellular signaling in response to receptor activatiorn.

A critical period of SGN death

Comparing the total number of rat SGNs/cochlea in situ
(18 00025 000; [4]) and the small numbers of surviving
SGNs after 4 days in vitro in our culture system (20-120
neurons/explant in about 1/8 of the whole SG), consid-
erable cell death occurred when SGNs were placed into
explant cultures at any age. However, PO cultutes ex-
hibited a significantly lower number of surviving SGNs,
both in the presence or absence of neurotrophins than
did either in E18 or P5 explants. PO explants also ex-
hibited significantly higher levels of caspase activity, in-
dicating apoptosis. Interestingly, the dose response of
SGNs to N'T-3 for survival appeared to shift to higher
concentrations, and the enhancement of survival at PO
was saturated at a lower magnitude (2.3-fold compared
with control explants) than in E18 culture (more than

fivefold compared with control explants; Figure 3A). At
the same time, BDNF influence on survival remains low
(Figure 3B). It is significant that the period of culture for
PO ends at the time equivalent to P4 in vivo. This cor-
responds to the peak of naturally occurring cell death
in the rat SG iz vivo [4]. Our findings in culture sug-
gest that the in vivo increase in cell death may reflect
a downregulation of SGN sensitivity to N'T-3, without
an increase in BDNTF sensitivity, resulting in neuronal
apoptosis.

The expression of p75 by SG explants suggests
another potential pathway for the regulation of cell
death and survival. Stimulation of the p75 receptor
by the proforms of neurotrophins is well known to
mediate apoptosis, including in the SG [30,31] and
has also been implicated in regulation of neurite length
[32]. Since we applied mature neurotrophins to our
cultures, this could not have resulted directly from our
experimental manipulations. Although neutotrophins
are not expressed in the SG of neonatal or adult rats
in vivo [33], the potential for autocrine neurotrophic
effects in SGNs [34] should be considered. The low
level of survival of SGNs that we observed in untreated
SGNs suggests that there is not extensive production
of neurotrophins in our cultures. However, Zha et al.
[35] have reported that neonatal SGNs can express
neurotrophins, at least in culture. Thus neurotrophin
genes expressed in their proforms could potentially
mediate apoptosis iz vitro via an autocrine process.
Stimulation of p75 by mature neurotrophins is also
well known to modulate the response of Trk receptors
to mature neurotrophins [30]. Thus, changes in the
interaction of p75 and Trk receptors across age could
also contribute to altered responses to neurotrophins.
On the basis of our PCR results, the expression of p75
mRNA did not appear to vary across age. Assuming
that this mRINA was translated, any age-related changes
would not be based on differential expression but could
reflect downstream signaling changes.

The effects of neurotrophins on neurite
number

Quantitative assessment of explants indicated a larget
number of neurites in the presence of N'T-3 than BDNF
at E18 (Figure 1F and K, Figure 4). In contrast, at PO
neither neurotrophin had a strong effect. However, the
number of neurites emanating from P5 and P10 SG
explants was much more strongly enhanced by BDNF
than N'T-3. Thus, the effects of neurotrophins on neu-
rite number resemble those observed for survival in E18,
PO and P5 cultures.

Our neurite outgrowth index (the ratio of neurite
number/number of SGNs in each explant) demon-
strated that none of the neurotrophin subgroups, either
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for NT=3 or for BDNF, had significantly different ratios
compared with the untreated control in PO culture. In
contrast, the BDNF subgroups at higher concentrations
(10 ng/ml and 50 ng/ml) had significantly greater index
values compated with the control group in P5 culture.
This finding suggests that the modest increase in neurite
number induced at PO by neurotrophins reflects ptimar-
ily an increase in surviving SGNs, whereas the effects on
neurite humber at P5 and P10 ate mediated primarily by
neuritogenesis.

Comparison of neurotrophic effects in vitro
with the expression of neurotrophins and
developmental events in vivo

The period of E18 culture (equivalent to E18-E21
n vivo), the earliest developmental stage we examined,
corresponds to the period when the afferent fibers of
SGNs reach the cochlear sensory epithelinom [1,36].
By this stage, expression of both N'I-3 and BDNF ex-
tends throughout the organ of Corti longitudinally [37],
implying that both neurotrophins are available for all
SGNs. NT-3 is more strongly expressed than BDNF
[37-39] and distributed more widely in the sensory
epithelium, since both hair cells and supporting cells
express this neurotrophin, whereas BDNF is more re-
stricted to hair cells [37,39]. This is consistent with our
observation of greater enhancement of SGN survival by
NT-3 than BDNF in E18 explants.

It should be noted, however, that there is a discrep-
ancy between our result and the results of gene deletion
studies [37]. Although mice null for the N'T-3 gene show
a considerably reduced number of SGNs in the basal
cochlea (less than 20% of wild type) at birth [25,40],
replacement of the N'I-3-coding sequence with that for
BDNEF almost completely rescues the loss of basal turn
SGNs (85%) by N'TI=3 absence [37,41]. Similar rescue
in the number of SGNs has been demonstrated in mice
for which the coding part of the BDNF gene was re-
placed with that of N'T=3 [42]. These results suggest
that N'T=3 and BDNF can be functionally equivalent for
the survival of SGNs prenatally [37,42]. The discrep-
ancy between this finding and ours may be related to
the mode of exposure of SGNs to neurotrophins: in the
n vivo condition, neurotrophins are supplied to the
SGNs basically through the targets of their neurites, and
concentrations at these targets may be very high. In the
in vitro condition, the entire SGN is exposed to the neu-
rotrophins and concentration is uniform. The synergis-
tic effects of neurotrophins with other survival factors
in vive must also be considered.

The period of PO explant culture (equivalent to
P0~-P4 in vivo) corresponds not only to that of natu-
rally occurring cell death [4,5] as mentioned above, but
also to a relatively low level of responsiveness to N'T-3
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and BDNF with respect to survival, neurite number and
neurite length. Interestingly, the expression of BDNF
in the cochlear sensory epithelium, which disappears in
the early postnatal period [10,39], reappears at P6-P7
in hair cells and supporting cells [10], which is tempo-
rally coincident with strong effects of BDNF, which we
observed on survival, neurite number and neurite exten-
sion. SGNs may, therefore, tailor their responsiveness
to coincide with developmental trends in neurotrophin
availability.

P20 cultures, the oldest stage we examined, cotre-
spond to P20-P24 in vivo. Almost all of the major de-
velopmental events for SGNs are complete and hearing
function has matured by this age [1]. Although the in-
trinsic capacity for neurite growth has considerably de-
clined in this period, SGNs still retained the capacity
to respond to both N'T=3 and BDNF. This finding is
consistent with the enhancement of survival and neu-
rite regrowth of adult SGNs by neurotrophins in vivo
[43-46]. N'T-3 is highly expressed in inner hair cells and
their supporting cells [36,39,47,48], so responsiveness
to this neurotrophin is not surprising. However, BDNF
expression is almost absent in the target field of adult
SGNs [10,33,39]. Moreover, BDNF expression is ob-
served in SGNs themselves [49] and may be acting in
an autocrine manner [49].

Mechanisms for differential regulation by
neurotrophins

Our RT-PCR results demonstrate that three kinds of
neurotrophin receptors, TrkC, TrkB and p75, all of the
neurotrophin receptors involved in the signaling of N'T-3
and BDNF, are expressed in SG throughout the devel-
opmental period we examined. These data are in good
agreement with previous immunohistochemical and
1n situ hybridization studies [9,22,28,33,37,47].

Our results appear in line with the results of trans-
genic mouse studies in which the coding part of the
NT-3 gene is replaced by BDNF [37,50] and wice
versa [42]. These studies suggest that although NT-
3 and BDNF can be functionally equivalent for the
sutvival of SGNs prenatally [37,42], they have dis-
tinct roles for the axon guidance and infervations in
the cochlea [50]. These findings cannot be explained
simply by the expression pattern of each neurotrophin
receptor. As noted above, the biological responses to
neurotrophins are presumably regulated by molecu-
lat cascades downstream of Trk/p75 signaling. It has
been shown that multiple signal transduction pathways
are involved in neurotrophin-mediated biological effects
on neurons, which may contribute to age-dependent
differential regulation of SGN bioclogical responses to
neurotrophins.
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Conclusion

The present study demonstrates that neurotrophins reg-
ulate developing rat SGNs in an age-dependent man-
ner. The temporal patterns of responsiveness of SGNss to
NT-3 and BDNF presented here correspond well to the
expression pattern of the two neurotrophins in cochlear
sensory epithelium in vivo and also correlate with the
time course of developmental events in the SG, such
as neuronal cell death and the remodeling of afferent
innervation. Our data, therefore, suggest multiple, age-
specific roles for N'I-3 and BDNF in the ontogeny of
cochlear innervation.
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b BRENHEN)OBELFZIHAITEIN
LHEM - A - BAOZHEIEENICEEINT
WhEEZDLENRDDY, HEZBETLIEHILT
b [HEOFT) ILEHEPHEIRN RN v
F 2L, BEONEEEIEES T MRS T

BAEESNEZ 00, FHEBEEOBEK T E
WKWHELTWALEZONS, —, ZHESEER
DEEOWEBEDSHMERICH D L OTREEOEEY

GEET) HERA2ET SRR E 25, F 725284
BREOETHFFE~NOEZICEEL, T THEI:
FOEEEICR S EHR STV D, £, HRHEER
HeE THER OB W ERE XA MRV & oFRE
BHFEELTWAEY, T EHEORE & BAED
M B0 H N, 50 HEWKE, EwEC
Y L DM FHEEN TS,

s L AFEEEEOFMIC BT, IRFEE
ALY 20, WEPRZTZIFHET S
CHEEE S NTwE, ARTEIOBREEREL
7o BT, InEmiciE S BEREICO&, EAMEEY
FMILE 2—F 5,
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BEEHLVCUXIETF

20034 JAMA |28 # & 1172 Yueh 5" O #E T
1, 65l ED25~40%, 75 ED40~66%, 85
U ED80% LA EIZB VT, I hE D HEr D 2
EEE SN T b BED2000F O HEY T,
500, 1,000, 2,000, 4,000Hz @ 6 % F35 & E I
J3 L XV 28 27dBHL BL ko & & 13655 UL kT
37.8%, 41dBHL 2L Ei38.3%Cd %, MH 5”13
B EHFEEREY V7 — ZLICHET 2 EHMME
Z0F%E (NILS-LSA) ] 7—% ##&& L, WHO OFE
HEEREE IR, 500, 1,000, 2,000, 4,000Hz
DEFEEA FEBPTEED Vv e L L
T-BEEHES LNV 25dBHL 28R 726 % [#
BEho] LT H6RMAE (2008-20104F) &=
EOHBEERREEE Lz, TOBEEZH1IIRT
A, BEEEERREIZ60~64R F TIdIR 4 HML, 65
I ECTREICHMT AEESRTENE, 2B
THROERIBNTCHBUEOEREILEL Y EW
B, BEEIS~6IRTHOARLNTWS, DR
Rxd LR EO2EHEERERE H#FTT 5
L1655 FRETH Y, FHIHEROBALL] B
BEEORFER L] LB EOADEEED
HEMHET B L1569 ABLHERIENE L), 2D
BRI ATHY, s B Eo X ) o
LTV O ERNVEETH 2 EEHREsh b,

—%, COBCHEOEEIILEER ICOAR LN
HATEEME D H Vo Rosen P XA — % ik
Mabaan FE DEESIMEZ TV, BEICES T CTEA

]
100

PHALPICEL N TWAZ ERHELTWVA,
COHBIRFICEI LB TAH Y, AEoE (e
niE) PERENEROFELH L LEDNDY, &k
HEENC B 5 EAGEEClIM 2B, B
BERIKESBELTVLZLIRBENS,
—RRICEANEREEORESCREICHETHIET L
LTk, BEEROIE,», MNEE BTBREE B
B, 80E, FERR - BRBERSOAM EALVE
VREFEFOLNTWAEY, BEENEROES I
0.35-0.55&#EEINTBY, FLEAOEIFHA
LVEREOBREIFEVNEDHONTWEY, NILS-
[SAIZBWTE, BREASLEBICEST 2EE
FEMOBEEIRBENTWEY, BEFLERTIZ

T FEY 1, BHEBEAEH2, IR

THEREH 2 2 EPHESNTVRE2Y 25, 20
L DEREALRELA P L AL ESTHLDTH
B Z ETHEREY, BEINAERICDOWTIE, NILS-
[SACEHBERERE, N THROBIREL,
WERFEZEOEENHREINTVWBEY, X
&, mIE, CIERE BmERE BUE BER
W, BEBRESLoMHEIHREShTREY,

Es ICHE > ERE(E DR

1) MEFEIHRE

ZHB & A OMERICHE ) MEENRECELZ
ARZIMEIZ OB 550 25, BIZEKEOMER
Thbo, M2ITARLY OMEIZBIT S, 30mAr
b 5T & DFEIMBIES (F33) 2R, ZOR»
DhPLFHIIZODH L, —DRENTMHICEE

0

8 o= %

70

80

50
40

A O

WImg o7 e e s

Oree s e’
0 0.7 19 0.9
40-4dyr 45-48yr 50-54yr 55-59yr 60-64yr 65-889yr 70-74yr 75-79%yr BOyr~

1 NILS-LSA BT AMBENOHERE % : p<0.05 CIEA9 & b&’%fe)
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BRI OEE SN, BENETT SICONEE
BORERE CEESND L Thb, —obIE
FDOETHEE EHFEMET 2EMIHAHZ LT
HY, ZOBEMIERERIIEHELNTH S, 72
ZDOMIZZ 0D DR E U CHEBICEAENTKE W
ZELEBITOND, SLIZBLENEETHEDLERE
CHIBLNTWS, H3ICBMEE LHEOERHFIFHE
DRI, FEHRTERBESZEL Y QFEIIE
WETAIZH A0 %, SRR TIRPEIOHmE LD ER
EEWTVo0bs L ENY, BLoEEHRDI

BAb EORBL TR NS,

2) FEEHAE

RIFIZ BV CEETHEE & EROBRE R/28
& BICRTFREELISRE LREEE kv,
TH"Y 13655 L0360 (65-695%160E, 70-747%
92F, 75-T9RE64E, SORLILME) DEEF Rk
2D W, 57SEEFE % v T 1000Hz # & o MCL
LAV CEERLL 2 OREEPIRE & LT, &
o 4AFERBFTITFHFEIIFEE L DITERTL,
EERED FNE NS 0%, 71.3%, 67.2%,
55.9% TH o7ze TRTCOBHTFHEHL AN EEE

i o s o a0 50 EAMAR BRI bR, RO
I o TR R R L2060 & g 5 - BB
0 1 iy R BERBEOBN L W FETh o7 T
10 = mbb, BEPREEAME LRI BT
ol N B, & SIEBOERLIDS L) FRTH -
2 0 \\25%”§jg 7eo THY 3, HIEED MBS 575,
M 0 ‘ | fovs OB & BERIER RS THL LHEL
a5 > TV Bo FIH BT b RS M E3205 0 P L
0 OV L SR O BUR R EREICRET L, TR
o 3 L~V 30-60dBHL & T3 g4 LT 5 & B
110 BEMET 3 AEMICH Y, 30, 40, 50dB & Tt
12 T0RA L RORATHEESN S Y, 60dBHL & TIi60

H2 FRTEOTEMED CORI0E Y 3L

0125 028 05 1

BARETORRTHEEE Do/ MELTE (B

" (kHz)

-10

DO S s e o SSia

e = - - 40-44, F

0 o-.ﬁ.__‘____‘?_:: ” T‘N\\\:F:?T-i —e—40-44, M
 w *kxxf\; <ak--50-54,F
S LT eoenr
:g © \\\\\‘ « e - 60-64, F
i ———60-64, M
g 0 | - TOTAF |

o ot TO-T AL, M

90

100

110

120

R3 M & BHEHOELDELZDE (LEI7 L Y E).
EDERHETOBROTHF XML VEAVFBAEHIICH 505, TOERKRE R\,
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4),

BETICBV CHETHIGESE(T A2 13 k<
MONT-HETHY, BHATEELOWESD S
B, B TOHFEII v, BHLY IZFHE LV
ANV 40dBHL BL T @ & 5 & 4841 (60, 70, 80R% &
BERENICH) LEHIEERA (20-22%) TB
ETOERELZFA e ZOWETIE, 67SERD
EEARICEEE L BMEDOE IV L o728,
REETHEELAGCTRERAT T AL, EER
EFEEEIIHEN, VP LVEETODAE—F I 4 X
B CHEESETL, ZEEsWBEEL Y 2025
BEVWEELGTOREHRECTEIEERENICX
LHABRERETIILVEECH o7z Frisna 52 3%
4 (18-39%) EEMEHION, S (60-81%) 406
(EEFES1061, =FEE30s EHRES L&
BEICIDIOBITE SEICEHICHHE)) 2381,
spondee word & 2 I D target word (FLASHEHR]
ENRTVWLELEBH I WIEOFD 2
$8) % @EH¢, speech reception threshold (SRT)
ROz, B OMNEE TITEFHEIUIEF6-
10%DEETH o 7o £ OFEE, SRTEHEHIEH
ECHEE L BRE TR Y70, BEE TR
BEBOBRENLEATHESRTBER LA, €5
I2 SRT ? 30dB k0 % E ¢ 0 BB & 4%50% 1 7
% multi-talker noise DEEZRDZE 5, IEH
BHETEEEENEBELD b S/NHAE,
ERPEETOENIHEETLHI LW RSN, &
HEOHELEE CREEROEIBEENS LR T 53
LS/N HABEmL, SR LIC S WXERO tar-
get word TEZDMEIAIDNHA LN THo7ze ZDFER
WFEROMICEIFEELS D BEE TOBIUCEET
LI EERBLTNS,

3) BHEENS

Ec X ) BEEREHCEES B L b
h, BREZFZEMNS (spontaneous otoacoustic emis-
sions (SOAE)) OHBRS I E & b IZHDT %o
Bl Z 1X Mazelova &% 13 B HFHMEE REFHE LR
S008I (67-93m%) & EEIB (19-27m) %=k
BLAEEZ A, FHETIEE3%DEHIZ SOAE 2¥A 5
Ned, BEHETEI3IEDOA (5%) Tholk L
Twh, ‘

100 o—o 20~30%#&
80 *—s 40~50 &£
& st ‘ ,
= 70k - T 60&f
B 6o | . o TOmR
B s} oo 80~90 g
B 4l
% ol
10 k
0 10 3 1 4 H i -
30 40 50 60 70 80 LLE (dBHL)
SEFE VAR
K4 ERINCBYZFEHES LAV EETHEEOBZ
(CTRR20% 5B ZE) :

7O EOBITEERE L BT L B EHICH
RCETHRESEVEMCS 5,

FRETERE (transitory evoked otoacoustic
emissions (TEOAE)) 1I22oW T HMEhe & IS
LAVAMET L, BIERATT A5 & & A ST
%, ki d Mazelovd 5% DO#EF T3 reproducibility
ME0%LLEEFISH Y L35 L, BEEDIT% TR

BB NIOIH L, BRETEB%TH Y,

TEOAE LRV BB THEEICEI LTV, [
OB IIMICH L {, #lZ1F Bonfils 5% 13605%
% TI12100% T TEOAE 3508k T & 72452 N DB
BUTHo7zbTHEL T b, AIFTHEMBOMET
PHREINTEY, FlZIETKNS® 13 125Hz~8kHz
D7 REBEEOFES LRV HY X T 30dBHL BLH @
414528 (6 ~73m% : FI540.0%) &L LT,
500Hz~4kHz @ b — ¥ 8— Z MHIEIC & 5 TEOAE
T EsmoREEZmE L& 25, TEOAE @
BARIRBICH T H5MEOHL P EEEIRDOONE
WA, MEFCREV R EOBERBEL I ERET
HEHRELTWA,

ERSEEERS (distortion product otoacoustic
emissions (DPOAE)) d M IC & Y RISAMET ¥
A ENRHMOENTWAREE, BiFELY X102 569
% ¥ T ?D32458H T DPOAE % BT (f2/f1=1.2,
P1=P2) L, 60i&fL Tl 70dBSPL %2 & D&\ AT
EETERIFICHRHENS D, BOADFETIZ/
AZXAVARVETCERTTAZ L, MEELILNLVTIE
BEEVECEAETH10EM L 508, 60mA L D
T DPOAE MBI EICEER LR ENH LI L2 HREL

TWwh,
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BEERYORSETICIZESEANEZET LD
A, BN BEHRMED LAFEET L0, &
ROBHBHEIATHD, INTTOEL ODRETIX
FOWENHPEFEELEZPENE EINTVWAERET
DOIT PP OBBEIFELTWS I LRHEDE
BIEDS D 72 L BRERRPEROBNICEEL T
5o Bl Z X TEOAE ICBI§ 5718 (IE®IE4TE,
ENEEHEME) 2 RE L -REOHRE THE,
TEOAE (Z4E#r & X D MBS H 2%, LV
—EDHEBETHEENTVWEY, L LEEFD
METHEHREARL Y, BOBREORENKENE
ENTw b, Cliento 5% i Framingham cohort 2
S0 L 7248661 (5B 1#2096136-824%, 12774131~
807%) % #x, DPOAE DIRIFE T IZ4E® X b T
BEICAEEICHBET 5 L& L7z, Hoth 52 138
FERTOEHIZEHH (0D 50 E TD5142
%) OF—% % H\w, §EJ), TEOAE, DPOAE ®
85 N725424F % 3T U720 1-4kHz O FEIBIE DS
10dBHL AT O #f & FhifH 4 (B L&A L2825
22 A, LD TH OAE OIRIEIZFEH &
EHIWEBAL LA, BHOEFEHE TS, 4kHz TO
DPOAE TOAFISE T SH S TH o 72D IZxF
L, #EFEE T3 TEOAE O IRIE{E T &8 & 2 T,
DPOAE I &BHEH CREAMET LB BRI &H
HETholbHBELTVE, INLEEBIDMKERE
Bh5, A%< &b DPOAE 2B 5 BifhE 0 Kt
BETIXERI ) DWAOBELR L EICRBTLZ L
PRBEEI NG,

4) FEE RN RS

IniE O FEMER UG (auditory brainstem response
(ABR)) V243 2 SBIZ30413 LRI & IS C O
BT e SN, ZO/FRITFERPHRICLIDR
RERES5TWVAHY, ABRIZHIT B EEIZEHBRIED
ERICE Y ERT D, MEOEIEELICHRE
METREVEREINTWS, flZIF1, 2, 4kHz
D=V EYT2HWEEBEAEOEIEEEZ TR
12, 7.5, 8dB TH o 72DIZH L EEE T 17.5,
18, 21dB Th o7z vH¥, COHEHHELLTT &
AR OE T R R EE R EOE T 29%
ZABNTWBE, FREZEDRBIZOVWTHEHET
BT 2 L0 MERE WD,

B OMEIHBERFICOW T ERE CEEYT 2 @R
IZH 5B L) HENE , —FHEBERIZOWTIE
MEBICENIKREV, HEFICHETHRETIIV
BEERD [-VERERIERT S &) HE?
bH BV, EEERIERLRZVEVIREDLS
W BN &I I 2 SRR BAT0 L Lo
BEREANMEZRE L, [-VERERIEEL
TWzDE5F (5.3%) TholcbWELTW5,
FBEHEROEENH L EVIREICBNTY,
ENDPERICLZ2DOPENBRECO LRI 2D
» Bho2BRMES v (BRI Boetther™ O
HEBHEINIZW),

5) Temporal Gap Detection #R#& % .

EEE CIHETREBEEEE LN 2O R REE
RO AZEHET 2 DM L vy, Lk L7z HEERR
THG SN TV 2 BERE TIREHE OTE RO
AREFHET 2 Z LIETE LV, FICHFOFERMRIE
IO EER ONDEROBERB R L IR
0, FEE RS AR DA o AR R RE
IZEDVwTwBEEZLNTEY, BELHEPER
TIERMEERE B D & T IEE R O R R E L2 RE
EINEICENET L, N EHREICEE TS
EENTWB, —HIERETE R A, WHHE
M Z (ITD), Binaural Masking Level Difference
(BMLD), Temporal Gap Detection (GD), Voice
Onset Time (VOT) 7z &2 & % &Rl TR O fREED
BEEDIREINTWEY, I-FEIHEORMK
BFRILE, BZHIHRBEORBEMEETH D,
BMLD & VOT i speech %, ITD & GD i non-
speech # R TV 573, BRMETIIRETHEOCOEE
WKEod, ThLTRTHBEShELEENE, &
BHEORMSHEOETIIEEEIETORERRD
—D1Z7% % %%, non-speech & speech DR S HRRE
BTICEEREA D ZLDPFEETLLEEZONT
Wb,

GD #M&X, EHEMETORHICKRHN2EETKX
HMEBALT ZoOEFXH (Temporal Gap) 2%
BATELEI)PEFHIT S, FFRFTHNHE
HLEBEN RS A7 ThHY), EEEFEETE &H
Wb £ 57 #E 3-5ms BE D\ Temporal Gap
FCTHRATE 5. Mazelovd 5% 135 B Wi EE RS
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B R R T EHE CIRIEEEAE, SRT &4
M4 5 & L7z Moore 5% 1%, MiTHEIMHELH
BEROZVERE L BERNELREOS 5EHED
GD BMEZ ML, BELROZVEREICBLT
bEEE L O RHBIEOMMAH bh, BEHEEO
BB L ER P EREL TS, TDIIHI
MEWIREREO LRI E A LRV ERE L
WBI LI, KMEEOREY (HAEE) B
WCHROBEE T 5 PRI OEEIC X

FbRTHD, OIS Th GD BEORAN

BESNTE DD, REREOREDHEI
Bho§, FREREICBT LM HEImEE &
BIETLTWwWAEEZONS, 2D GD HED L
ANED L) CBHEOETENEICEDbo TS
PIEEBALPTERWY, MHETTORER)IZBW
T, FELARVPECBEE TOFEFEIL (hearing in
temporal dip) OETICEHb o> TW5B Z & HTRE X
nNTna®,

GD DA OBERLEERN S R 7 THIMHELI
HENTWS, BIZIEHEESY 27T, HEED
EXOFFLWEREFHZEIIC X 5 RO ZREAIN
BHEICIRT 55 28D HRASINTBY, BEY RS
T VOT OEBRTERHE IZREINME V2 & 2 H)E
ENTWB, FF [pl L FF [b] WEDHH
R EN-BERPOREREESINS T TORH
VOT 2BV EWRIC L o TEVWREE ST o0

TVBA, BRETRICEAG-VATTANER

IHECTH D &) 2T - HiEE 2 VOT TH
XS BRENEL B Y, /T [p] & 5F [b]
DIEXEZINBIHEHPEINTWRBEY,

Gap MANTIMEHEO R IEEOK TRENS
IV S FENORESBELTRIELTWS & F
AHNTWAT 5, HEEFRKIIWFMEDOEKDO<
Arath >y VEEOMHEE (BHE) 2L 62T
MBS BN H Y, 728 2 3T E B R ER
(interaural time difference, ITD) A FRER & £
HEECTODLTLRMEOTNEEEFRK (B4 —

THEEEK) PBANT AL TEOFIMERELER LT

WBHT, ThoDv A 7 uthy FEMOMHE (B
M) ®O#EiF, temporal fine structure (TFES, BRI
MEE) LXiEh, e FREYICBIT S TFS O
HLBEREDIZOVCTHA ZREFBR I ES LT

Bo A DOTRS ZFHEHP N ICE Yy FREZF]
ERITEVONAFHEME AT, iEkEs
IZBWTITD RAMB L O TFS A OET 2 1
BL-EZA WEOTFS 2FH»2rDELTHR
HEVEBITIDRABBEERRTZRS %
ol L, FEOTFS #F#pr it v 5
MEXVOEBI T TFSHABESEECETLT
w7z (Ochi et al, &) (K5). BHIEHE T
EITD R ABIETTALELNTBY®,
TFS ORFHEMEEOMEICHE IR TIZ L D ML
TR LI EITRIBENS,

6) AP E BN

—BICEBECBVTO ATNEEAICE Y BT
BERBESEOND L RESNTYE, L2LE
BB TORETTRINBICLE BAEENRR LN TV 5,
Lenarz &% (3% K EEEEEL 005B1 D A % 18~39%%
(22081), 40~59%% (420%1), 60~695% (235%1), 70
BULE (13080) o4V, BEUEEE AN 2B
NS OB L~y b R IR
Wroiz. ZOME, NTHNEEHRZO 2 EMORE
WS OR Fid, 708 EOB®E D Z OMoER
BLRABTHY, BHTCOETHLTERIUCD

ITD Pitch

AFIFO
07 ekt

Kk

—> Poor

(Good €—

Young
HL() B
HL(+) §

5 %4 (Young) B, S#HTHBEOLZWE (HL-), &
BHTERERTHER HL+) BB IWEHEE
®E (ITD) & ¥y FRE ,
ITD ¥ A7 CREFLEIRVY, v FEES A
7 TREEBENRONS,
**p<0.01, ***: p<0.001
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AITHEFHFESR ()
6 ALAEFM#lEE LMATICE 5 HINT BEUK

BOZEL FERE OBR CUI40L Y k)
EWERHIEZ L 22T EMHEO HINT BEEULE O
EAD R WERNICH B

FETE) o 20, BEAEWSEM (S/NHE+10dB)
TOXEBIUL70EU EOBRER CHBIEMLL
TWw7z, Lin 59 1260 E CATHRE R 2 %1

744560, MTRT & FAF 1 EB I U4 T HINT

(hearing in noise test) % S\}7-83%1% AT L7- &
ZA, BERECZBIZONTHEOEENE N &
(6), FHBTOEIEEIRVIZE (40% LT DfE
Bzt L T40-60% DEEFNC B\ T) ML TR E
BREWI EZRLTZ, TULO/BRE, EWMATIN
BEHAZEOBRET COETFENICIIFEHORE TR
HTELVWIEEREVWILERLTBY, BB
BETOETHERICE W THERYE - PREEOEL
RPEE - BEESoRABRETOEESKE N
BETRBLTWAS,
LBEHROATIHNEEREIIBWT, EAEEN
Byoh, 74bb L) EEIIL BTN THEE
BREPET 5500 L o Tz, Dillon
LW X656 E T ATHNEFM Z 210 L R
L2140 &, BT & BEAN TOHFEREULR
BEeMNoL 25, ERRMG LED D 5FEORICEE
HEEITE5ICmEL, 5EPSIEOEIIREL

TWhEHELTWDL, CORBEIESBREZIIBVT

DMHOZERRERC L ) BRERELEL, nEc
LBFEBBRITT HEREIRMAFEZRRL T
Bo 272L, IDIEEICR S LHEREEIMET LT
LBDPEI POV TIREBERAPVPLETH S,
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ZEANEHEROFE E X

t M DOENEBIEOFIERF ZBY L TLT LD
FLTRWEEZONLY, EET— 5 REWER

DFERP O, MECHE) WENOBRILA b LRI

X3PV RY T DNAEENERL, /23

2 FYTHEELELL, TOEREEME St
VIRREIR, M ST BRI EE LRt
BEZZT CHEINETHEICELL EEZ LT
B2, ZORFICHES &, WMERICBIT L BE %
free radical BEEDFHPEREL W) T LIT%2 D,
RUELBRKE~NOEZE VD bh bBHET 5
LB OND, FLEERETIIWMFOBRRERHE
%, ThRbbLIMROEMALEL %52, BikRiE{L
DB & o MR EE S L CHX AR

LY, SOIEEEERTHOTERICL S free
radical DBEEAZFIEEILLTVEEZLN
Bo COBRPOEIRELZFHTAHILIEEL

Ezoh, EEEE (AF Eo, S8, £ELY)

W 2I8ESLETHH. BIEME, WERE &
MESEZ &2 HRICHFOBEITLEIZTOFHETE
WRREERZ CORBMADEDO 5N 5, free radi-
cal FBETHFTUX U, HBIZI b Y7
NTIERT % b OOBID FHFIRPHF I T
BH, & MIBITHENEEETFHROLE 7Y
2T FZEL, TORLEEZSEOBRETH LY, &
BINLOFHIMISICIIHEEOETZESE S L
WIAEKRL DY, BEIELETHoTH—ED
RV INS,
EANEREPECCAFELOREEZRLAS
& Thbbalaz=sr—va VEEFELLH
&, WRESBOFERASEOONE, T2 ADBRERE
AN%ExF5 & LT Hearing Handicap Inventory in the
Elderly (HHIE) % Geriatric Depression Scale 72 &
FHOWTHESEAZ I SHORAZ RRET
ik, FEREREE R LR RE, AL, BE, BEm,
I —YaVIZBEOHPILAERTH o LTS
ENTWB?, BIHF% T % Blue Mountains Eye
Study K Zh L 7260mE 2L 11328% OEt < b, Wl
BEEEE (500~4000Hz @ F 3 % 25-40dBHL) #
TEOEMA M, 1H IR EEESRTERYT
ZETIABCBENRZAN SN Tu S LHESI
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TWwa9, ZOXk) CHEFEOEREIIOVWTIEE
IETH RV, BIC[BETTOHEIW) I E
W kWS ZEICEEL, A RAVY Y a VR
REHTAZLNEETH S, 2BHIEEY I
ERHTHP—ENITEIEV ) FIZDWT, —f&AY
CEHEESERLBRT THERNOWEZER L CHE
ERPEFMERDLNL D, —HIERAOFIFHESID
PP V) BEICLRICEBT 5%, Henkin 5%
1328081 (SEIG72. 8% DEREED b 5 EE o) W) I
B L, AEER EEFER WEEHO=4£
FieBwT, BE, o5 22BE (S/N K +10dB)
TTEMD S 70dBSPL T5 z 7- BLEE O BEEUR & %
FHMELzE A, TI%RDBEECTHEERIVLRE
ERHICBWTHENREP o ERELTVWE, 20D
59\ BB ERSE & BE LA AT b
BINZAT ) BN DA Do

KRBV TIIRESHEREIEESI L TVWS I L
BHEICEE, ol DEFELTHEHI] LI

BETH, ILEFRCRRABANETEFETH LN .

HIERDIEHATE %, BESMBEOREET IIHE
FCIRHZ VY, BEEZHAVWABMIETH SR
EWET LT EEDDH 5. Anderson 5 1355~705%
DETBIEHRIZ, P L—= v FECIRFET 8 EM
@ Brain Fittness cognitive training % F§\» CHEHE.IZ
EOWTRBAIEE T, SRBERECERLR Y
DHEEDVD 2 AT (EELTDVD 2 R57:0)
Multiple Choice Question I2&-2 5% 1T - 72
FFAi X 6 2 @ formant % # D 170ms @ [da] % Hl
gL L-REs BRTEEET (S/NHK+10
dB) TEISR), EEE T OHERIEE(S/N kb 0~25dB),
BYREERETITo/. TOME, PL—=VI7E
TIIEEE T O formant transition 125§ 2 5 28
By, SHEEIrmEL, BETEIRENR
EL, BBSOY—27 DBEEWICL 2B R
DUz, HERETEMRIRON G072 2D
FERIL, BREICEDSWA-ZMINFRIINE IS HE S R
SRERET 25 2 EEREIE) s REEEREL
TWwh,

¥ &

AR, MBS BMEEEICOWT, ZAM
R TS, FAFRCBERICEAV STV HRE

NIV E 2= L7z, MIEICHE D BREREE IR
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Age-related auditory disorder
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Age-related auditory disorder is a complex dis-
order characterized by a decline in peripheral and
central auditory and cognitive functions. Hearing .
thresholds, which begin to be elevated from higher
frequencies, vary significantly among the subjects
and the speed of the threshold elevation increases
with age. Speech perception is affected in subjects
with presbycusis, due mainly to their hearing loss,
but is more severely so in patients of advanced age.
Otoacoustic emissions and auditory brainstem re-
sponses are also impaired, mainly reflecting the
subjects’ hearing threshold elevations, and less sig-
nificantly, their age. Auditory temporal processing,
which can be evaluated by psychoacoustic tests
such as the gap detection test, is also deterioraﬁed
in elderly subjects. For elderly subjects with diffi-
culty in speech communication in daily life, hearing
aid (HA) is the treatment of choice. When HAs no
longer provide benefit, cochlear implantation is the
treatment of choice; excellent results of‘ cochlear

implantation have been demonstrated even in eld-
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erly subjects, although those who are older at im-
plantation tend to show lower speech understanding
scores postoperatively. It is considered important fo
avoid unnecessary exposure to loud noises and to
prevent/treat atherosclerosis in order to prevent
age-related auditow disorder. Auditory—based cog-
nitive training may be useful to restore age-related

deficits in temporal processing.
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Abstract

Usher syndrome is an autosomal recessive disorder manifesting hearmg loss, retinitis pigmentosa and vestibular
dysfunction, and havmg three clinical subtypes. Usher syndrome type 1 is the most severe subtype due to its profound
hearing loss, lack of vestibular responses, and retinitis. pigmentosa that appears in prepuberty Six of the corresponding
genes have been identified, making early dmgnosns through DNA testing possible, with many immediate and several long-
term advantages for patients and their families. However, the conventional genetic techniques, such as direct sequence
analysis, are both time-consuming and expensive. Targeted exon sequencing of selected genes using the massively parallel
DNA sequencing technology will potentially enable us to systematically tackle previously intractable monogenic disorders
and improve molecular diagnosis. . Using this technique combined with direct sequence analysis, we screened 17 unrelated
Usher syndrome type 1 patients and detected probable pathogenic variants in the 16 of them (94.1%) who carried at least
one mutation. Seven patients had the MYOZA mutation (41.2%), which is the most common type in Japanese. Most of the
mutations were detected by only the massively parallel DNA sequencing. We report here four patients, who had probable
pathogenic mutations in two different Usher syndrome type 1 genes, and one case of MYO7A/PCDH15 digenic
inheritance. - This is the first report of Usher syndrome mutation analysis using massively paraliel DNA sequencing and the
frequency of Usher syndrome type 1 genes in Japanese. Mutation screening using this technique has the power to quickly
identify mutations of many causative genes while maintaining cost-benefit performance. In addition; the simultaneous
mutation analysis of large numbers of genes is useful for detecting mutations in different genes that are possibly disease
modifiers or of digenic mherttance
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Introduction in the first or second decade. The onset of the visual symptoms
such as night blindness in USH usually occurs several years later
Usher syndrome (USH) is an autosomal recessive disorder than in USH1. USH type 3 (USH3) is characterized By variable
characterized by hearing loss (HL)’ retinitis pigmentosa (RF) and  oneet of progressive HL, variable onset of RP, and variable
vestibular dysfunction. Three ?hnical subtypes can be disin-  jmnairment of vestibular function (normal to absent) [1,2].
guished. USH type 1 (USHI) is the most severe among them To date, nine genetic loci for USHI(USHIB-H, J, and K) have
because of profound HL, absent vestibular responses, and — peep mapped to chromosomes 11q13.5, L1pl5.1, 10922.1, 2121,
prepubertal onset RP. USH type 2 (USHQ) is characterized by 10q21-q22, 17q24-25, 15q22‘q?.3 (USHIH and 7, and

congenital' moderate to severe HL? wi.th a high-frequency slopin'g 10p11.21-q21.1 [2,3,4]. Six of the corresponding genes have
configuration. The vestibular function is normal and onset of RP is been identified: the actin-based motor protein myosin Vila
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(MY074, USH1B) [5]; two cadherin-related proteins, cadherin 23
(CDH23, USHI1D) 6] and protocadherin 15 (PCDH15, USHIF)
(7]; and two scaffold proteins, harmonin (USHIC) [8] and sans
(USHIG) [9]; the Ca®- and integrin-binding protein (CIBZ,
USH1]) [4]. In Caucasian USHI patients, previous studies
showed that mutations in MY074, USHIC, CDHZ23, PCDHIS,
and USHIG, were found in 39~55%, 7-14%, 7-35%, 7-11%, and
0-7%, respectively (the frequency of CIB2 is still unknown)
[10,11,12]. In Japanese, Nakanishi et al. showed that M1074 and
CDH23 mutations are present in USHI patients [13], however,
the frequency is not yet known. In addition, mutations in three
corresponding genes (usherin USHZA [14], G protein-coupled
receptor 98; GPRI8 [15], and deafness, autosomal recessive 31;
DFNB31 (16]) have been reported so far in USH2, and USHS3 is
caused by mutations in the clarin | (CLRNI) [17] gene.

Comprehensive molecular diagnosis of USH has been ham-
pered both by genetic heterogeneity and the large number of
exons for most of the USH genes. The six USHI genes collectively
contain 180 coding exons [4,9,10] the three USH2 genes comprise
175 coding exons [15,16,18], and the USH3 gene has five coding
exons [17]. In addition some of these genes are alternatively
spliced ([4,7,8,16,17] and NCBI database: http://www.ncbi.nlm.
nih.gov/nuccore/). Thus far, large-scale mutation screening has
been performed using direct sequence analysis, but that is both
time-consuming and expensive. We thought that targeted exon
sequencing of selected genes using the Massively Parallel DNA
Sequencing (MPS) technology would enable us to systematically
tackle previously intractable monogenic disorders and improve
molecular diagnosis.

Therefore, in this study, we have conducted genetic analysis
using MPS-based genetic screening to find mutations in nine
causative USH genes (except CIB2) in Japanese USHI patients.

Results

Mutation analysis of the nine USH genes in 17 unrelated USH1
patients revealed 19 different probable pathogenic variants, of
which 14 were novel (Table 1).

All mutations were detected in only one patient each and
sixteen of the 17 patients (94.1%) carried at least one mutation,
while one patient had no mutations. Thirteen of the 16 mutation
carriers each had two pathogenic mutations (Table 2).

Nonsense, frame shift, and splice site mutations are all classified
as pathogenic, whereas missense mutations are presumed to be
probable pathogenic variants based on results of prediction
software for evaluation of the pathogenicity of missense variants
(Table 1).

Of the 19 probable pathogenic mutations that we found, 17
were detected by MPS. The remaining two (p.Lys542GInfsX5 in
MY074 and ¢.5821-2A>G in CDH23) were sequenced by direct
sequence analysis.

Of our 17 USH patients, seven had MY074 mutations (41.2%),
three had CDH23 mutations (17.6%), and two had PCDHI5
mutations {11.8%). We did not find any probable pathogenic
mutations in USHIC, USHIG, and USH2/3 genes.

Four USH! patients (Cases #3, 5, 8, 15) had probable
pathogenic mutations in two different USH genes, with one being
a biallelic mutation (Table 3). The other heterozygous/homozy-
gous mutations were missense variants. Three of these patients
(Cases #3, 5, 8) presented with earlier RP onset (night blindness)
than in the other patients with two pathogenic mutations (Cases
#1,6,7,9, 11, 16) (p=0.007) (Fig. 1).

One patient {Case #4) had heterozygote mutations in two
USHI1 genes (p.Ala771Ser in MYO74 and c.158-1G>A in
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PCDHI5). His parents and one brother were found to also be
carriers for these mutations. Another brother had no variants

(Fig. 2).

Discussion

For USHI, early diagnosis has many immediate and several
long-term advantages for patients and their families [1]. However,
diagnosis in childhood, based on a clinical phenotype, has been
difficult because patients appear to have only non-syndromic HL
in childhood and RP develops in later years. Although early
diagnosis is now possible through DNA testing, performing large-
scale mutation screening for USH genes in all non-syndromic HL
children has been both time-consuming and expensive. Therefore,
the availability of MPS, which facilitates comprehensive large-
scale mutation screening [19] is a very welcome advance.

MPS technology enabled us to detect pathogenic mutations in
USHL1 patients efficiently, identifying one or two pathogenic/likely
pathogenic mutations in 16 of 17 (94.1%) cases. This was
comparable to previous direct sequence analysis results such as
Bonnet et al. who detected one or two mutations in 24 out of 27
(89%) USH1 patients [11] and Le Quesne Stabej et al. who
detected one or two mutations in 41 out of 47 (87.2%) USHI
patients [12].

In addition, MPS assists in the analysis of disease modifiers and
digenic inheritance because it simultaneously investigates many
causative genes for a specific disease, such as in our case, USH.
Previous reports have described several USH cases with patho-
genic mutations in two or three different USH genes [11,12,20]. In
our study, four patients had two pathogenic mutations in one gene
and missense variants in a different gene (Table 3). We considered
the latter to possibly be a disease modifier. For example,
USHI1C:p. Tyr813Asp, which occurred in 0/384 control chromo-
somes and was predicted to be “probably damaging” by the
Polyphen program, was found with a homozygous CDH23
nonsense mutation (p.Arg2107X) (Case #15). As for what the
variant “modifies”, we speculate that for USHI patients with a
disease modifier, RP symptoms such as night blindness show an
earlier onset. However, we think that profound HL and the
absence of vestibular function in USHI patients are not affected
by modifiers as they are congenital and therefore not progressive.

Ebermann et al. described a USH2 patient with “digenic
mheritance.” a heterozygous truncating mutation in GPR98, and a
truncating heterozygous mutation in PDZ domain-containing 7
(PDZD?7), which is reported to be a cause of USH [20]. Our USH1
patient (Case #4) had segregated AMY07A4:p.Ala771Ser and
PCDH1%:¢.138-1G>A. Molecular analyses in mouse models have
shown many interactions among the USHI proteins [2]. In
particular, MYO74 directly binds to PCDHI15 and both proteins
are expressed in an overlapping pattern in hair bundles in a mouse
model [21]. PCDHI15:c.158-1G>A, predicted to alter the splice
donor site of intron 3, has been classified as pathogenic.
MYO74p.Ala7718er is a non-truncating mutation, but was
previously reported as disease-causing [13]. So, we consider the
patient to be the first reported case of MY074/PCDHI5 digenic
inheritance.

However, we should be aware of two limitations of MPS
technology. First, the target region of MPS cannot cover all coding
exons of USH genes. Actually, the coverage of the target exons
was 97.0% in our study. So, it is impossible to detect a mutation in
a region which is not covered using this system (Case #9: ¢.5821-
2A>G). Secondarily, the MPS system used in this study, is not
effective for detecting homo-polymer regions, for example poly C
stretch [22] (Case #8: p.Lys542GInfsX5). In addition, concerning
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Table 1. Possible pathogenic variants found in this study.

exon/intron

control [in

Gene Mutation type Nucleotide change Amino acid change number Domain 384 alleles) SIFT Score  PolyPhen Score Reference
MYO7A Frameshift ¢.1623dup p.Lys542GInfsX5 Exon 14 - N/A - - Le Quesne Stabej et
ali (2012)
€.4482_4483insTG p.Trp1495CysfsX55 Exon 34 - N/A - - ‘ This study
€.6205_6206delAT ~plle2069ProfsX6 Exon 45 - N/A - - This study -
Nonsense €1477C>T p.GIn493X Exon 13 - N/A - - This study
c.1708C>T p.Arg570X Exon 15 - N/A - = This study
c2115C>A p.Cys705X Exon 18 - N/A - - This study
C6321G>A p.Trp2107X Exon 46 - N/A - - This study
Missense €.2074G>A p.val692Met Exon 17 Motor domain [ 0.09 0.982 This study
e231G>T p.Ala7715er - Exon 20 Q2 0.0026 0.01 0.825 Nakanishi et al.
5 {2010)
€.6028G>A p.Asp2010Asn Exon 44 FERM 2 0 0 0.925 Jacobson et al.
{2009)
CDH23 Frameshift ¢.3567delG p.Arg1189ArgfsX5 Exon 30 - N/A - - This study
c.5780_5781delCT p.5er1927Cysfs16 Exon 44 - N/A - - This study
‘Splicing c5821-2A>G ? ) Intron 44 - N/A - - This study
Nonsense c.6319C>T p.Arg2107X Exon 48 - N/A - - Nakanishi et al.
(2010)
PCDH15 Splicing ¢158-1G>A ? intron 3 - N/A - - This study
Nonsense ¢.1006C>T p.Arg336X Exon 10 - N/A - - This study
€2971C>T p.Arg991x Exon 22 - N/A - - Roux et al: (2006)
€3337G>T p.Glu1113X Exon 25 - N/A - - This study
Missense C3724G>A p.Val1242Met Exon 28 Cadherin 11 0 0 1 This study

Computer analysis to predict the effect of missense variants on MYO7A protein function was performed with sorting intolerant from tolerant (SIFT; http://sift.jcvi.org/), and pofymorphism phenotyping (PolyPhen2; http//genetics.

bwh.harvard.edu/pph2/).
N/A: not applicable.

doi:10.1371/journal.pone.0090688.t001
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pathogenecity of mutations identified, functional analysis will be
necessary to draw the final conclusion in the future.

In UK and US Caucasian USHI patients, USHI1B (M21074)
has been reported as the most common USHI1 genetic subtype
[11,12], while USHIF (PCDH15) has been reported as the most
common USH] genetic subtype in North American Ashkenazi
Jews [23]. In Japanese, our study revealed that the most common
type was MYO7A (41.7%), which was similar to the frequency in
the above Caucasian patients (46.8~55%) [11,12]. However, the
small number of USH]1 patients in our study might have biased the
frequency and further large cohort study will be needed in the
future. .

In addition, most of our detected mutations were novel. We
have previously reported genes responsible for deafness in
Japanese patients and observed differences in mutation spectrum
between Japanese (who are probably representative of other Asian
populations) and populations with European ancestry [24].

In conclusion, our study was the first report of USH mutation
analysis using MPS and the frequency of USHI genes in Japanese.
Mutation screening using MPS has the potential power to quickly
identify mutations of many causative genes such as USH while
maintaining cost-benefit performance. In addition, the simulta-
neous mutation analysis of large numbers of genes was useful for
detecting mutations in different genes that are possibly disease
modifiers or of digenic inheritance.
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Table 2. Details of phenotype and genotype of 17 USH1 patients.
Onset of
Hereditary  night Cochlear

Sample No. Age Sex Allelel Allele2 form blindness  Cataract Hearing Aid Implant
MYO7A '

1 37 M p.GIn493X p.Trp1495CysfsX55 sporadic 13 no unilateral unilateral

2 41 w p-12065fsX6 pJ2069fsX6 AR unknown both eyes bilateral no

5 54 M p.Val692Met p.Val692Met AR 5 both eyes no no

6 54 w p.Arg570X p.Arg570x sporadic 6 no no no

8 14 M p.Lys542GInfsX5 p-Lys542GInfsX5 sporadic 6 no unilateral unilateral

11 54 M p-Asp2010Asn p.Trp2107X sporadic 13 no no no

17 56 w p.Cys705X p.Cys705X sporadic unknown no no no
CDH23

7 12 w p.Arg1189ArgifsXs p.Arg1189ArglfsX5 sporadic 12 both eyes no bflateral'

9 9 M pSer1927Cysfs16 C.5821-2A>G . sporadic 8 no unilateral unilateral

15 16 w p.Arg2107X p.Arg2107X sporadic unknown no no no
PCDH15 )

3 47 w p.Glu1113X p.Glu1113X sporadic 5 both eyes no no

16 28 w p.Arg991X p.Arg991X AR 10 no no no

10 62 M p.Arg962Cys unknown sporadic 9 both eyes no no

12 52 M p-Arg336X unknown sporadic 3 no no no

13 51 M p.Val1242Met unknown sporadic 10 no no no
MYO7A*' [PCDH15*

4 21 M p-Ala771Ser*! €.158-1G>A*? sporadic 10 no unilateral unilateral
unknown

14 64 w unknown unknown sporadic 15 both eyes unilateral no
*All subjects have congenital deafness and RP.
doi:10.1371/journal.pone.0090688.t002

Materials and Methods

Subjects

We screened 17 Japanese USHI1 patients (aged 9 to 64 years):
three from autosomal recessive families (non-affected parents and
two or more affected siblings), and 14 from sporadic families.
There were 9 males and 8 females. None of the subjects had any
other noteworthy symptoms. All subjects or next of kin on the
behalf of the minors/children gave prior written informed consent
for participation in the project, and the Ethical Committee of
Shinshu University approved the study and the consent procedure.

Amplicon Library Preparation

An Amplicon library of the target exons was prepared with an
Ton AmpliSeq Custom Panel (Applied Biosystems, Life Technol-
ogies, Carlsbad, CA) designed with Ion AmpliSeq Designer
(https:/ /www.ampliseq.com/browse.action) for nine USH genes
by using Ion AmpliSeq Library Kit 2.0 (Applied Biosystems, Life
Technologies) and Ion Xpress Barcode Adapter 1-16 Kit (Applied
Biosystems, Life Technologies) according to the manufacturers’
procedures.

In brief, DNA concentration was measured with Quant-iT
dsDNA HS Assay (Invitrogen, Life Technologies) and Qubit
Fluorometer (Invitrogen, Life Technologies) and DNA quality was
confirmed by agarose gel electrophoresis. 10 ng of each genomic
DNA sample was amplified, using Ion AmpliSeq HiFi Master Mix
(Applied Biosystems, Life Technologies) and AmpliSeq Custom
primer pools, for 2 min at 99°C, followed by 15 two-step cycles of
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