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FE

T e MEMICBW TR S —RNREREFEETHY, aIa=r—T3
VIREREDIFVT 4 o AT - TA TSR EEEE 2D, HEEORIKIX
B ER B L OBREERN 2 E 02, FEITEEERICE > TRIET S Z L
A B2 E 725 TE Y [Morton and Nance, 2006], FZBR 226 < o #EIE K & Ax 1
JEDSEHIRITIC L > T~y 7 &N TW\W5  [Hereditary Hearing Loss Homepage:
http://hereditaryhearingloss.org/], £7-. TN b~ v 7 EINTZEBETHED 9 H %<
DHFEDIRIK L 72 HERN e N TREIINLTWAN, ZDIFET X TOERIT,

—BETFICL o THEEZ S5 e RMEEIEICBEE S 2 8 FIZRE Sz
HLOTHY, —E O RIEHEEE, #EITIEHERE (progressive hearing loss: PHL), Al
WM EEERE (age-related hearing loss: AHL), & A PSS (senile hearing loss: SHL) 72
EEWEWEL T (quantitative trait locus: QTL). 372 HEE D& s 1K+ D
BRI Ko TRIET 2 Z R FHEEIRIZ DWW TIEZ DOJRIK & 72 58 s L OWEIR
FIEIARHATH D,

EHIT, B MIBWT QTL OFNRIC Ko TRIET 2 ¥, BEE. I, F
wBEHEY), VA NARNT T ) T REGEE DB BTN ORI K o TE DIIERF

B L OEEENMEM S5 [Mills and Going, 1982; Fransen et al., 2003], 15



BRBE RN LEAR PRI O g5 T L 720 | BEDOEELE L TREEER S O
BE~DEE 2T X CHMET 52 LIIARRETH D, > T, LR HHEIC B
HY 2 QTL @5 b, JFRELEFARE SN S DIFTEL—BIDOATHY
[Friedman et al., 2009]. (>0 %7 ) LU A RESEMEHNT (genome-wide association
studies: GWAS) NEEAZIER & L TITON TV D b OO, ZOFEEIFAHTH
% [e.g., Dickson et al., 2010; Van et al., 2010; Yokoyama et al., 2012; Girotto et al.,
2014],

ZRFHEE ORI & 725 QTL Z[FET 272D D— DD ST FlEE L
TiE. A AV V=R E LTHER~ T A2 W TIERIR R ThH 5, T
RRETTAE, N R T HEGTHY | i— SR CRBMIT 21T
CLEMARETH D, Fo, IR~ T AIBEEIICEELENTZE L OREN
HEFFZ SN TR Y [Casellas, 2011]. D47 J AELHI & T4 R~ 7 A OELH
£ NB &4 [Keane et al., 2011; Takada et al., 2013]. < B2, %< ORMEITEH
W CHE ) O FRBIBURNT 72 STV D [Zheng et al., 1999; Kikkawa et al., 2012],
DI, IBERFZRYTAD I B BORHEITEERIE OfFHTIZ X - THEED QTL ©
MR K > TRIERHINERM S ND Z & bHE STV D [Zheng et al., 1999;
Johnson et al., 2000; Kikkawa et al., 2012], %z (X, C57BL/6J (B6) A#TIFxHFEE

DJEEE (1-10 kHz) TiX 9-15 » Hilin, & JE#E (10-20 kHz) 13 4-10 - H s,



FEVN RS B B (<20 kHZ) 1 2-6 » HEICR W CEEMEREZ R L, &2
FHEHEAHLET /L E L TIAL iU TV % [Henry and Chole, 1980; Miyasaka et al.,
2013], F7=. = DFAEIX cadherin 23 (Cdh23) &Efx -+ ahl Z % (Cdh233"
C.753G>A) TH 5 Z & N ST\ 5 [Noben-Trauth et al., 2003], — 7.
DBA/2) (D2]) ~ U AILB6I~ 7 A [AIEREEE 2 FAE T 2 25, 58 ME AHL 2 F8JE L |
#) 8 o i F TG B SRR A~ AR E B BT 2> 0 TR VE O B BRI 47
3~ [Johnson et al., 2008], Z O iH OEEFEFIERF I L O EEEL DAL, D2
ORI AT TR E 2 R T 5 QTL BFEET D LA RE L THEY |

Z O &) R IER R K O EEBE 2 BT 5 QTL XL DR~ 7 A

;N

ot O AR 2 W T2 B ARFRTIZ K o TIRE S 41, 241 % T ahl, phl 3 X O hthl
(high-frequency hearing loss) & {1 JEDIFEIENI S & 72> Tuv5 [Kikkawa et
al., 2012].

AIFFRNEZ D K 5 72 HERERIE R 3 KX OVE BN B 48R~ U A & F ]
L. IEEAR R 2T 7'r —FIZ Ko TEIERIEIC B 53 25 QTL D FIE & ik 7z

bDOTHD, FrIT, AR TIINIEIE 2B RE L, FIEME 0D E HEREIEIE 23

=

HALTV % D2) 35 L OV NOD/Shi (NOD) Az @I L, WFJeatE 2 158 - 556 L
oo Thbh, AWFRIEM R & EREHRERT TH D B6) SAHMOIREUD

& 2 SREEIAEE 2 VERL - AT IC X > C QTL AT 2 M L2 b O TH Y | Kb



RE L THRMOERIIE I B2 52X 28O QTL ZFELLbDTH D,

FTNHOREFRIT, 51 ZEIZBWT D2) 2 OHERERIE, &5 2 ZIZHBV T NOD %

WO MEIEFEIEIC B9 % QTL RIE DT A, FiRB L UBRIZ O VTR, &

Ik AR LT

~;



H/1E DBARI~URXADORREN - EITHEEOBGCER DR E

B 1E &

Dilute brown non-agouti (DBA) R KET ¥ 7 vV T ORIGE Th %
Clarence Cook Little ffi {2 & 0 | 1909 4FiZ2F 3 22 L— A (G E) OFEANLD
B SN iE DTSR TH Y [Morse, 1978]. 1929 4=~1930 42 DBA/L
X O DBAR % & T ¥ o #i R #E 3 KE S = du 7= [http://jaxmice.jax.org/
strain/000671.html], DBA/2J (D2J) ~ 7 A|TZh & DM RF D The b EFHFSE
BV THHSNTEY . ZOEBAEROFIKN L 725 MyosinVa D d 7 L L
[Jenkins et al., 1981; Moore et al., 1994] Z D & LTk Ax BB T L VIZ LD
D2J ~ v A XHEJFFEAE [Fuller and Sjursen, 1967; Neumann and Collins, 1991]. #kMY
% [Anderson et al., 2002; Williams et al., 2013], 7 /L 22— /L3 X OB /L B R
[Cunningham et al., 1992; Belknap et al., 1993; Porcu et al., 2014] 73 & DR B % %
JEL, BRARIEBOE FET AU ATHL ZENHRESN TN D,

—J7. D2} ~ U ATHRFEM AHL Z7R"3 (PHL) Z&@EShTBh ., 9 8
2 F i S TSR B I R~ A A e 55 BT 7 R A F89E D [Zheng et al.,

1999; Johnson et al., 2008], F-E& CTik7= L 912, T DOBIEHFEIK D —213% < D



4\\

TZR~ 7 AR O AHL O E{Ei&{s 1 & L C cadherin 23 (Cdh23) 1z 1 ahl

/.

SHL (Cdh233) ¢.753G>A) Th D Z &3S S [Noben-Trauth et al., 2003],
D2J S&#iiE Cdh233Wehl /R 77 L L OZh A L 0 B2 R IE T 5., F7-, BB &bt
LT DA IFAEICHES AHL Z3E L, 20 X 572 AHL FIERF O 2 51X
D2J ® Cdh23®" 7 LUz in x|, thOBBHIEROZBFEIZ L2 b O THY | RFEH
& LT D2 B3 AHL {51273 Johnson et al. [2008] 12 & - T 11 FYefn
R EICAE S, ahl8 s ST, SHIC, ZTOEMEE T & LT, Shinetal.
[2010] IZT7 27 F o7 mv R o H—EAE% =2— K7 % fascin 2 (Fscn2) #Eis 1D
€.326G>A I A& A H (p.Argl09His) % [AlIE L7z, — 7. Nagtegaal et al. [2012]
1% D2 ~ 7 2 OARJEREUR 2 6 K OVRIE MR B 53 % ahl9 B T & 5
18 FLAMKIZFEEL TWDH, ZOXIITTNE TOMIEN S, D2] D AHL FIE
(TEB OB QTLIC Ko TIREES D Z LR E T,

Z ZCTAETIE, D2 ~ U A DHMIEFRAECB 59 2817272 QTL DOFE L A
& U CHEM LI NEEBAREIT ORE R 2R Uiz, RRZ, AREFFETIEHT-72 D2J @
TSR IE \Z BT D - B s E R 2 FrE L, D2) ~ U ZA D BIFEME AHL (036
T % e JE B SRR RIS 2 R A b D8R B YLK D QTL IS DU TE DT

fif Rk~ 5%



H2EH MEBIUVTE

1. wU XA
DBA/2JJcl (D2) ¥ XU C57BL/6JJcl (B6J) AiftiX HAZ L7 (Tokyo, Japan) 7>
SR A L, AEMEEANREHEFREIIEETR L OROUR R FE AW RE KT
ORIV T EHER LTz, £, T X TOEERITSTERFE P
TE O TR RS T3 1 2 B IR E O E B o ARTEE CUHFE &
Rt —75) BIORARERESHRICIV ERSNTHMERIEHOT A N
NS TEFR SN E AR AW IEAT R L OHAUR R T 0 FZREY)

ZERB L OMEEBR S OKRZ 2T i L7,

2. BEIBIE

D2J ~ v A DI /71X auditory brain stem response (ABR) Z#HIE T2 Z &1LV
FHEE L7z, ~ 7 AERy bV E X — 1 R U T A (60-80 mg/kg) O REREN 5
XD B L 7=, ABR X TDT System Il (TDT, Alachua, FL, USA) ¥ L O
BioSigRP ¥ 7 b =7 (TDT) #H\\T 8-, 16-B X 32-kHz D h—2r ¥ v 7' HF
P A RIE LTz, WEDTZO, BEHIER O AT b A X F— )L EHEMRILEATE

DRET & (Bt 151E), 2246 O OFRTED TS (Bt HEE), I L OVLAEX



MRBADOT =2 ZEMIZENENIFA LTz, WICER (RAE—H—) ZFv T AD
SVELEICHRA L, & JEH . 0.1 ms @ h—2 vy 7 EHII (sound pressure level in
decibels: dB SPL) DF#feffilix 1 ms T, 50 ms [l B FIZEMIN TR D K L 7=, ABR
BfEI%, 10 dB SPL O AT » 7 CHAIIE Z D S, ABR BIE 23k S 4172 <
ol FHEDS dB SPLATEZHIE L. T ThOFHIEN 5 ABR BIME 21572,

FILARBIFRIZIE N T D2 B LB~ 7 AD ABRIZMH & 7 & LIZHIE L,

D21 B LB DR BLON v RTIEHEOAZHIE LT,

3. QTL EGfEHT

ARWFFETIL D2) ~ U A D A AHLICBE 5§ 2 S s T O~ v B 7
D=, D2 & B6) D 14 KD Fr~ 7 A (BDF1) (2 D2J & LASHEE R L7-
(BDF1 x D2J)) N2 ¥ 2% 90 fE{A/ERE L7z, 90 fE{KD N2~ v 2D DNA IZ,
Microsatellite Database of Japan [http://www.shigen.nig.ac.jp/mouse/mmdbj/top.jsp]
#ZHR LT D2 B L OB6I MIZHBWT PCR TR O/ KA XD F7e % 103
D~vAr7uYTrI 4 R~ —FH— (Table 1) %\ T PCR-Simple Sequence
Length Polymorphism (SSLP) (2 &V #fn M 2 HE L=, B FEHED =D D
PCR #4513 KAPA2G Fast PCR Kit (Kapa Biosystems, Woburn, MA, USA) % H\ T,

95°C2 7fflx 1% A4 7 /v&, 95°C 15 #p, 58°C20 #b, 72°C5 %% 40 -1 7 /v



Table 1. Micros atellite markers used in genetic mapping of the susceptibilitylocus associated with
early-onsetAHL in D2J mice.

Chromosome  Markername Pfsqzsr(l;:p) Chromosome  Marker name Pfsr}zzr(t;)lp)

1 D1Mt294 11741307 7 D7Mit21 3266568
1 D1Mt373 26478481 7 D7Mit314 43571645
1 D1Mt214 58233965 7 D7Mit148 92745007
1 D1Mt134 80267876 7 D7Mit330 119656690
1 D1Mt370 168000922 8 D8Mit172 17804003
1 D1Mt206 173004198 8 DaMit50 89351668
1 D1Mt459 187647303 8 D8Mit200 114663894
1 D1Mt293 192998594 8 D8Mit156 128895504
2 D2Mt32 25346284 9 DOMit90 32500455
2 D2Mt433 57297111 9 DOMit205 37298324
2 D2Mt12 103101322 9 DOMit113 85796734
2 D2Mt194 143931525 9 DOMit51 106412277
2 D2Mt147 172394708 9 DOMit52 122702676
3 D3Mt60 6808535 10 D10Mit189 18383585
3 D3Mt92 26182244 10 D10Mit186 75681135
3 D3Mt42 121461791 10 D10Mit180 118150611
4 D4Mt101 9702613 11 D11Mit227 17277052
4 D4Mt111 53550839 11 D11Mit36 83842504
4 D4Mt52 114800671 11 D11Mit124 99190655
4 D4Mt339 134367426 11 D11Mit203 116363361
4 D4Mt48 141151816 11 D11Mit103 117167319
4 D4Mt312 141893970 12 D12Mit182 10870603
4 D4Mt341 NM* 12 D12Mit2 41646392
4 D4Mt233 145224944 12 D12Mit158 82619016
4 D4Mt256 154990439 12 D12Mit8 113419742
5 D5Mt1 17618146 13 D13Mit17 21293266
5 D5Mt348 24919119 13 D13Mit248 52947494
5 D5Mt352 35614967 13 D13Mit196 112761758
5 D5Mit81 50331325 13 D13Mit35 119339644
5 D5Mt233 52697226 14 D14Mit10 12481829
5 D5Mt300 54486435 14 D14Mit193 71521620
5 D5Mt255 54954339 14 D14Mit170 106265795
5 D5Mt197 64649088 15 D15Mit179 13489923
5 D5Mt336 72488531 15 D15Mit60 44264658
5 D5Mt113 77255215 15 D15Mit241 87170085
5 D5Mt309 79502721 15 D15Mit79 103472156
5 D5Mit7 93297205 16 D16Mit108 6248008
5 D5Mt155 99690609 16 D16Mit4 36240487
5 D5Mt10 104239005 16 D16Mit19 78811756
5 D5Mt24 112317683 16 D16Mit106 97830150
5 D5Mt425 119880441 17 D17Mit246 8459684
5 D5Mt95 124829235 17 D17Mit31 34744039
5 D5Mt214 126090176 17 D17 Mit89 63639035
5 D5Mt372 132127239 17 D17Mit221 90087704
5 D5Mt97 137003596 18 D18Mit111 21513305
5 D5Mt99 140957413 18 D18Mit177 40982507
5 D5Mt222 142503346 18 D18Mit184 66819243
6 D6Mt170 24381333 18 D18Mit7 76847626
6 D6Mt19 77554468 19 D19Mit128 17250645
6 D6Mt55 114282098 19 D19Mit10 47152792
6 D6Mt200 145935340 19 D19Mit33 56195632
6 D6Mt15 146428986

*Notmapped: markers are notmapped to the assemblyin the currentEnsembl database.



DEAETFTITV, D PCR EMIL 4% 7T Ha— A7 V% W CEKIKENC LV
SHELT., £ N2 v U ADER T~y B 72, REMOBWEE L LT
A% 3 Al (25 H) @ 8-, 16-3 L0V 32- kHz ™ ABR BIfE & JI7E L7-, EEHMAR
Hrix. 1.0cM D 2T~ 7Y A X% 7= Haley-Knott [A])72 K % single-QTL 47/
AAX v % ReH v - — O RIgtl 7' v 7' 2 [Broman and Sen, 2009] % A
VW2 QTLinterval ~ » B 72 L 0 i L7, £7-. HEHFERIICH E 72 logarithm
of odds (LOD) A = 7 & R/qtl % FV T 1,000 [ D OV 2 BEIZ & » THRE L,
EHIC, BEEREICBWTIE 2 70— 7RO H#IZIE Student’s t-test 36 & T8
Welch’s correction & VT, 3 7 /L — 7 ] D ki3 one-way ANOVA 35 X U Tukey’s
post-hoc multiple comparison test IZ LV FEfi L, £ 6D T AMFEFB L OP
BB H 21X GraphPad Prism 5 (GraphPad, San Diego, CA, USA) % 7=, F7-.
T _TO ABR BMEO T — X 11 FE + (R (standard deviation: SD) Tix

L7,

4, BRZXy ) —=F
RNA fiH o 7=d o3 o 7 v idA% 12 Wi D2 38 XUV B6J ~ 7 A Dkt
FO3 D D2 BLUBE) ~ 7 AW -, ZHo6DH T

RNA #iH1Z PureLink RNA Mini Kit (Ambion, Grand Island, NY, USA) ZffH L.

10



05 pg @ RNA % # & L T SuperScript VILO cDNA Synthesis Kit (Life
Technologies, Grand Island, NY, USA) ®% v ~k®d 7w 22—/ L2 > T cDNA %
AR LTz, o, AWFZETid urocortin iE{s+ (Ucn). glutaredoxin, cysteine rich 1
Bf=1 (Grxerl), purinergic receptor P2X, ligand-gated ion channel, 2 &= 1 (P2rx2).
Sadl and UNCB84 domain containing 1 #&{=7- (Sunl). Fascin 1 #&{x¥ (Fscnl), ¥
L W actin, beta i&f= 1 (Acth) @ B6J 35 LN D2) ~ 7 A[E] DT 5728, Zi
5 OE DTV fEEE KO untranslated region (UTRs) O —#i& &iedk 9
W T T A ~—%FTH A LIz (Table 2), P2rx2 3 X0 Sunl (IZ DT BTl T
HFEBROEMET IFTEBUCANE XA T 4 T AT T4 TR Sz izd
By B 72 S FE BB DY EIZ DUV TIE S/ A DNA 288 & LT 7=, PCR #4iiE
I% KOD-FX Neo (TOYOBO, Osaka, Japan) % M\ T 94°C 2 3 141 7 v &
98°C 10 b, 68°C 3 /3% 45 YA 7 VDS FTiT -7, PCR EFEW L QIAquick
Gel Extraction Kit (Qiagen, Valencia, CA, USA) % I CH5%L L | BigDye Terminator
kit (Life Technologies) ZH W\ T —27 = v > 7 %47V, Applied Biosystems

3130xI Genetic Analyzer (2 X 0 fighr 2 L 7=,

5. EEMW RT-PCR

E &M RT-PCR (quantitative RT-PCR: qRT-PCR) % i 95 7= D% 7 /Lix

11



Table 2. Information of primers for the sequencing of Ucn, Grxcrl, P2rx2, Sunl, Fscnl and Actb.

Gene symbol

(GenBank accession number) Primer name Primer sequence (5' - 3') Position*
Ucn Ucn_F2 TGCTCCCCAAGGCGTCTTCAG 20-40
(NM_021290.2) Ucn_R2 TAGGTAAGGGAAAGGGTCAAGGC 506 - 528
Grxerl Grxcrl_F2 TGTGGCAAGGGGGATGAACTGACAG 2-26
(NM_001018019.2, NC_000071.6**) Grxcrl_R2 TGAGGCTTTCTCTAGGCAGAAGC 950 - 972
Grxcrl_seq F5 TGCAGCAGCCATCAGCTGAC 451 - 470

P2rx2

NM_153400.4, NC_000071.6**)

Sunl

(NM_001256115.1, NM_024451.2,
AC_000027.1*)

Actb
(NM_007393.3)
Fscnl

(NM_007984.2)

Grxcrl-DNA-F9
Grxcr1l-DNA-R6
P2rx2_F1
P2rx2_R1
P2rx2_seq_F2
P2rx2_seq_F4
P2rx2-DNA-F8
P2rx2-DNA-R4
Sunl_F1
Sunl_R1
Sunl_seq_F3
Sunl_seq_F4
Sunl-seq-F7
Sunl-seqg-F8
Sunl1-DNA-F9
Sunl-DNA-R2
Sunl1-DNA-F12
Sunl-DNA-R5
Sunl1-DNA-F13
Sunl1-DNA-R6
Actb-F1
Actb-R1
Fscnl-F1

Fscnl-R1

AGTGCCCGTTCAACCTTTGTGAGTG

AGACAACAGGAAGGGAAGGAGCTTC

ACGAGAGGCCGAGAGTGTGAGGCG

AGATCCAGGTCTGTAGCTTAGTG

ACATTGCAAGCCAGAAGAGTG

TTCTGGGACTACGAGAC

TCACCATGTCGGAACACAAAGTGTG

AGGTAGAGCTGTGAACCCTCATGCTC

AGGCAGCATGGTCTGAGACGGTG

AGTTCCAGTGTTATGGCGTCTTGG

ACTTCTTCTCACTCCTACCAG

ACTGCTGCAGAATATCACACAC

AGCACCTTGAGATACACACAGC

AACCAAGCTGAAAGCAGGC

TGTGCACATTTGGAGGGAACACATG

AGTTCAATGCTGTGTGCCCTCAATG

TCTCAGTTAAGGAGAGGCCACCACAG

ATGAAGAAGAGCCTCAGAAGAAGCAG

ATCTCTGACACTCCTGAGGCATGGTC

TAACCTGTATAGATGCAGAGGCGC

GAGCACAGCTTCTTTGCAGCTCCTTC

CAAAGAAAGGGTGTAAAACGCAGCTCAG

TGTGGAGAACTGCAGCGGGCTAAGC

GTAAGGATAACAGGAGGGACTGACGAG

78343 - 78367

78673 - 78697

22 -45

1548 - 1570

724 - 744

156 - 172

906 - 930

1207 - 1232

58 - 80

2746 - 2769

1285 - 1305

2030 - 2051

1024 - 1045

1751 - 1769

14371 - 14395

14650 - 14674

28917 - 28942

29373 - 29398

30032 - 30057

30583 - 30606

23-48

1219 - 1246

1-25

1602 - 1628

*Positions are according to the published mRNA sequences (Ucn, Grxcrl, P2rx2, Sunl, Actb and Fscnl) and genomic sequences

(Grxcrl, P2rx2 and Sunl).
**Accession numbers for genomic sequence.
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A% 3 ER D D2 3 L OV B6J ¥ 7 A D% RNAlater (Ambion) PIIZ U THi§

L. RN T 3 RFEIZEIRIC A > F =X — &, 4°C T 12~17 B§fi] A > F =
— R~ L7z, ¥ H. PureKink RNA Mini Kit (Ambion) @ 1% 2-mercaptoethanol/Lysis
Buffer #2442 L. QlAshredder (Qiagen) % FV T A A1, PureLink
RNA Mini Kit (Ambion) @~ 1 k 22— LIZ5E > T RNA Z i L 7=, fliH L 7= total
RNA |3 Recombinant DNase | (TaKaRa, Otsushi, Japan) (Z & - T DNase #LEE L |

SuperScript VILO cDNA Synthesis Kit (Life Technologies) % H\>T cDNA =&k L
72. QRT-PCR IZ 4k L 7= cDNA (10~20ng/pl) Z¥% > 7 /& L, Table 31Tk L7=
Grxerl, P2rx2, Sunl, Fscnl 3 XN Acth 7' 5 A4 ~—%& v~ k% V>, QuantiTect
SYBR Green PCR Kit (Qiagen) ¥ X T' LightCycler 480 Instrument (Roche
Diagnostics, Tokyo, Japan) OAEHET 1 h 2 — LZHE-> CTHEIE - E&T 52 LIT X
VAT - 7o, FF BTz v 77 UEIZ. hypoxanthine guanine phosphoribosyl transferase
(Hprt) o> 7 Fnzsfal L, & FEH e LTENEN 3 T LoT—X
AN LT, 512, D2 BL O B6) M OB THBLT — ¥ OFFHRITIX

Student’s t-test 33 X Y Welch’s correction {2 X ¥ Fjig L 7~

13



Table 3. Information of primers for quantitative RT-PCR (qRT-PCR) of Grxer1, P2rx2, Suni, Fsen1 and Actb .

Gene symbol

(GenBank accesion no) Primer name Primer sequence (5'- 3" Position*
Grxer1 Grxcr1-qRT-F8 ACATAGCTCTAAACGGTGACTATGG 592 - 616
(NM_001018019.2) Grxer1-qRT-R5 AAGGTCTTGCAGTTCTCCTGATTC 726 - 749
P2rx2 P2rx2-qRT-F6 TATGACCCTGCCTCTTCAGGCTACAAC 957 - 983
(NM_153400.4) P2rx2-qRT-R2 ACGTCAATTCGAATCCCATAGGC 1044 - 1066
Sun1 Sun1-gRT-F10 ACCACATTCACCATGGAACACATTC 2424 - 2448
(NM_001256115.1) Sun1-gRT-R2 TGGTCATAGGTGAACCGTCCCAGAG 2542 - 2566
Actb Actb-qRT-F1 AGACCTCTATGCCAACACAGTGCTG 952 - 976
(NM_007393.3) Actb-qRT-R1 ACTCCTGCTTGCTGATCCACATCTG 1139-1163
Fseni Fscn1-gRT-F1 ACTCTGGATGCCAACCGTTCCAG 1301 -1323
(NM_007984.2) Fscn1-gRT-R1 AGCCACCTTATTGTAGTCACAGAAC 1456 - 1480
Hprt1 Hprt1_F1 GGGACATAAAAGTTATTGGTGGAGATG 481 - 507
(NM_013556.2) Hprt1_R1 CAACAACAAACTTGTCTGGAATTTCAA 688 - 714

*Positions are according to the published mRNAsequences.

14



HIE MR

1. D2J = v X DBE S5

D2] ~ 7 Z® ABR BIfEDT — 1%, BUEE TIZHE S TN D WL DO
G N— TR TTHE7r > T2 [Zheng et al., 1999; Johnson et al., 2000; Johnson et
al., 2008; Shin et al., 2010; Nagtegaal et al., 2012], %= Z TAMFZE TILFH —IZ D2 %
HOWESI L~V Z G i - {85728, 8-, 16-B KV 32-kHz O h— 2 v v 7
FZ X 5 ABR BRE % I E L 7=, Figure 1 134:# 2 » H i 8-, 16-3 £ 1V 32- kHz
IZF1F % B6J I L TUND2J D ABR SULETE A 7R LT B8 D SUSHETZIZ I T,
32-kHz TITSILIEIEDRS D LT edy, X TORGEREEIZIB N T 1V O
FOSHTE R i S iz, —75, D2) = U AT X TOEEEIZ BT B6J & bk
LTCVIEORENRHZ GBI, £z, BUNEEOBAD O bt (Fig. 1), KRIZ,
D2)~ 7 AD 8-, 16-33 L N 32-kHz ® h— > & 7 HFHILIZ X % -4 ABR BfE %
1rAZEIC, % 1 7 Aln~12 7 HSITBWTHIE L, Bk s 238 L7
B6J 7 —# [Miyasaka et al. 2013] & thi L7 (Table 4), A% 1 » HElZk
T, D2 =7 ADF-#] ABR M B6) ~ 7 A & kil LT X T OB EBAII
BWTAHEIZHE <, 16-kHz IZB W TIELEEE (71-90 dB SPL), 32-kHz IZ3\TiX
HE (>91 dB SPL) HEREZ FIE L CTU /= (Fig. 2, Table 4), F7=. DBA/2) O HEHE

TS, &, PR XMMEEEEOIECAEICHEIT L, 16-kHz I8 W TidA%

15



I BE6J D2J

8 kHz
(dB SPL)

25 pv
¥ (dB SPL) 1 I |2-5 v

93.5 i ")
83.5

s AN~ s

16 kHz
{dB SPL)
97.3

@BsPL) | Nm W |25V
97.3

87.3 BT. 3 e T

32 kHz "

(dB SPL) I v |2-5 MV (dB SPL) 1 u |2-5 v
98.1 m 98.1 r\/\f\r\/,_-m

35.1W BB T T T T
?5.1W

Fig. 1. Representative ABR waveforms at B-, 16- and 32-kHz stimuli recorded from B6J
and D2J mice at 2 months of age. The waveforms represent the ABR in response to
the intensities of tone pip stimulidecreasing from 93.5 to 3.5 dB SPL at 8-kHz,
from 97.3 to17.3 dB SPL at 16-kHz and from 98.1 to 68.1 dB SPL at 32-kHz.

Bold lines represent the detected thresholds. The locations of peaks I-V are indicated.
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Fig. 2. Early-onset progressive hearing loss in D2J mice. The means (black squares in
B&J and white circles in D2J) and SDs (error bars) of ABR threshold measurements
for 8-, 16- and 32-kHz stimuli are shown for each mouse strain at 1 to 12 months of age.
The number of ears tested is listed in Table 4. **P < 0.01 and ***P < 0.001.
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Table 4. Mean ABR thresholds of 8-, 16- and 32-kHz stimuli of D2J, B6J, BDF, and (BDF4 x DBA/2J)
Nz mice at 3 months of age.

Month of ABR threshold + Standard deviation (dB SPL)
Mee age ! 8 kHz 16 kHz 32kHz

DBA/2J 1 52 493+118 76.3+14.8 971+57

2 50 504+212 86.7+11.7 948+78

3 43 51.9+20.5 916+8.3 986+3.7

4 26 70.8+19.4 979+3.8 100.0

5 18 68.1+22.1 986+34 100.0

6 18 77.8+223 992+19 100.0

7 14 96.4+6.6 100.0 100.0

8 9 95+75 98.9+3.3 100.0

9 16 96.9+6.0 100.0 100.0

10 12 100.0 100.0 100.0

11 12 98.8+3.1 100.0 100.0

12 10 980+35 100.0 100.0
C57BL/BJ 1 20 18337 205+5.8 38.8+104

2 30 218269 25779 48.0+16.5

3 17 229z47 274+6.9 524 +195

4 20 243+6.7 255+79 68.0+14.8

5 21 217+56 250+6.1 71.0+121

6 17 250+81 321+14.6 86.8+9.0

7 22 225%51 32595 86.1+£82

8 12 3211163 48.8+287 90.0+£95

9 16 347+164 65.3+18.9 959+5.2

10 30 482+204 747+222 97.0+6.6

11 18 58.9+16.9 80.0+14.9 96.4 £6.1

12 28 60.4 £ 16.7 81.1+16.1 986+3.6
BDF 3 14 16.8 £ 10.1 214163 914174
(BDF; x DBA/2J) N 3 90 31.9+205 62.1+25.7 940178
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3 7 e . 8-kKHZ IZBWTITAR 7 » Al CEIEZ L~V OEIEIZE L Tz (Fig.
2, Table 4), Z U 5AMZECHIE L7z D2) =7 A ABR BfE XA THISE & Huis
L CENMTE WD, BEBITO % — 338 LT 72 [Zheng et al., 1999;

Johnson et al., 2000; Johnson et al., 2008; Shin et al., 2010],

2.D2) = U A DRIEME AHL O BI=FEHIFFNT

ZIVE TOWFRIZ L - T DA~ U ADEJER AT 11 By aik Eo ahls
HEAxFE [Johnson et al., 2008]., KA R BCHEEIL S 18 YL tafk o> ahl9 Eix T
J [Nagtegaal et al., 2012] DEEEZMNFIC K VIIEST HZ &8 L HIT B6IxD2)
(BxD) U 2 B MEASRDNTIC LD EIES L TW D, ARBFZETIE D2) @
FIEME AHL Ot OEASHIN R A RFET 272, D2) v~ 7 & & B6J DA/UZ L -
TRYUVABION w7 AZ/ERLL | B6) 35 XU D2) RIOBE ) DO BEZEN K E
WA 3 4 Al 8-, 16-33 KUY 32-kHz O HIF 1249~ 5 ABR B 2 I7E L 7=,
(B6J x D2J) F1~ 7 A ? 8-35 & 1 16-kHz ) ABR 13 16.8 + 10.1 dB SPL 35
X214 +£6.3dBSPL D%z~ L. DfEIZB6)~ 7 A ¥ ABR BIfE (8-kHz
13229+ 4.7dB SPL 35 X 00 16-kHz 1% 27.4 £ 6.87 dB SPL) & O#EFH e & 4=
[T & Ze o 72 (Fig. 3BA B LW Table 4), £7-. (BDF1 x D2]) N, 7 AD

8-kHz ¥ L OF 16-kHz D F-#%) ABR BfE % 31.9 £ 20.5 33 L 11 62.1 +25.7 dB SPL T
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Fig. 3. Distributions of ABR thresholds in B6J, D2J, BDF, and (BDF, x D2J) N, mice.

(A) Distributions of ABR threshold measurements for 8-, 16- and 32-kHz stimuli in B6J, D2J
and BDF, mice at 3 months of age. The lines within boxes and error bars indicate the median
and max/min thresholds, respectively. *P < 0.05, **P < 0.01, and ***P < 0.001.

(B) Distributions of ABR thresholds for 8-, 16- and 32-kHz stimuli among the (BDF, x D2J) N, mice.
The best-fit curves for a Gaussian distribution are shown in black. The regression coefficient for
the curve is given as R? calculated by the D' Agostino and Pearson tests.

20



bV, B6J & LENCEVMEE R LT (Table 4), F72. (BDF1 x D2J) N2+
T A D 8-kHz IZF1F 5 ABR BIfEIZIEH 34 275 L7 (R? = 0.7525), N2 £EH11
i~ L~L D ABR Bl £ Thg/s < 734 L CW/o (Fig. 3B), — /7. BDF1 B X
% (BDF1 x D2J) N2  32-kHz @ F-¥] ABR BfEIZ3V N Tid.91.4 £ 7.4 5 L 10 94.0
+78dB SPL TH Y, D2) v ADF-¥) ABR FfE (98.6 £ 3.7) LFELIL T\ i
(Fig. A B X O Table 4), Z DX HIZF1 BLO N, D ABR BIEDFESRI1Z, D2] D
HEREIT R BOE IR K > CRA D QTL 35T 5 Z L 2R LTz,

WIZ, D2) OHEIEIZ T D BRI FEZFET D720, N2~v 7 2D ABR
B2 IERL 0 A 7% L 72 8 88 L UV 16-kHz DS IEIC B W T ) AT A R QTL
¥y BT EAT ol T ORRBOEIR 2R QTL 135 11 F Yk 112 8-kHz
IZFB VT LOD A 217 5,02, 38 LN 16-kHz (23 T LOD A 17 8.84 MR S
7z (Fig. 4A B XU Table 5), € D#EInTHE (v —F» —DI11Mitl03) | ahl8 Eix+
JENTFAES DHEIECTd 0 D2 ~ 7 A DRI Fscn2d® R 7 LV b 58 < B
BY 2 2 ERAMRICEB N THLHRIES N, £72. 8-kHz I[ZB Wik, & 18
Ttk o> ahl9 S5 1 & & F O YR s BFERHEICA E 2 QTL X
B S o 72h3, 16-kHz D ABR B 2 VN2 RATIC & o TH b Bk b
D 52.7-126.1 Mb FEIRICAIET S 12 ~—H —ICBWTHEEMICAE TH D

LOD % =17 2.80-3.91 #/~r9 QTL ® ¥ — 7 Ak &4 (Fig. 4A 3 X U Table 5),
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Fig. 4. Genome linkage analysis for early-onset hearing loss in D2J mice. (A) Genome-wide
interval mapping for susceptibility genes associated with early-onset hearing loss for
8- (solid curve) and 16 (dotted curve)-kHz stimuli of the (BDF1 x D2J) N2 mice.
Chromosome numbers and marker positions (vertical bars) are given below the linkage map.
The horizontal lines indicate LOD significant thresholds at 8- (solid, LOD = 2.69) and
16 (dotted, LOD = 2.71) -kHz, respectively. (B) Magnified view of the significant QTLs at chromosome 5.
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Table 5. Detected susceptibly QTLs to early-onset AHL in (BDF; x D2J) N, mice.

Frequency Chromosome Marker Ens embl Lod
(kHz) name Position (bp) score

8 11 D11Mit203 116363361 4.95
11 D11Mit103 117167319 5.02

16 5 D5Mit233 52697226 3.91

5 D5Mit300 54486435 3.71

5 D5Mit255 54954339 2.80

5 D5Mit336 72488531 3.00

5 D5Mit113 77255215 3.52

5 D5Mit309 79502721 3.34

5 D5Mit7 93297205 3.78

5 D5Mit155 99690609 3.58

5 D5Mit10 104239005 3.50

5 D5Mit24 112317683 298

5 D5Mit95 124829235 3.46

5 D5Mit214 126090176 3.89

11 D11Mit203 116363361 8.35

11 D11Mit103 117167319 8.84
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b @V LOD 2 =17 3.91 2R 9 fEIE 5 5 &Y fafkod D5MIt233 ~— U —irfF o
QTL (52.7 Mb; Fig. 4B 3 L 1} Table 5) T& v . D5Mit214 (LOD * =17 3.89;
126.1 Mb) 3 X TU'D5Mit7 (LOD A =7 3.78; 93.3 Mb) ¥Tf%(Z ¢, D2J @ 16-kHz
([ZF T D HIESIE ~ DG TR E LD B4l QTL sl Mt Sh7z (Fig. 4B,
Table 5), —J7. AMFFEIZ 32-kHz @ ABR BfE % fv 7= QTL #EHMHNTIZ OV T H
To72M3, NofE R ABR BRMES —HRIC LS 2 RE L Q= Z &5 (Fig.
3B). 32-kHz ™ ABR B % W7 AT I B W CUIEM R FIIC A B2 LOD A7
I3 C& Zenro 72 (Fig. 5).

QTL JESEMEHT DFE . 55 5 FYe ok b oo JEEFEIH ORI > T QTLs A3t
ST H (Fig. 4 38 L ¥ Table 5), AP T QTL MM I H W= o T 1
RINDINT L B LU 5 BYAR E QTLs MAMAMETH 5 ATREME LB 2 5
NT=Z &b, Fsen2d 35 X OV 5 B AIR Eod QTLs ORERFET 5729,
(BDFy x D2J) N2 ¥~ ZORBEM L BIR R OBREMIT 21T 72, 51T,
Fscn22"8 3p %~ — 1 — T 5 D1IMItl03 % VT, 16-kHz O Np v 7 A 21T 5
Fscn22"® Z2h IR DR B 2 FEfGE L7z, £ OfER, Fsen2d™® 73 D2) 7 L3 7eb b
DD NEHZEARDOBInFRERAT 5L D Ny~ 7 R, @V ABR BIEZ R L
(Fig. 6). Fscn2d"8 & (5 1JEN DB ~7 v AR OBIE T %2 /RT No v 7 A2

Wb BB IE T A EAR b B - b DD, Fscn228 & {x1-FEAHS DD Bk &
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Fig. 5. Genome linkage analysis for early-onset hearing loss in D2J mice. Genome-wide interval
mapping for susceptibility genes associated with early-onset hearing loss for 32-kHz stimuli
of the (BDF, x D2J) N, mice. Chromosome numbers and marker positions (vertical bars)
are given below the linkage map. The horizontal lines indicate LOD significant thresholds
at 32 kHz (LOD = 2.60).
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Fig. 6. Effects of the Fscn2*** locus and a susceptibility locus on chromosome 5 on ABR
thresholds at 16-kHz in (BDF, x D2J) N, mice. The lines within boxes and error bars
indicate the median and max/min thresholds, respectively.

The Fscn2*™ locus and a susceptibility locus on chromosome 5 are genotyped
by D11Mit103 and D5Mit233, respectively. P < 0.001.
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O DB Bin - HIZ B W THEHFIICH B0 R S (FfEZE: 31.5dB SPL, P
<0.001, Fig. 6), ¥RIZ. QTL #EHMHT DR RS | 5 5 FY AR L Theb s LOD
AT DY —7 &R LTz~ —h—"Th 5 D5MIit233 OiEfs 751 & ABR Bl
REEAENT 21T > 7= (Fig. 6 38 X O Table 5), D5Mit233 D1 s 173 DD s LY
DB £ ABR B O V-l 7£1% 21.9 dB SPL T - 7=, % DIl 1L Fsen2ah
D7E L LA LTV ey, #EHFIIICHEEZEN RO bivle (Fig. 6). 7.
D11Mit103 3 XU D5MIit233 (2351F % D2 7 LV fE o BEEAEAT 21T - 725 R
D11Mit103 D # A3 DB ~F m A RO 7/ %2 & SFEEL D1IMIt103 35 L O
D5Mit233 Dl (s D T L LS DB ~T 0 #E SR O a 18 % b SR B W
THEEFESSIE DR S LT /e (Fig. 6), & 512, D5MIt233 73 DD A E#HEA KR DE
BTFHLD N~ © A%, D1IMIt103 OEIE 713 DB ~7 r#&5{A Th > TH ABR
B O FHE A R < . D1IMIt103 1 X Y D5MIit233 D i /728 DB ~7 1 #4R 0
BARFHID N2~ 7 A & Helg LR RIS EIS W ABR BIfEZ R L7z (Fig. 6).
fito> T, Fsen2?"® {17 DD AR EHAIKTH 2554 1% DEMIt233 DRhFITHE
R OB RITEFE S e o 7243, D5MIt233 @ DD AREHEGIRT L LAY No
~ U AD 16-kHz OEEERIEIZ BN THEL KT T Z LRIz (Fig. 6).
MMz T, %5 FGEAMK Lo QTLs (TR L TH . FARIC DD AEHAERT LL

DBZMNENBER ST (Fig. 7)., £7-. D1IMIit103 I X O D5MiIt233 D i J5
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Fig. 7. Effects of the Fscn2*** locus and a susceptibility locus on chromosome 5 on ABR
thresholds at 16-kHz in (BDF, x D2J) N, mice. The lines within boxes and error bars
indicate the median and max/min thresholds, respectively.

The Fscn2**® locus and a susceptibility locus on chromosome 5 are genotyped
by D11Mit103, D5Mit7 (A), and D5Mit214 (B), respectively. **P < 0. 01 and "**P < 0.001.

28



DR TRLAS DD B OEARED ABR BfEIE, HAT D1IMit103 Dm0
DD D Ny~ R Z L Lk b EVMEZ R Lk bl LOD A 227 3.91 3%

&7z (Fig. 6),

3.D2) v U A DHEREFIEIZEA 5T % QTL DEAERIL T DN
FAR BT, EICBE S Dl R > T BIn PSS AFET D

[The Jackson Laboratory, Hereditary Hearing Impairment in Mice: http:// hearing
impairment.jax.org/], ¥7z. D2] v v A%, NEAEBMIROKTE RO LT 2R L,
e JE B DTE ) A HLE 5 2 A R ERIHR DJE R B I AT ENHBLNT
W5 Z &M D [Perrin et al., 2013; Shin et al., 2010]. AHFZE Tld, 5 5 HYumik -
CEL. WEAEMROEREEOIREL L UHERHCBEET 2 2 LMo T
V% Ucn, Grxerl, P2rx2, Sunl, Fscnl 35 X OY Acth @ 6 =1 [Vetter et al., 2002;
Odeh et al., 2010; Yan et al., 2013; Horn et al., 2013; Avenarius et al., 2014; Perrin et

., 2010] ZfEMEis+ & L, D2) 3 L0 B6) DA OWRE « il X 5 3&
BHERDA ) —= 7% FE i LT, L, RE LRREZ & T3~
TORINZFNT D2) B L B6) v 7 A RN BT DRSO RITHE Sh
RIno T,

I, TS DBIEGEFORBNEBEFEHEE TH 2 2 AEET L A FOE
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BICER LESE) Lo rRetE 2 ZE L, 1% 3 Hiimd D2J 3 L O B6J D405
HiEEL 72 RNA % HU T gRT-PCR FRHTIC X U BAR T-FBLAE DAL O A 1 % ik
L7z, 72, Uen [IZOWTIEl~ 7 2 Ol 5 B L 72 RNA (23T RT-PCR
DFEFRN SN KPR SN2 o272, KM HERSN L. Grxerl, P2rx2,
Sunl, Fscnl 35 X O Actb @ 5 &= 128V T qRT-PCR 23 L7=, Z D5,

Grxerl, P2rx2, Sunl 3 X O% Actb =128\ Tid, D2J 38 X OY B6J [E Tt it A9
BTN ENR Do T208, Grxerl 2359 1.5 50 L, P2rx2 i@ s 1128\ T
D2) v T ADFHL B6J L VK L7 FHEIML TWD Z &R LN -7 (Fig.
8), —Ji. Fsen2 LR U Fascin 77 XU —D AL R"—Th2 Fsenl BI5 T
[Hashimoto et al., 2011] |23\ TiE D2J = 7 2 DIEHLA B6J L 0 9 2.0 75 L.
Mt A BEZEM R & N7=2% (Fig. 8A). QTL #EHFNTIC L » CRIE SNz
FEEHFHICAE 7 QTL fEIKIC Fsenl I3AFEE T, Fsenl df#5E1K D LOD 2 =27

12D TR METH -7 (LOD A =27 0.4-0.5; Fig. 8B),
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Fig. 8. Expression analysis of five selected candidate genes associated with the degeneration
of stereocilia of the inner ear hair cells on chromosome 5. (A) The chromosomal locations of five
candidate genes, Grxcr1, P2rx2, Sun1, Fscn1 and Actb, for the susceptibility to early-onset PHL
in D2J mice. The LOD scores (16-kHz) of markers in the vicinity of their candidate genes are indicated.
(B) The relative levels of mRNA in the cochlea of BBJ [black bars) and D2J {white bars) mice
at 3 weeks of age. mRNA expression was detected using real-time quantitative RT-PCR analysis.
*P < 0.05.
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B4 EBE

D2) ~ U ATRFEME AHL ZRIET HET /L~ T ATHY | AHFETIEL, D2
~ U ANEEREAEETID mW ABR BIEZ R L, B R R & PR
BEENZ T CHEERIE NI T T 5 Z L AFEM L7z (Fig. 1,2 B L' Table 4) , &+
72 LRI SE M S 4072 D2] OBIRFHIFRHTIZ 350 VT D2J O FF& M AHL 1% Cdh232
B E OV Fscn2a® 3 FL L T 5 Z &3S X CR Y [Johnson et al., 2008], A
fFFEC3ENE L7- (BDF1 x D2J) N2~ 7 A & 7= QTL #EHMEAT I B\ T 6 5 11
FeYeta i b o> Fsen23® 78 8 13 X OV 16-kHz O BEFERIE I B W CRERHERIICA E IS
BT L Z L3R S Ve (Fig. 4, Table 5), & 512, QTL HSHENTIC X ¥ 16-kHz
ICBWTHEHERICA B ISR ET 5 QTLs 284 5 BULAK L b snr-, =

5 5 FREAL LD QTLs 1&, Jetalk LIZIAFIPHIZER S L, FFIZ D5MIt233
(52.7 Mb) 3 X U D5Mit214 (126.1 Mb) ZTE S & L7=8ivvh— 7 iR 2 5 < v —
7 &, D5Mit7 (93.3 Mb) ZTHR & L7ZREen /2 i L —7 2 i< QTL v —
7D 3ONEHE QTL & LTRSS, ZNH 32D QTLs D H 6, H5E
Yuto (R _EoRMRAEIK (119.9-137.0 Mb) X, DIEMICE S N7 BxD U a2 v k
TR TR DT BT O RICBW T H B & T % [Johnson et al.,

2008; Nagtegaal et al., 2012], AMFFE TR L7 N2~ & X355 5 F YAk QTL
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SEIR ORI % (87325 < 1F BT, QTLs IO EAERMNTIC) L TR+ ThH
ST, B L7 QTLs 28 D2J O¥EEICARMNEY. & L < IF3EMMAIZ/ER 3
LW D Z LT TE R o0z, F 5 FRAMKICBIT 5o QTL
D HIMBH R 16-kHz O RHAMERERIEIC B W CHIZR S (Fig. 4, 6 BL 7)., =
NS5 FYIR D QTL 23 D2] ~ 7 A O ¥EEFRE(C B 54~ 5 Al REMEDS 3R < 71
e X7,

LI DRET > AT M%, RO JE By 7 5 S S T2 22500 Ak
SNT=E = oBE LT 5 [Mann and Kelley, 2011], Z O F X R B2 L
NUAMBIRED AR, F. mB X OB EREREIL. £ FLE OO
TE[E#E, FPlEldERds K OGRIE[RIERIC L 0 &R RIS Z A S D [Miller et al,
2005; Mann and Kelley, 2011], £7-. ~ U A Z H\ 7 AR BUR LAY MR B 529
% QTL IZ DWW T OfENT b S 71Tk U [Keller et al., 2011, 2012], D2J ~ 7 A 1%
JFEIEBIC XV R D QTL 2A T 2MMHPIET L~ T A TH D Z &R,
FFRIZ Nagtegaal © [Nagtegaal et al., 2012] 1% D2J ~ 7 A 0 FL38 M 8 i K s
23T Cdh232" 35 L TX Fscn2a® 7 L L s 844 = L &2 oR L, D2) v 7 A DK
~ RREE R (4 kHz) OWES) DA G- 2 5 5 18 FjAlk Lo ahl9 B
TEEOHFEZRE LTS, AR TIE, 6 5 FYAME Lo QTLs 23 m Ak

(16-kHz) OIITHET 5 2 L &R LIz, S 512, Fsen2d 7 o 24K BDF,
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& (BDF1 x D2J) N2 v 7 2 344% 3 » Al CHERBHIET 52 &b
Fscn22® 7 L L D2 B LA 1 8 e 4 (32-kHz) o0 RIS MEMEREIZ 55\ CITARV VAT
REMEZ R L7o (Fig. 3) o M EE AL (32-kHz) 1Th 2 KIFE T F B MER 1
—2%, BDF1 B LY (BDF1 x D2J) N2~ 7 ZADT N TNREHESEKTHRAET
% Cdh23 7L ThbH EEBE LD, LirL, BDFiE LT (BDFL x D2J) N2
~ U AL D2) LHARL LT RAI 2R EENE AR L B6J L ek LT ABR BIE AR T
F< (Fig. 3). TDOZ Lhh, HEREREO BFRMEHREIZIX Cdh23d 7 L uic
MA, BPEOEMBIR T 28R % b O RN R S,
ARBWFFENZ BN TRIE S 725 6 FYe i B o> QTLs fHlkZIE, D2) B LT B6J
B W TERR DL DEETF TEZ L OBIBHNEZROFENRE SN TN D
[Wellcome Trust Sanger Institute, Mouse Genomes Project: http://www.sanger.ac.uk/
resources/mouse/genomes/], ZiLH DBAnT 9 B, AWFSE TIIMRAA EHE DK
2B 5 6 DDIEILT [Vetter et al., 2002; Odeh et al., 2010; Yan et al., 2013;
Horn et al., 2013; Avenarius et al., 2014; Perrin et al., 2010] (Z{EH L CEE X7 Y
— =V T B XU 21T T2, 6 DOEETD 9 B Fsenl 1 Fsen2 51 D
NI TBIEFTHY  Fsen2 LRERIZT 7 F o7 4T A MO aRY o I1—
IZREA T AT, HEREEVIZ IR ) I liiE 57 CTd 5 [Hashimoto et al., 2011],

72, Actb IEfnF b HERERYIEAHIEIS - CTdh o 7=, Actb-flox Foxgl-cre < 7 A 13N
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BRI EVWVERRBR T 2R L. D2) v 7 AOKRBU LA L 7BV ER E ORI
%Zs~9 [Perrinetal., 2010], Z#L5 DEG FIZBWTITa—F ¢ > ZfEEkIC

(T E e o 7o 3, Fsenl BAG 1 ORREMIT IS 1T 2 RBURENT OFE S, D2~
¥ A DIRFIZ BV TR ERICA EIZED LTz (Fig. 8B), L2rL. QTLE
EFARHT OFE R, Fsenl s Tk O~ — 7 —I281F 5 LOD A 2713 0.4-0.5
& D TIRVMIEAS R 7= (Fig. 8A), Fsenl 1XN B A ML O R EHRICE FIZ
FRETH2EABE COL ZENEREEO T aT A — LENTICE VAL NE /25T
VW% [Shinetal., 2013], &> T, AHFE TR S 407z D2) OE4=Z3 17 % Fsenl
DOFBUFA 1L, D2) DR EDEER 22 RIGICER T 5 Z & B3 HER =7z, iz
T, % 5 FBYREAAE LOMOBETICONT, B FERB L OE B KBRS
T LR TE R T,

—J7, 5 FYAM EITIXRERENME AHL %759 NOD/ShiLt) ~ 7 2 o #lE & B
# L ,LOD 227 55 DY —7 %R LI 1 TdH 2 ahl2 (D5Mit309: 79.5 Mb)
< 7 X3 TS [Johnson and Zheng, 2002], (BDF1 x D2J) N2~ 7 A % F\ 7=
QTL EMFHTIC L ¥ L 16-kHz (235 T D5MIit309 (X LOD 2 =2 7 3.34 # 7~k L (Table
5). —->0 QTL i (64.6-119.9 Mb) (1% D5MIit309 J 725 ahl2 & Eh T
W= (Fig. 4B), fit> T, Z @ QTL i% ahl2 i {sFFE &[5 — DL M E s+ T

V. D2H 35 X OV NOD/ShiLt] ~ 7 A3 368 L 7= QTL DOZhRIT & - THERE 2 FIE
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THREME DL B 2 b,

B MIBWT, w7 ADH b FRAMKLE V0T = —MEIT T ERE O HERE I RY
W 5B TN~y 7 I TW5D [Hereditary Hearing Loss Homepage:
http://hereditaryhearingloss.org/], Zi1 6 OB THED 5 B, AL TRIE I Lz
64.6-119.9 Mb @ QTL fEIkIZIZt FD v 7 =—fEIlIZ B\ T DFNB40 5 L O
DFNBS55 0 2 S DA PEDIEFEMNEBR T HEAFAE L FBR 1 HEA FE S A7 K
RO R 1T R E AHL ZF8AE9 5 [Delmaghani et al., 2003; Irshad et al.,
2005], 7=, Z QTL fHEUIMEME RIENE AHL B{s 74 DENA27 & & A —/3—
7w 7" L CuW /= [Peters et al., 2008], &L & #EREE R B O JRIE & 72 5 28 B
ST o TS, D2) D FRIFEM AHL BG4 QTL DJFIA & 72 54 H %
SROMFTTRET S22 LICED, Thboe MEIBFEOERDO 7 n—=

TICAEM Rzt o 2 b B 6N,
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% 2E NOD/Shi v U A RO FEREHFEDOBECERDFIE

B 1E &

Non-obese diabetic (NOD) ~ 7 2 &#E I H OBt Z RN REBET L~ T A
TH . | BBERIE [Rothe et al., 2001; Ikegami et al., 2003] B Ly =— 27 L
JEWERE [van Blokland and Versnel, 2002; Ding et al., 2006] ®E7 /L & L THEN. X
NTEY, ZOX I RREDOFEREIL, EEOBHER B L OBREE fGRER O
B BEERICL 2D EE 25 TEY [Maier et al., 2005], fi#HT 238 A T
W5 NOD ~ 7 A | REFEPRIP O BAR Y ZE R 1T =B R R REUR T T & 5 T A

B FHEEA (major histocompatibility complex: MHC) (212 [Todd et al.,
1987]. #RIGEE X 2R A " T~ A T —QTL DA R TH L Z E N BN E
o TWD, F7-. NOD DHELA#KE T D NOD/ShiL) ~ v ZR#tILEH% 3 » 1
BRlZ W CH R BT E 278 L. FL381% age-related hearing loss (AHL) %7~
TRR~TTATHDZ ENRHREINTWVD [Zheng et al., 1999], & 52
NOD/ShiLt] ##l~ 7 A MHC IEH T LV (NTa & A7) ZEAL, FERIE
Ete A BB EZRIE L7 NOD.INON-H2™YLY 2> Y r =y /v A%

HAWIZBATICBNWT, TDar Y=y 7 <0 AREITHEEIEZ RIET 5 2 &
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2>5 [Ohlemiller et al., 2008], NOD/ShiLt] <~ & &%, | BRI E L OVE Ak
TRECE 5B LI IR DT L~ 7 XA THDH L EZ BN TND, &
512, NOD.NON-H2™YLY) 22> Ve = 7 < o ZFEEREOFRE - & LT, 4% 2
i A lin CEE N E OM4FENEN (EP) 2R L, W40 E EP 2 HEFF T % I
KOHEE | I OITHEMIEE X ORI S BIZE S T2 [Ohlemiller et al.,
2008], —5. NOD/ShiLt] ®FFM: AHL OE=AEX & LC, NOD/ShiLt) 13+
B Ck72 B6J B8 LN D2J) ¥ 7 A[AERIZ Cdh233" 7 L L 2 RECHRAE L TEY
[Noben-Trauth et al., 2003]. & 512, %55 FHREIK RITHIT 5 ahl2 EinTEOR)
BT X o THRREN BRI SN D Z LA &% [Johnson and Zheng,
2002],

H 1 EICBW T2 L 912, RUFETIT o7 D2) v U A DBIRFHIFEHT D
FER, D2) ~ U A D RFEMEEEREIZILE 5 BY R B2 350 QTL BAEET 5 Z
ERHENERD D HHD 64.6~119.9 Mb IZ[FE S 417~ QTL 1%, NOD/ShiLt]
~ U A DNEEARFHIFENTIC LV [FE STV 5 ahl2 s 1 EEEL (79.5 Mb) &
F—R"—=F v T LT, ZOT —X LW RHGOHRERIENE 5 FYtER Lo
5B L7 QTLICE » THEENTWD Z E&RBR LTS, £ T, ABET
1% NOD/ShiLt] & #E D ELIH T & 5 NOD/Shi & 2 VW THER M EE D R BIALE K Y

BARFHIBEATIC > T ahl2 SEIO FE 72 BERE A RS2 MBS+ O [FE 22 H HY
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H2EH BB XIUHE

1. TR

NOD/ShiJcl (NOD) ¥ X UYB6J ZftiLHAZ L7 (Tokyo, Japan) 7S HiEA L.
IS RE N O E e S WFJE AT OB M s I B W TERBHMER Lo, E72,
MSM/Ms (MSM) ~ & ZIENLIBARFHIFEFT > & RN E i A iF 78 AT I8N
SN AR Z F e, 3T OB IEER T SCHRH 28 03 7 8 T I FE Rk B 55
T D EN FERE ORI T 5 AR CURBFEE S R™E E—5) BLD
HARZPI SIS L D ERSNICEWERIEH DO A P74 Xt > TEERS N
T HIE N O R 2 S AP IE AT O RBREV & B = B K OERSEZR B = D 7KGE

g R

2. BEHBIE
NOD ~ 7 ZADHE /1% ABR BEAZHIET D Z LICKVHE LT, FDOHIERX
FIEFE 2T LI FEICHEL CEm L, EHF)H5 517~ ABR BIfHIX

1EEDT —4 & Lz,

3. FRRFHSEAT

FERR RO 2 ERiT 57D, 1,2, 3B L4 » Al NOD B L1 » H i
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D MSM ~ 7 A X KT 7 NNT25% 7 VX /LT /LT ke RKIOL MY RNy 77
— (pH7.4) THEEFRGENHEZ A L7z fifth L72NE 1L 27 7 =Y odtz HnTx
OUFFTERIERIZ /N SV Z 22T, 25% 7 V2 VT VT b RCHEER L., 4°C
T—BEEE Lic, BH, ME 7 imE s, 740 AR, HEREAREL
72t%. 0AM U Vg Ny 77— (pH7.4) T1543M. 3 EIVEE L. 1% (wiv) DU
{4 A 2 7 2 (Wako, Tokyo, Japan) (2 1 ] 4°C TiRESH7-, T D%, =4 )/
— )V CEMERITIK L, BB t-7 F ATV a— W Bl S, ki, o7
VIZBRAS 45 (Hitachi ES-2020, Hitachi High-Tech Fielding Corporation, Tokyo,
Japan) THZMEL, A AI VLT T X~ =a—~%— (NL-OPC80; Nippon Laser and
Electronics Laboratory, Nagoyashi, Japan) (2 &k ¥ ¥ > 7 &2 UE{LA A I 7 A
KV a—F 4 7%, 10 kV OEATHLE S 72544 T Hitachi S-4800 = &ALE

TR E N TRIZE LT,

4. QTL EGEHT

NOD ~ 7 Z D RN AHL IZBE 5T DI MBI D~ v E 0 T DIz
AHFFETIE B6J 5248 & FV . (NOD x B6J) F1 (BNF1) x NOD B L ASHELEIA (N2) %
PERLL 7=, 1ERLL 72 179 fE{AD N~ 7 2@ DNA (%, Table 6 (2% L 7= AHFZEIC

BWTH B F ORGSR T OA > b o CHEBICER L e~ A 70 ¥T7 T4
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Table 6. Information of primers for PCR of Acbd6, Sic19a2, Lmx1a, Igf1, Slc17a8, Ptprq and
Msrb3.

Gene symbol Primer name Primer sequence (5' - 3")
Acbd6 Acbd6_F GCAGAAGCAGCTGGGCAGAATGG
Acbd6 Acbd6_R GGACTTCTGGCCTACAGAGATG
Slc19a2 Slc19a2_F CCAACTCACCTATGTATGGTCC
Slc19a2 Slc19a2_R AGTGAAAACATGGTGGGTCCAG
Lmx1a Lmx1a_F CACGCACACATATCACATGCAT
Lmx1a Lmx1a_R GCTGGTAAAAGGACAAAGACAGG
Igf1 lgf1_F CAGAAGCATGGGTAAATTCATGG
Igf1 Igf1_R CCCACACATGTATGCATGTGTA
Slc17a8 Slc17a8_F ATCATGGGAACTTTGCCTTCCTGC
Sic17a8 Slc17a8 R AAGGCTCCCACGAGTGAGCTAC
Ptprg Ptprq_F AAAGATTGTTCACCTCCTACGCTC
Ptprg Ptprq_ R AACCTACTTCCTACCCTAATTC
Msrb3 Msrb3_F GTCCTTAGAGTAAGTGAGGATTAC
Msrb3 Msrb3_R AAAGCACACAACCTCTGGTGCA
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h~—H—. BEORTable 712 L7 Mit v~—H—Z HWTE 1 =5 2 THIZE0HK

L7c HECHE L TR FRIAHIE L o, F72 QTL AT I L OREEH FRIMRHT

[ZOWTHE 1 2 THIZFCLH L 72 HIEICHE > T L7z,
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Table 7. Microsatellite markers used in genetic mapping of the susceptibility locus associated with
congenital hearing loss in NOD/Shi mice.

Chromosome  Marker name PE;EE:ED) Chromosome  Marker name PE;;E:ED)
1 D1Mit294 11741307 9 DIMit205 37298324
1 D1MiE373 26478481 9 D9Mit4 52123178
1 D1Mit478 51924866 9 D9nit21 57684209
1 D1Mit134 80267876 9 DIMit113 85796734
1 D1Mit48 88568240 9 DIMit51 106412277
1 D1Mit135 105309586 9 DI9Mit120 118937878
1 D1Mit288 149342472 10 D10Mit1009 5807258
1 D1Mit206 173004198 10 D 10Mit206 14105840
1 D1Mit459 187647303 10 D10Mit189 18383585
2 D2Mit1 3886089 10 D10Mit223 68212192
2 D2Mit32 25346284 10 D 10Mit259 72676559
2 D2Mit433 57297111 10 D10Mit42 82655104
2 D2Nds1 93591138 10 D10Mit180 118150611
2 D2Mit42 104610298 11 D11Mt79 19745817
2 D2Mit346 179031854 11 D11Mt188 45332932
3 D3Mit60 6808535 11 D11Mt164 56973201
3 D3Mit92 26182244 11 D11Mit279 71700989
3 D3Mit164 53207002 11 D11Mt124 99190655
3 D3Mit7 60209895 11 D11Mit103 117167319
3 D3Mit101 96641414 12 D12Nds11 17546446
3 D3Mit89 156837105 12 D12Mit83 26235177
4 D4Mit101 9702613 12 D12Mit2 41646392
4 D4Mit2 25683240 12 D12Mit158 82619016
4 D4Mit108 38372089 12 D12Mit141 110503125
4 D4Mit139 55250930 13 D13Mit205 6077760
4 D4Mit17 63365294 13 D13Mit17 21293266
4 D4Mit52 114800671 13 D 13Mit91 46822852
4 D4Mit339 134367426 13 D13Mit13 56481436
4 D4Mit42 151569994 13 D13Mit191 84905880
5 D5Mit331 4246959 13 D13Mit293 112745437
5 D5Mit48 8797672 14 D14Mit110 8150438
5 D5Mit348 24919119 14 D14Mit11 12089820
5 D5Mit352 35614967 14 D14Mit141 46759537
5 D5Mitg 1 50331325 14 D14Mit193 71521620
5 D5Mif233 52697226 15 D15Mit174 3444907
5 D5Mit300 54486435 15 D15Mit179 13489923
5 D5Mit255 54954339 15 D15Mit60 44264658
5 D5Mit197 64649088 15 D15Mit261 80236267
5 D5Mit113 77255215 15 D15Mit79 103472156
5 D5Mit309 79502721 16 D16Mit182 5682496
5 D5Mit205 93132927 16 D16Mit108 6248008
5 D5Mit7 93297205 16 D16Mit4 36240487
5 D5Mit275 103997680 16 D16Mit139 65669517
5 D5Mit95 124829235 16 D16Mit19 78811756
5 D5Mit214 126090176 17 D17Mit164 3924615
5 D5Mit189 126730335 17 D17Mit246 8459684
5 D5Mit97 137003596 17 D17Mt46 25365940
5 D5Mit3 1 138556974 17 D17Mit31 34744039
5 D5Mit101 141714580 17 D17Mit89 63639035
5 D5Mit122 150116320 17 D17Mit142 78965900
6 D6Mit86 4464884 17 D17Mit154 91585552
6 D6Mi{268 34734663 18 D18Mit111 21513305
6 D6Mit74 48726556 18 D18Mit177 40982507
6 D6Mit19 77554468 18 D18Mit184 66819243
6 D6Mit55 114282098 18 D18Mit4 84126264
6 DéMit220 134184701 19 D19Mit59 5321112
6 DéMit200 145935340 19 D19Mit128 17250645
7 D7 Mit340 4627246 19 D 19Mit60 20562164
7 D7 Mit267 29546946 19 D19Mit30 26810053
7 D7 Mit9 1 58499072 19 D19Mit10 47152792
7 D7 Mit30 81485676
7 D7 Mit328 110302821
7 D7 Mit281 112212330
8 D8Mit155 4976602
8 D8Mit172 17804003
8 D8Mi{94 31341658
8 D8Mitg 64737134
8 D8Mit50 89351668
8 D8Mit156 128895504
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1. NOD = U 2 DFE /17 & N E O R B AFAT

AHFFEIZ BV THIE L= NOD ~ 7 A D ABR BIEOFERIL, LLRTHRE Shiz
NOD/ShiLt] ®7— 4 [Zheng et al., 1999; Johnson and Zheng, 2002] & (F#72 - T
W7z, Figure 9 134E% 1+ HilD B6J B L UYNOD ~ 7 A (28BS 5 4-, 8-, 16-F &
O 32-kHz OERIHIZ LD ABR BUSEIEZ R LTz, £ OREHR, R~ iR
BTHD 4B LU8KHZ IZB VT BB~ ZADWIEN I~V I E T Shizo
IZxt L, NOD ~ 7 Z 2B W TR 72 B IR I~ DR THh o7, £To,
B6J 128\ Clid 4-kHz 123 T 60 dB SPL, 8-kHz (Z33\>"C 30 dB SPL O35 il
ARk LT\ = dI2x LLNOD ~ 7 1% 90 dB SPL T ABR DS TE 32k L
Tz (Fig. 9)e & SIZE A ~BE AR TH 5 16-F L U 32-kHz (2B T
IX. 100 dB SPL OFHFLIZKR L TH ABRIEFITMM EN T, ZoFHIZB W T
NOD ~ U RTEEHEAZFIEL TWDH I ERH LN E R o7 (Fig. 9), KIZ,
NOD~ 7 ZA®D ABRV-HIRMEA 1 A Z L A% 1 » Hlin~6 7 HlislZis T 4-, 8-,
16-35 X OV 32-kHz O F I %1425 ABR BIfE 217 L .B6J ~ 7 A DREIHE (Table
4; Miyasaka et al., 2013) & tbi L7= (Fig. 10 3 L O Table 8), = DfER, A 1

r AEICEB VT BB v 7 AD 4-, 8-, 16-F L N 32-kHz (231 % ABR HfEiL 39.3
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Fig. 9. Representative ABR waveforms at 4-, 8-, 16- and 32-kHz stimuli recorded from
B6J and NOD/Shi mice at 1 months of age. The waveforms represent the ABR in response
to the intensities of tone pip stimuli decreasing 87.0 to 37.0 dB SPL at 4-kHz,
from 93.5 to 13.5 dB SPL at 8-kHz, from 97.3 to 17.3 dB SPL at 16-kHz and from 98.1 to 28.1 dB SPL at 32-kHz.
Bold lines represent the detected thresholds. The locations of peaks |-V are indicated.
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Fig. 10. Congenital profound hearing loss in NOD/Shi mice. The means (black sguares in B6J
and white circles in NOD/Shi) and SDs (error bars) of ABR threshold measurements for 4-, 8-, 16-
and 32-kHz stimuli are shown for each mouse strain at 1 to 6 months of age.

The number of ears tested is listed in Table 7. *P < 0.05 and ***P < 0.001.
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Table 8. Mean ABR thresholds of 4-, 8-, 16- and 32-kHz stimuli of NOD/Shi, C57BL/6J, BNF, and (BNF, x NOD/Shi) N,
mice at 1 months of age.

) Month of ABR threshold + Standard deviation (dB SPL)

ee age ! 4 kHz 8 kHz 16 kHz 32 kHz
NOD/Shi 1 25 950111 938+118 976+50 994+22

2 21 926+109 924+121 98.1+3.7 100.0

3 13 942+122 962 +82 P6+14 100.0

4 12 100+0 983 +44 100.0 100.0

5 14 996+13 993+27 100.0 100.0

6 8 100+0 1000 100.0 100.0
C57BL/6J 1 20 393+£6.13 18337 205+58 388+104
2 30 377+88 218+69 25779 48.0+£16.5
3 17 397+82 229+47 27 4+69 52.4+195
4 20 41379 24367 25579 65.0+£148
5 21 424+68 217+56 250+61 71.0+121
6 17 43577 25081 321+£146 868+90
BNF, 1 24 43571 25865 465+215 894+81
(BNF, xNOD/Shi) N, 1 179 715+£210 647+260 833+209 96.7+6.3
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dB £6.1,18.3dB £3.7,20.5dB £ 5.8 35 L 11 38.8dB + 10.4 72> 7=DIZ%f L. NOD
~ 7 A3 95.0 dB + 11.09, 93.8 dB + 11.8, 97.6 dB + 5.0 35 L 11 99.4 dB + 2.2 & AHff
JETIHA L72IT & A EDMEIRDRF T o R ECE 126 L CEHEE#IE A RIE L T
W5 Z LR E T (Fig. 10 B X1 Table 8), %72, NOD =7 2 ABR I
32-kHz 75 2 » Hifin, 16-kHz 234 » Alin, 4 33K 1V°8 kHz 286 » Hiis T4 X TD
FAEMEKRTE SR 72D (Fig. 10 B LW Table 8), Zi b DFEHEAH NOD ~
U AL, ZHE TORE SN T D NOD/ShILL ~ 7 A DA L 1T k& < By
[Zheng et al., 1999; Johnson and Zheng, 2002], 4c KIMHEERERIEET L~ T A L LT
NESHT BT,

RIZ, NOD ~ 7 ZDJe RIEEEIEDFIK 2 B & 2324 2728, AW TIEZ <

B EE O JRIA] & 72 2 Wi A= o N B AT Bl e 0 Sk R B O R BRI 2 FEhE L 7=,
1 7 A2V T NOD 38 LY MSM = 7 A OlfiA=H[aliis oo N B AT B Hia 0
FEORBM 2 Lz U7/ R WA B (Inner Hair Cell: IHC) (235 T, NOD
~ U ADREBOMIEIBIZE S 7= (Fig. 11A B X OV B), £ 7= 4 F41 (Outer
Hair Cell: OHC) 2B\ TIE, WR#M L I VFROEEZ R L TV izh, NOD
~ U AD OHC DEEEIT MSM ([T A~F LS, FRZAMOF] (Raw 1) DOREE
O EESHR S (Fig. 11C BXWOYD), F7-. Figure 11IE B X O'F

121X MSM 8 X OYNOD @ OHC O RRFEDFRIZKXK 2~ L7273, NOD DR+

49



NOD/Shi

£
&
=
:
»
k]
£ 400 - —
g T
- 200
0 T T T T T T T ==
MSM NOD mMsM NOD MSM NOD MSM NOD
Raw 3 Raw 3 Raw 2 Raw 1
- IHC — OHC

Fig. 11. Stereocilia phenotypes in MSM/Ms (MSM) and NOD/Shi (NOD) mice at 1 month of age. SEM images showing
the stereocilia of cochlear hair cells in MSM (A, C and E) and NOD (B, D and F) mice. (A, B) Stereociliary morphology of
inner hair cell (IHCs) of the cochlea in NOD and MSM mice. (C, D) Stereociliary morphology of outer hair cell (OHCs)
of the cochlea in NOD and MSM mice. Highly magnified images are shown in stereocilia of OHC. Arrows (B) and arrowheads
(D) indicate a loss of stereocilia and shorted stereocilia of 1 raw. Numbers (1, 2 and 3) in E indicate raw of stereocilia.
Short and thick arrow (F) indicates a loss of stereocilia. Arrows and arrowheads in F indicate elongated stereociliary links and
shorted stereocilia, respectively. Scale bars=5 (A, B, C, D) and 2 pm (E, F). (G) Comparison of the length of stereocilia (nm) of
IHCs and OHCs of the cochlea in NOD and MSM mice. n.s. = no significant, ***P < 0.001.
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t, MSM FIERIZAMAI DR ED R < | WRID LT BV ELOFEBRIRE S 2 7R L7223,
R B OF| A B RS B, MSM TR T 5 2 & IR &R A
Y 73 NOD DR BICB W CIIAMICHEE SN (Fig. 11F), F7-.
MSM 5 LTV NOD ~ U AW OEREDO R S 2 H|E L7o#E R, IHC IZB W THIE
FRETH - 7SMAUIDF (Raw 3) DEREIZBWTHERESOERITIMRILSH
72T, OHC @ 3 FIDEREIZIHVT NOD ~ 7 A DR ENHEFIIIC
BAEICEHWZ E2VREN, B Raw 3 I8 W TIEH 1/20 OE SI2E B L TV
2o BT, ZOAwOIEERESTO NOD ~ 7 2 DOF B OKRE B EE Bl
LZLUTRR, TORFIILVIAKTHY , BEEOM%E (Fig. 12A) I L ORER
EMORE (Fig. 12B) 23580 bilz, —J7, PEEROAFBHIRIZI T 5 EFE
FLHEIT NS FEOEIT L, 2 » AT OHC 1281 2R B OB (Fig.
12C) B L3 7 His D IHC IZHB W TIAMIE LT X TORREEDORE PRI
7= (Fig. 12D), & 5IZ, 4 » A#pIZEB W TIL, Figure 12 (E~G) (278 L 7= TH[A]HA
IRITFHRIAID K 5722 < O IHC £ LU OHC OBLIE A8 S, 5517 L7z

REEICBWOTIE., Bialc kv Rawl OEEEITIFITHE S LT,

2. NOD ~ 7 R D 5 KA BERE O BRI FENT

NOD/ShiLt] = 7 &2 D B35 M: AHL D& MEE s ILH 5 FHYe ik o ahl2
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Fig. 12. Stereocilia phenotypes of cochlear hair cells in NOD mice at 1 to 4 month of age. (A, B)
Stereociliary morphology of outer hair cell (OHCs) from the basal turn of the cochlea at 1 month of age.

A picture of B shows highly magnified image in A. Arrows and arrowheads indicate lose and
fused stereocilia, respectively. (C) Stereociliary morphology of OHCs from middle turn of the cochlea
at 2 months of age. Arrows and arrowheads indicate lose and shorted stereocilia, respectively.

(D) Stereociliary morphology of inner hair cells (IHCs) from apical turn of the cochlea at 3 months of age.
Asterisks indicate IHCs with missing bundles. (E-G) Stereociliary morphology of OHCs and IHC from apical turn
of the cochlea at 4 months of age. The pictures of F and G show highly magnified images in E.
Asterisks indicate IHCs and OHCs with missing bundles. Arrowhead indicates fused stereocilia.

Scale bars=5 (A, C-G) and 2 ym (B).
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BIGTETH D Z ENEE STV % [Johnson and Zheng, 2002], ASHFZEDHE )
BIETH O ML 72572 NOD ~ 7 A DY RIEEEREIC 31T 2 IS Ml s 114 % WGk
T 57%, NOD v 7 ZIZ B6) &l THZ LICLD, Fi~v7U X (BNF1), 8L
O'BNF1 ¥ 7 AIZNOD v 7 A% & LA L7z (BNF1x NOD) N2~ 7 X A {ERLL |
A% 1 4 AT 4-, 8-, 16-5 KL 8 32-kHz » ABR B &2l L=, £ 1 » Al
D F1~ 7 A ABR BIEDREIE 24T > 7ok R, 4-, 8-, 16-F LU 32-kHz (28T
435dB +7.1,25.8dB +6.5,46.5dB + 21.5 35 £ 11 89.4 dB + 8.1 O F-HJHE ) i %
AL, Fi~v 7 AL 4-, 8-B LN 16-kHz (28T BB ~ 7 & & HLL L 7= Bl
R L72AY, 16-KHz (23 Tl B6J & NOD DOl /ft & AE AN b,
512, 32 kHz 1238\ Tk NOD & JEEL L 7= e % 7~ L7z (Fig. 13), &IZ. 4
%1 Al?D Na~ 7 A% AW T ABR BIEDORE 21T > 72 . 4-kHz I8\ T
THSAIZITNAG . 8-kHz IZEB W TR~ R L UL ABR BIfEIZIE - Ty
%R L, 16-kHz (238 W CITIE WA FET 2 S DD 52.0% D[ {475 8 &
RS2 RIE L TR Y, S 51T, 32-kHz 1238V TiE 80.4% 0D i {4 7 B #ERE 2 %%
JE LTz (Fig. 14), Z D523, NOD ~ 7 2 OEEREFIE L, BT LI
IR OTRE N2 D QTL M JEM BRI L, & HIZ 16-3 LU 32-kHz @

HEREIE I IEME IR 2 & D QTL 3545 Z L s R s v,
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Fig. 13. Distributions of ABR thresholds for 4-, 8-, 16- and 32-kHz stimuli in B6J, NOD/Shi, BNF,
and (BNF, x NOD/Shi) N, mice at 1 months of age.
The lines within boxes and error bars indicate the median and max/min thresholds,
respectively. *P < 0.05, **P < 0.01, and ***P < 0.001.
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Fig. 14. Distributions of ABR thresholds for 4-, 8-, 16- and 32-kHz stimuli among
the (BDF, * D2J) N, mice at 1 months of age.
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RIZ, NOD DL RMEEREIZ B 1T DM FEZREST S0, [FLAL
D Ny~ 7 A DS E RS IE 2 7R L7z 32-kHz ZFR&E | 4-, 8-8 KL OV 16-kHz (2B
T N v 7 ZADBn AR L OEREA (ABR BfE) ZHW=7 AU A K QTL
Yy BT EToT, TORK, MEFIICAHAER 2.68~2.72 O LOD A =773
4-kKHZ IZBWTH S5, 9 B LU 10 FLAK L 8-kHZ IZBWTH L 58KV 6 &
Geaff b, S 512 16-KHZ IZBWTIEE 1,5,6 B LV 7 Bk Rio, &K
IZRBW @, £7213 8705 QTL 23 S 4v (Fig. 15, Fig. 16 3 L T Table 9),
NOD DS RIEHEHIIE (CITEEL D QTL ST 5 Z L AVRR S LT, FRiC, 5
5 FYfafRk LIz T, 4-, 8-B LN 16-kHz THAK®D LOD A =217 3.40,5.08 5
LTV 4.83 DFRVEIRZ T QTL 23R S 4L, 4-, 8- XU 16-kHz (230 THkd
5 QTL 3, 45 5 HYuafk 1D 4.2~35.6 35 L 11 35.6~64.6 Mb ICf i Sh 7= (Fig.
15, Fig. 16 35 X " Table 9), F 7=, £ 5 F YR D ahl2 AR T HEDMFAET 5 79.5 Mb
2BV TIE, 8-kHz TREGHFEMIICAE 7 LOD A 27 4.03 OIEAKRH Sz, L
/L. 4.2~356 35 L 10 35.6~64.6 Mb Dk Ti% 5.08 35 L1 4.83 ® LOD % =
TRRT LT, KOPEOM QTL OFEEZ/RET S LOD A 27 M &
AL, NOD o F L2 #EFESE 1 ahl2 AR FED A DR TITHHATE T, £ 0
TERIEDIRRNITE b FYlk LoEE O QTL LMoY@k HICHFET D QTL

OFMPIZNFIC L 5 2 &N TFA Sz (Fig. 15, Fig. 16 35 & O Table 9),
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Fig. 15. Genome linkage analysis for congenital hearing loss in NOD/Shi mice. Genome-wide
interval mapping for susceptibility genes associated with congenital hearing loss for
4 (solid curve) -, 8- (bold eurve) and 16- (dotted curve) kHz stimuli of the (BNF, x NOD/Shi) N, mice.
Chromosome numbers and marker positions (vertical bars) are given below the linkage map.
The horizontal lines indicate LOD significant thresholds at 4 (solid, LOD = 2.72),
8 (bold, LOD = 2.72) and 16 (dotted, LOD = 2.68) kHz, respectively.
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Fig. 16. Magnified view of the significant QTLs at chromosome 1 (A), 5 (B), 6 (C), 7 (D), 9 (E)
and 10 (F) in Fig. 13. Interval mapping for susceptibility genes associated
with congenital hearing loss for 4 (solid curve) -, 8- (bold curve) and 16- (dotted curve) kHz stimuli of
the (BNF, * NOD/Shi) N, mice. The horizontal lines indicate LOD significant thresholds
at 4 (solid, LOD = 2.72), 8 (bold, LOD = 2.72) and 16 (dotted, LOD = 2.68) kHz, respectively.
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Table 9. Detected susceptibly QTLs to congenital hearing loss in (NOD/Shi x
C57BL/6J) x NOD/Shi backcross mice

Frequency Chromosome Marker Er?s.embl Lod
(kHz) name Position (bp) score
4 5 D5Mit 331 4246959 2.91
5 D5Mit 48 8797672 3.24
5 D5Mit 348 24919118 3.40
5 D5Mit 233 52697226 3.00
5 D5Mit 300 54486435 3.03
5 D5Mit 255 54954339 3.03
9 D8Mit 205 37298324 3.54
9 D9Mit4 52123178 4.12
9 DaMit21 57684209 3.99
9 DSMit 113 85796734 4.35
10 D10Mit223 68212192 3.65
10 D10Mit259 72676558 3.00
10 D10Mit42 82655104 3.76

8 1 D1Mit478 51924866 3.58
5 D35Mit 331 4246959 3.53
5 D5Mit 48 8797672 3.89
5 D5Mit 348 24919119 5.08
5 D5Mit 352 35614967 4.05
5 D5Mit 81 50331325 3.72
5 D5Mit 233 52697226 4.48
5 D5Mit 300 54486435 4.83
5 DSMit 255 54954338 4.83
5 D35Mit 197 64649088 3.72
5 D5Mit 113 77255215 3.56
5 D5Mit 309 79502721 4.03
6 D6Mit 268 34734663 2.85
16 1 D1Mit478 51924866 5.07
5 D5Mit 348 24919119 4.83
5 DSMit 81 50331325 3.62
5 D5Mit 233 52697226 3.80
5 D5Mit 300 54486435 3.41
5 D5Mit 255 54954339 3.40
6 D6Mit 268 34734663 2.82
6 D6Mit 19 77554468 3.63
7 D7Mit 328 110302821 3.10
7 D7Mit 281 112212330 3.10
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—J. FB5FROMROMICHRH Sz QTLIZEIL T, 5 1 BFRAMK LiITk
UNT 8-36 L 1V 16-kHz T 51.9 Mb D 45 6 F Y ik L1236 T 8-36 L 1V 16-kHz
T 34.7 Mb OfEIL, 16-kHz T 77.6 Mb DL, 5 7 FYa ik _EIZHBV\ T 16- kHz
T 110.3~112.2 Mb OfElk, 55 9 F Ytk LIZF\ T 4-kHz T 52.1 Mb OfElk,
4-33 L0V 8-kHz |2 85.8Mb D fElk, Iz T, % 9 FYAR LIZHVTIL 4-kHz T
68.2 Mb LN 82.7 Mb DFEIIZHFHFAMICAHE R LOD 2 a7 Bk ahi:
(Fig. 15, Fig. 16 3 L' Table 9), F7-. & 9 FUYAILZ RV RLEAKRICI N TIE
4-, 8-33 L UV 16-kHz D QTL D HiAR N ERL L TN 23 AR~ & & I 2 e ) ¢ LOD
Z2aT7ORES, BLORWEIRZRT QTL fHIIZZR /RS- (Fig. 16),
Rz, %1, 6 B O 7 FYAR Lo QTL X EH Ak (16-kHz) (2330 THilu )
RETTHNCH Y . F 9 BI O 10 FHEAMKO QTL IHEJH L (4-kHz) (23
WTTHRWWI R 27~ L7= (Fig. 16),

WIZ, AWFFETHRIE SN QTL BMBEETH L Z L b BZX NI LD,
FYEfRD QTL DR EZIRFLT D728, FMaltFRICHER LOD A 27 3kt
EN7z QTLIZ DWW T, (BNF1x NOD) Np ~ 7 A DIE 1 £ BIA & 8 s+ oo B
fEMT 24T > 72 Ax'® NOD DREEFEAE T A & TRV R FE O H T2 5 b FYuta i
o QTLIZEB W T NN E{zF (NOD REHEAIL) B LOINB #E{zF7 (NOD

BIOB6I ~T n#EA1K) @ N~ 7 20 ABR BMEIZIS T 5 QTL o BEEAFT %
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Fhts U7 G SR, 4-kHz 128 T, 4.2,8.8,24.9,52.7,54.5 33 L 1 55.0 Mb L7 E
+% 6 ~—7X—Td 5 D5Mit331, D5Mit48, D5Mit348, D5Mit233, D5MIit300 35 L T8
D5Mit255 (DU T Bt 4 i L 725 ], + X ToO~—F—dD NN BEin 5
BLONBEIETELD N~ 7 A D ABR BIEIC I LA FMICE B ERRD bk
(CF¥4)7£:11.0, 11.8,12.1, 11.5 B L X 11.5dB SPL, T P <0.001, Fig. 17), ¥7=.
%5 5 J/YL R D 8-kHz (28T, 4.2, 8.8, 24.9, 35.6, 50.3, 52.7, 54.5, 55.0, 64.6, 77.2
FLUT795 Mb _EIZHiET 5 11 ~— 5 — T % D5MIt331, D5Mit48, D5Mit348,
D5Mit352, D5Mit81, D5Mit233, D5Mit300, D5Mit255, D5Mit197, D5Mitl113 35 & T8
D5Mit309 O BEE AT D FlZ I ThH NN B 7R KO NB B 73D N2 +
7 AfD ABR BEIZIH W THEHFMICABRZZRD b (F¥Z: 15.0, 16.0,
18.1, 16.3, 15.7, 17.2, 17.8, 17.8, 15.6, 15.3 3 L 1} 16.4 dB SPL, 3"~T P < 0.001,
Fig. 18). [FIEEIZ 16-kHz (28 T ¢ 24.9, 50.3, 52.7, 54.5 35 L UV 55.0 Mb _EIZA7E
4% 5 ~—75—T& 5 D5Mit348, D5Mit81, D5Mit233, D5Mit300 ¥ & UF D5Mit255
@ NN B 783 L ONB Bm T HL D N~ ¥ A[H D ABR BIEIZ IV T~ T
PP BEENRE SN (FY7E: 143,125,128, 121 B3 X (8 12.1dB SPL,
~T P <0.001, Fig. 19),

Mz T, #1,6,7, 9B LN10 FLEAILD EDE LOD A =7 OFEIIALE

50— —IZOWT b [AAR D BN 2 266 L7-fE 8., X To~—T—IZB
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n 8 9 89 90 87 92 82 97 84 95 87 92

Fig. 17. Effects of susceptibility locus on chromosome 5 on ABR thresholds at 4-kHz
in (BNF, x NOD/Shi) N, mice. The lines within boxes and error bars indicate the median and
max/min thresholds, respectively. The susceptibility loci on chromosome 5 are
genotyped by D5Mit331, D5Mit48, D5Mit348, D5Mit233, D5Mit300 and D5Mit255, respectively.

***P<0.001.

62



8 kHz  o5Mmita3r  DSMitds  DSMit348  DSMit352  DSMitB1  DSMit233 DSMit300 DSMit255 DSMit197  DSMit113  DSMit309
R i e ek bl e e e i ki ke Ea sy
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n B3 86 B3 80 &y 92 81 98 78 101 82 97 B4 95 B4 85 B4 95 B4 95 82 97

Fig. 18. Effects of susceptibility locus on chromosome 5 on ABR thresholds at 8-kHz in
{BNF, x NOD/Shi) N,mice. The lines within boxes and error bars indicate the median and max/min
thresholds, respectively. The susceptibility loci on chromosome 5 are genotyped by
D5Mit331, DSMit48, D5Mit348, D5Mit352, D5Mit81, D5Mit233, D5Mit300, D5Mit255, D5Mit197, DSMit113
and D5Mit309, respectively. ***P < 0.001.
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16 kHz D5Mit348 D5Mitg1 D5Mi233 D5Mit300  D5Mit255
e ses whw ke wh
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Mean 759 902 76.2 887 763 894 768 889 768 889
SD  24.0 144 23.0 174 227 17.3 227 175 227 17.5
n 87 92 78 101 82 97 84 95 B84 95

Fig. 19. Effects of susceptibility locus on chromosome 5 on ABR thresholds at 16-kHz
in (BNF, x NOD/Shi) N, mice. The lines within boxes and error bars indicate the median
and max/min thresholds, respectively. The susceptibility loci on chremosome 5 are
genotyped by DSMit348, D5Mit81, D5SMit233, D5SMit300 and DSMit255, respectively. “**P < 0.001.
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WTH NN BB S L OYNB B 7R D N, = 7 A ABR BfiElX NB i&fs 1
BIDOEAREIZ L~ NN Bia TR OFEREED ABR FHEME G 2RI A B 7

ERKH S 7= (Fig. 20~Fig. 24),
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Fig. 20. Effects of susceptibility locus on chromosome 1 on ABR thresholds
at 8- and 16-kHz in (BNF, ®* NOD/Shi) N, mice. The lines within boxes and
error bars indicate the median and max/min thresholds, respectively.

The susceptibility locus on chromosome 1 is genotyped by DTMit478.

P < 0,001,
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Fig. 21. Effects of susceptibility locus on chromosome 6 on ABR thresholds at 8- and 16-kHz
in (BNF, x NOD/Shi) N, mice. The lines within boxes and error bars
indicate the median and max/min thresholds, respectively.
The susceptibility loci on chromosome 6 are genotyped by DEMit268 and DEMIt19,
respectively. ***P < 0.001.
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16 kHz D7Mit328 D7Mit281
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Fig. 22. Effects of susceptibility locus on chromosome 7 on ABR thresholds at 16-kHz
in (BNF, x NOD/Shi) N, mice. The lines within boxes and error bars
indicate the median and max/min thresholds, respectively.
The susceptibility loci on chromosome 7 are genotyped by D7Mit328 and D7Mit281,
respectively. ***P < 0.001.
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4 kHz DamMit205 Damit4 Damit21 DaMit113
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Fig. 23. Effects of susceptibility locus on chromosome 9 on ABR thresholds at 4-kHz in
(BNF, x NOD/Shi) N, mice. The lines within boxes and error bars indicate the median
and max/min thresholds, respectively. The susceptibility loci on chromosome 9 are
genotyped by DIMit205, DAMIt4, DIMIt21 and D3Mit113, respectively. ***P < 0.001.
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4 kHz D10Mir223 D10Mit259 D10Mit42
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Fig. 24. Effects of susceptibility locus on chromosome 10 on ABR thresholds at 4-kHz
in (BNF, x NOD/Shi) N, mice. The lines within boxes and error bars indicate the median and
max/min thresholds, respectively. The susceptibility loci on chromosome 10 are genotyped by
D10Mit223, D10Mit259 and D10Mitd2, respectively. **P < 0.001.
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HAE EBE

ARFFENZFVNTTT o 72 NOD/Shi ~ 7 20> ABR BfE O HIERE K25, NOD/Shi
~ U ANTE L2 N TOEFOEREICKT L 1 Al CHEHEZRIET S
ZEMEALMNEZRDY (Fig. 9B L OVFig. 10), NOD ~ v R |3 RIEEE 5 L~
AL UTALERT Hivie, —J7. Zheng et al. [1999]. 3 & T¥ Johnson and Zheng
[2002] 1%, AHFZERIERIC NOD/ShiLt) < 2@ ABR BMEZHIE L, #H& LT
%75, NOD/ShiLt) ~ 7 A 734 3 » Hilis THIEVE AHL 27" 32 Lipb, 20~
U AR e RIS T TV & U TALEMT TV D, 20 &9 72 NOD/Shi F5 &
Y NOD/ShiLt) ~ 7 AfIZ 1T DHEIZD i S 7 BRI, NOD/Shi <~ 7 235
L UYNOD/ShiLt) 23 BLRFEDOBIR TH Y | BIBHICE 2> T D 2 EHERI S 1
72o NOD/Shi &t~ 7 21X 7 U F 7 L v R%&Ht Jcl:ICR (Japan CLEA, Inc.; Institute
for Cancer Research) 7> G #INZ X7z ANFEZ F8JE L7 Cataract Shionogi (CTS)
AR TH Y | £ OEERED S HEF R (KR) OHEFE L BE IR 2 B 28%
HET D~ U A& L, 1974 U2 Fo HARD A > 2V AR T HE JR 95
(insulin-dependent diabetes mellitus with insulitis: IDDM) % HARFEIET D RHMME L
THIZ S 4L [Makino et al. 1980]. % D% A% B 42 NOD/Shi %ft & L Trddhik
S, —J7. NOD/Shi Aiffiid 1984 4, FEDAIM LD 1w ==K A

\Zd % The Joslin Diabetes Center (Zii A 41, The Jackson Laboratory @ E Leiter
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112 NOD/Shi v 7 2 DT DN S 41, #2112 NOD/ShiLtd st & L TR S 4
7= [http://jaxmice.jax.org/strain/001976.html], Z D Z &5, WRFHENIIIT DT
FDOFFBARIZER I T OERR MBI TR O AFE T, NOD/ShiLt) SRkt A a2k
SNLHWBRITIHNT, EEEGTEICEET 27 VAR Lot £z
[T RAED AL KW NOD/Shi S&#E D S KAEHERIZ B 59~ 5 45 547 NOD/ShiLt
D B HHERR S T AREMEN B 2 BT,

FTo, AWFFRIZIBW TN L7z QTL HEEHMHTIC L > T NOD DFEEFIEIC I
T B sz ME%h 1% Johnson and Zheng [2002] 235 L7= & 51255 5 FY ek ki
ahl2 figlk (79.5 Mb) (ZH et Sauv7ehy, ARFZETRE L7 e — 2 LOD 2 =2 7%
FOwy hu ATHO 2 G, Tebb 4.2~35.6 1 X1 35.6~64.6 Mb DOFEK
(R Sz (Fig. 16 F6 KU Table 9), AS#iF5E 46 & TF Johnson and Zheng [2002] 7%
To72 QTL fA#FTIE. & H1Z NOD Fitds & O B6J it [ D [RBk D &2kl % 2 F v
TWDIZHE LT, 2O X ITERRZHEIZ QTL B Sz i KR & LT
1%, AWFFRITRBIRAENT I H D X NOD/Shi SR#E & e RIMEEERE AR & LS,
QTL B EHMENT DAL T — & X NOD/Shi ~ v A N H & ¥l 2 5 0E L QN =A%
1% A Na~ 7 A0 ABR B2 HVWCT3H Y . —J5 T Johnson and Zheng [2002]

DFENTIZF VN TIE, 4% 6 4 Al ABR BIfEZfENTICHW TV D, fE-> T, ]

AT T3 ABR BIfE Z HIE L7 H i3 570 0 | ARWFIEAN e RVEERE A I 2 B -9
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% QTL % . Johnson and Zheng [2002] (Fhnis ik #ERERAEICBS 535 QTL & &4
ENRE LT DEEZ BN D, AUFZEIZI VT BT LOD A 217 A3
PRI E TH AT 2 MO Z DML TERICHET H 2 LT TERND
?D? (Fig. 16B 3 L U Table 7). ahl2 =7 F£iX NOD ~ 7 A D) #E 12 B
4% QTL Th v, e RMERIIEICE ST 5~V AH 5 BHYEOIROSME
QTLIZE Yy b XA THEIICIFEET 2D EEZ BN, £7-. NOD B L1 B6J
<~ U AL E BT EEREIZ B 5-4 5 Cdh233 7 L LA 495 [Noben-Trauth et
al., 2003], Cdh23*" 7 L)L D~ o A EEREFIE IR D N RIS THRW Z & A3t
HINTEDY [Johonson et al., 2000, 2002 and 2008; Noben-Trauth and Johonson,
2009], ASHFZEFS O8N Johnson and Zheng [2002] & % (2 NOD—B6J D ASHl % %
WS A2 Ef L T\ D Z & h Cdh23 7 L L DS MR 4 X L
720, QTL SO F NI SRR oo wRetE bHEMI S, 7 LIV ORIRZRE L
TZBARIRIT N A BB T2 D L& 2 BT,

—7J7. Cdh23 157 1Z NOD v 7 A DERE DR E DIFND—>TH S &
TA I TEH Y [Noben-Trauth et al., 2003; Siemens et al., 2004; Miller, 2008].
NOD ~ 7 A CHBIE INTEREEDII OHE R (Fig. 11 B X O Fig. 12) 1%
Cdn23a" 7 L VDB TH H Z &b TSN, Cdh23 32— K5 % CDH23 &

HE X, NEAEMROTEEOHIMICIBW T DA 4 F v o RV —
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K Z2272< Tip-link IZHE L, OV T FIVRRICEERHZEZR-LTW5
[Siemens et al., 2004; Miiller, 2008], Z D Z & 725, NOD ~ 7 A DJEFEE D FH|[H D
AR, R EOSIMZ D7 < Tip-link DiE 23 8R4, iR LI2REE 2o
el EbEZILINI,

ARBFFEIZ T D QTL HEHMEHT DR R 5 NOD ~ 7 A DI R IR B 5
5 QTL 235 1 FYAMA D 51.9 Mb, 5 5 FHLAIK LD 4.2~64.6 Mb, % 6
BUOAR £ 347 Mb B L TN77.6 Mb, 25 7 YA £ 0> 110.3~112.2 Mb, 5 9
FYetafk o> 52.1~85.8Mb, 35 LU 10 FYL (K F0o> 68.2 Mb 35 L 10 82.7 Mb
DRI A YR EICIFET D 2 VR &z (Fig. 15, Fig. 16 35 X Of Table
9, ZNHENENOMEBICITE 1 FRAMKO QTL fHZ RS . BREOMME
Br. 700 bR IE BB S 73 F/E L Tz [http://hearingimpairment.
jax.org/master_tablel.html], %8 5 FYL (KD 4.2~64.6 Mb JT5HEIKZ 1 E hepatocyte
growth factor (Hgf: 16.6 Mb), solute carrier family 25 (Slc25a5: 21.8 Mb), otoferlin
(Otof: 30.4 Mb), urocortin (Ucn: 31.1 Mb), MpV17 mitochondrial inner membrane
protein (Mpvl7: 31.1 Mb), fibroblast growth factor receptor 3 (Fgfr3: 33.7 Mb),
otopetrin 1 (Otopl: 38.3 Mb), recombination signal binding protein for immunoglobulin
kappa J region (Rbpj: 53.6 Mb), cholinergic receptor, nicotinic, alpha polypeptide 9

(Chrna9: 65.9 Mb) I X U glutaredoxin, cysteine rich 1 (Grxcrl: 68.1 Mb) ?Et 10 f&
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O EERERRE AR T 2MFE LTz, 25 6 B YLk 10> 34.7 Mb 35 JL U8 77.6 Mb I
(21X microRNA 96 (Mirn96: 30.2 Mb), ATPase, H+ transporting, lysosomal VO
subunit A4 (Atp6v0ad: 38.0 Mb), I3 L TF ST3 beta-galactoside alpha-2, 3-sialyltrans
-ferase 5 (St3gal5: 72.1 Mb) 3 FE D EEREBIHEE R T MFE L, F7o, 5 7 FRAMK
o 110.3~112.2 Mb 7257 1 A 7K E T2 iE myosin VIIA (Myo7A: 98.1 Mb),
tubby candidate gene (Tub:109.0 Mb), otoancorin (otoa: 121.1 Mb), fibroblast growth
factor receptor 2 (Fgfr2: 130.2 Mb), H6 homeobox 2 (Hmx2: 131.5 Mb), H6 homeobox
3 (Hmx3: 131.5 Mb), EPS8-like 2 (Eps812: 141.3 Mb), potassium voltage-gated channel,
subfamily Q, member 1 (Kcng: 143.1 Mb) I & O fibroblast growth factor 3 (Fgf3:
144.8 Mb) 10 FE D EERERREE (R T 23MFE(E LTz, 5 9 FYAMKIZEB W TS 521~
85.8Mb JTHEIN(Z 1 radixin (Rdx: 52.0 Mb), ELMO/CED-12 domain containing 1
(Elmod1: 53.9 Mb), Bardet-Biedl syndrome 4 (Bbs4: 59.3 Mb), myosin VI (Myo6: 80.2
Mb) 3 LY T-box18 (Thx18: 87.7 Mb) 5 ffi O BEFE RS HE (A TN FAEL, S HIC
5510 FYe ik E o> 68.2 Mb 18 L 10 82.7 Mb IT 558181 1% prosaposin -~ (Psap: 60.27
Mb), cadherin 23 (Cdh23: 60.3 Mb), adaptor-related protein complex 3, delta 1 subunit
(Ap3dl1: 80.7 Mb) ¥ L X GIPC PDZ domain containing family, member 3 (Gipc3:
81.3 Mb) 4 i D BEFE B R 1 DMFAE L TN o, ARBFZENTT - 7= QTL S fARHT

DOFERNG ., NOD ~ v ADSe RMEEE I E O YR Exs QTL AR &
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(Fig. 15, 16 38 L O Table 9). ZHDOERRE 7+ ET L Z L NRBIN TN D
Flo. INHDIFE A EDBIR B LU O FHEEIZ ISV T NOD—B6J [H
DT ) DERINFEETDHZERHLMNE 2> TV D [http://www.sanger.ac.uk/
sanger/Mouse_SnpViewer/rel-1410], 7&-> T, Z 5 BEAF O ¥R E B R 1 OFHER
BRI A U7 NOD 5 AR RIC L 2 2 b8 o — R 2 R A B OIS 1L,
F TR BPEEEUC A LA RIGERT 2 8HEBIC L > TN b DB
DEMEZNR, BISTFFAEMBZNI RIS LT A X o ADOR#ER ERE T, NOD
~ U AN RN 2 8 IE T D ATREE N B 2 BT,

o ARICEB W TEERE 7 BMEE (SEM) 2V T NOD ~ 7 AIZH 1S
W B A B OBRBIE 21T o ok R, A% 1 » kW THRA B
el (inner hair cell: IHC) 3 X OMAEHMIAE (outer hair cell: OHC) D &R E D%
MBI S, 5612, OHC [ZBW THIIDIIDOKRTE DM R, EREEOFIH
DOEEBRFENRD bz (Fig. 11B,D, F), 7z, BAM O MSM B L ONNOD +
U AMOEHEEREZBE LR, NOD ~ 7 20D OHC @ 3 FID R EIZH T

HIEFHFRNCHBERBE R R EN (Fig. 11G). NOD ~ 7 A O 4 KM RS 7 i

W

O EZ R FRITIN H A B ORRTEOEEBILTH D Z ENRRRISN

7. WNEMAA BTSN Z I U TRE S DAY - WBRI) 72 EfiliE 4 B

SHEYRIPIC AR L, iRIAn A DHREZ O T2 < ETRbEZE LM TH
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0 [Fettiplace and Hackney, 2006; Vollrath et al., 2007], RFiZ., B D 7 F /LA Hi
BERE D EIZ KT L TV D OBRNER BMILORAEIZ[IET 5T EOEENL
PER AR CEHE /2% EZ 6> [Powers et al., 2012], EERIZ, FE, M/, HE,

I, AR LRI EDORFEERENRBDOOND I 2—F 2 v T AT

E

HEBIOEREEARIET S Z L2 HE ATV S [Amiel and Karen, 2009],
ABFFEDRERD D, NOD ¥ 7 ZZBWTEREBOEE, Bk, MEREnR
WORBE SN &b, Jld L7eEMEs 0 5 B, NEE A B0
(ZRBLT 2B 0N EERIEDOBMER T Th o rtEn PRI D, #i
ZAX, AWFFEIZHVT NOD ~ 7 2 DEEEIC KT~ 558V 2R 4 & -2 QTL #Elkd
—DOTHDHH 5 FYIRD 64.6~77.2 Mb (LOD A =17 : 3.56~3.72) (2B TIZ
Grxerl G T3 F/ET % [Odeh et al., 2010], Grxerl s FIE 7/ V2 L R¥ v
EABICHEL LAEKE C RIBICV AT A U v F k%2 & A THERR S .
pirouette (pi) ~ 7 A [Odeh et al., 2010] B LWt~ FEEMMEL M HERE DFNB25 0
EEEGFTHDZERHLNE - TS [Odeh et al., 2010; Schraders et al.,
2010], Grxcrl O =2 —X » R TH D pi v 7 AL, NEAEBHRO KGNS, Bt
TR IR E R E iR V) EE d KOV A "9 2 & [Wooley and Dickie, 1945;
Karolyi et al., 2003], i EAIILIZIV T, GRXCRL & HE X436 L ORIEA &

IO EIZH > TRTET S Z ENHE STV % [Odeh et al., 2010], % ®
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Grxerl IZERZ DI a—F v MU RUERENEEL LTI, Grxerl X
BEBOEFRME, BEXOEREBOT 7F 7 4T A FOBEEHIET S
DIZHHERF R THDH B2 B TEY [Karolyi et al., 2003], NOD ~ 7 A D&
REAECDORKERTFO—2DBEAME 2D 55, £, H 9 FLOMK LITH
M SN QTLIEFICHAET D RIXBIE T DI 2 —H » M U AL EREENEE
b2 2L b@iESNTEBY [Kitajiri etal., 2004], = DOiElsFH NOD DA K
HEERIEICBIEN TR I D, > TINDHOBIE T ZIXUO & T DA
FBUWTHEE L7z QTL drf#fEkd NOD frfiy 7 /) AL D FE R L RIS 1%
BUEBEAT 2 Ehi 2 Z L 2ANOD v U 2 DR B BRI IR 5 Je KM HE

DIFRZH ST DFRNY LD T ENREZ LT,
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Y
SR

1. DBAR2) =y ADEFEM - #THEIEOBICER ORIE

D2) 1, ¥ U RAIZEBWTHRANZEAR L S 47z DBA Z#tOHA TH Y [Morse,
1978]. K& 2B OET L~ A THDHH [Fuller and Sjursen, 1967; Neumann
and Collins, 1991; Cunningham et al., 1992; Belknap et al., 1993; Anderson et al.,
2002; Williams et al., 2013; Porcu et al., 2014], FRMHEHFEDET L THH Z & HH
LITEY A% T » Hilink TICHEEEEZIIES 5 [Zheng et al., 1999; Johnson
etal., 2008], & D HIEM: I L OEITHEEEE OB =R IR & L Tld, cadherin 23 &
&7 Cdh233" 5 L O fascin 2 AR 7D Fsen2d™® O B3 wE STk b
[Noben-Trauth et al., 2003; Johnson et al., 2008; Shin et al., 2010]. & 52, {&JEH £k
TEI (4-kHz) FFEAY72 ahl9 BinFEOR A T4 [Nagtegaal et al.,
2012], AHFFETITHER L (8-kHz) . mJEEEL (16-kHZ) F6 L OV IR JE e
(32-kHz) fEI D EFHTR D2 A I L OEHIEFIEIZ 53 2 B E RN 2 5rE T 5
72, NEBIR PRI 21T > 72,

AHFFEIZ IS TIE D2) OFEREIC ) U TR R 2 R 0B AR EIN 2 R E 9
BT, 17 52D B6J, 43 BHD D2J, 14 BHD (D2J xB6J) F1 38 X O D F1 12 D2) %

AHE L7z 90 R D R U ASBL /7 BEE AR 2 /ESRL L | 8-, 16-35 &L TF 32-kHz D& HillkiC
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*9 % ABR BUEDORIERL LT, ~ 7 A RGu iR RIZHRE L7 103 D~ — 0 —
(Table 1) Di&Efs R OHEIZ L D QTL #EEHMENT 21T >7-, (D2] xB6J) F1~ 7
A0 ABR BMEZRIE L7 R, £ OBMEIL 8-7 LU 16-kHz (28T B6J &,

32-kHz |28\ T D2J L L Tw/= (Fig. 3 B LU Table 4), £7-. & LACHMAE
RIZ 3BT 8-36 K UM 16-kHz D ABR BMfEIZ IE R AR 2T < 32-kHZ (2380 T

T RT O E S X OE I A RIE L CUe (Fig. 3), Z DGR 5| D2)
D 8- L 16-kHz (23517 2 FIEMHEIEIL QTL IZ L > TS TEY, &6
12 32-KHZ [T W TIFEMED QTL ORN R S 7z, RIC QTL ESfiEHT 2 5
i U7 fES. D2) OEEEFIEIZIZ 2 E THE STV D K 9125 11 FYAR
o> Fscn22"® g5k [Johnson et al., 2008; Shin et al., 2010] (Z LOD A =217 5.02 35 &
W 8.84 L RWVESIMERN RSB S = (Fig. 4 38 X O Table 5). 16-kHz ORf
TNTENTIE, 55 FHYAR -0 50.3~54.5, 64.6~119.9 35 1 11 119.9~137 Mb
D 3 FEIRICHE A E 7R 2.80~3.91 ® LOD 2 a7 A & (Fig. 4 B &
U* Table 5). &1 & Fr SR 22 BE NN AE 9~ 2 88 QTLS) DAFEAVRIR STz, &
72, 32-kHz OEEIIIZ I TiE Fsen22"® o 2h i3k S 9 (Fig. 5). #AH I 1L
iz TIE Cdh23 iz 2 TEMRI R A H 2 QTL(s) OREMN TSI, Z
WO DN NG, D2) ~ 7 2D RIEMEFEEIL, £ OBURIITE SIAFET 2 A

Fr BB 7L BEIRERE B T~ 2 s 1. B L UL GBI FIZBI1T L Rmikr i
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B ERIC L > THE SN TWA Z LRI,

2. NOD/Shi = U 2R DS RMEEERE OBCER O [FE

NOD ##tiL e b I HPERIFET L~ AL LTHLILTWASD [Rothe et al.,
2001; Ikegami et al., 2003], FFEMEEEHPERIEDOET L TH Y | A% 3 » AT
JEFZITIERIE T2 [Zheng et al., 1999; Johnson and Zheng, 2002], £7-. T D E
T EARAER & L CIE, Cdh233" 3 K OV 5 & YL ek 0D 79.5 Mb D FEI D ahl2
AR T ENHAE STV 5 A [Johnson and Zheng, 2002]. ahl2 & 1{x 1B O A #E
BFOFERITHAS N E 725 TR, KR, AWFFETHEM L7 D2) v~V ADE
{BFRIFEHTIC L > TRE ST 5 5 FYAMR Lo QTLs ® 5 B, —D
DER T ahl2 BIEFEE A — =7 v 7 LT\, ZO7 —Z RO
HERERIEN G 5 FBIRAK LA L2 QTLIC L » THEL SN TS Z & Z2Rg
LTW5, & ZT, ABFETIZ NOD %iff 2 F THERBERE D KRBV 35 L ONE1R
FRIFRHTIC X o C ahl2 SEIR O FEM 72 7 R E & B HOICAFFE & 520 L 7=,
B2, ABFZETIE 4-, 8-, 16-35 L U8 32-kHz 128\ T 25 55D NOD @ ABR [#
EEHEL, ZORENERF Lz, 4-, 8-, 16-B LW 32-kHz 4% 1 4 Ao
NOD D /) % B A D B6J Rt & bhlig L 755, B6J 1% 39.3dB+6.1,18.3dB +

3.7,205dB + 5.8 33 L 11 38.8dB + 10.4 O HE HBIEZ -~ L7-725. NOD /% 95.0
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dB +11.09,93.8dB +11.8,97.6 dB+5.0 ;31 11 99.4 dB + 2.2 L BafE I KME (100
dB) IfETH Y . TRTOFAEEARKICE N URIEEAICHE A KE L Tz
(Fig. 10 B8 X O Table 8), F7=. ZDOFEFRHNG, NOD ~ U AT EE /¥ %2 K
FNCHRIEST D 2 ENHL N E o T,

RIZ., NOD DS RM#EE O B Isfft 2 i3 272, 24 80 (NOD xB6J) F1
fEAF L% D Frio NOD & A&SHE L 72 179 18R D B U ASEL 45 BIEMA (A % RS U 7=,
B 1y HlinD Fr~ 7 ZAORENRE ZAT > T2fi R, Fi~ 7 A1 4-3 LU 8- kHz
2BV T BB L L7BE ) EfE A = L7 A3, 16-kHz 128\ Clid B6J & NOD
DR & AREEDRD HIL, & HIT, 32-kHz (23 TIL NOD & HfLl L 72t /)
MIfEZ ~ L7- (Fig. 13 3 L W' Table 8), F7=. Nofll{k%x HWCHESRIEZIT- 7=
fii e, 4-kHz (IZBW T ARSIV oA, 8-kHz IZB W T E~m L ~L D
ABR BfEIZIE > CTofi R L, 16-KHZ IZB W TR IEFIEAEERNFET D 6 O
7 52.0 YDfERHSEEHEZ FAE L TV, S HIZ, 32-kHz I3 Tl 80.4%
OEAR7Y NOD |2 B ¥ 2 F85E L C U2 (Fig. 14), ZAu b OfEHE22 5, NOD
~ U ZAOHEEIIEIL, BT IR O R E I DD QTL 23 AR 521
(CAFEL, & BIT 16-38 KLU 32-kHz D EEREFEAE IS ITEMERN R 2 &5 QTL 23 5
THZENBRBENTZ, WIT, Ne 2 AW TEYEK I 136 o~ ——

DB FEZ SSLPIEIZ IV HIE L, 13L& A ED No~ 7 A 75 B L HEIE 2 F0E L

82



7 32-kHz #frZ . QTL EHEHMNT 21T o7, T ORER., 4-kHZ [IZBWTH 5,95
F V10 YR, 8-KHZ IZRB W TH 1,5 B L6 FHMAR, X 5HIT 16-kHz 128

WTIEH 1, 5,6 B LU 7 BFYRAMRISHEFANIAEZR LOD 2 a7 23 E H S 7
(Fig. 15, Fig. 16 35 J U* Table 9), ##iZ, 55 5 & YLAlR oD 4.2~35.6 35 L 11 35.6
~64.6 Mb OFEIRIZITT XTI T LOD A 27 3.40, 5.08 33 L 11 4.83
DFNEDFR QTL 2378 B (Fig. 15, Fig. 16 38 X U Table 9), BEFE D ahl2 i&/fx
TVENFAET DREIIC BV TIE, 8-kHz T LOD A= 7 4.03 OENSHRH S
(Fig. 15, Fig. 16 33 X U8 Table 9), L2>L. 4.2~35.6 3 L 1 35.6~64.6 Mb Dk
TIXZENEN5.08 L1483 & L VRO QTL DIF{EZ R~ T 5 LOD A
a7 B ST (Fig. 16 38 KO8 Table 9), NOD o =227 #EBE R JE 1% ahl2 & s+
JEDH O TITFBI T E T, £ OHIERIEDILIKITIE 5 Bl EoEH D
QTL & fthdYtafk FIZAFEAET D QTL DAMAIR TH S Z L R TSI LTz, —
77, D2~ U 2B LU'NOD ~ 7 A DEARIEMTIZ & - TRIE S 75 5 FYL R
- 50.3~64.6 Mb %D QTL (¥4—/ 3 —F » 7 LTk (Fig. 4, Fig, 16, Table
53 KO Table 9), MR#EICHam 4 5 FWEHERIEICE G927 LA FEET D
Z PSR, D2) ORI O v F T VRS EE N B A B O
EO—HMNEEBALTDZENRKRTHD Z ENHEIILTEY [Perrin et al.,

2013], AAMFFET NOD > PN H i A=Hi 5k D JE 8 2 £ A AU E - BRI EE (Scanning
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Electron Microscope: SEM) Z W TEI%S L7-f5 L. NOD O B4 EMikaic
BT DRFE BN DA FEEICHBL L TWD Z EAVREN (Fig. 118 X OVFig. 12).
RN @S 5 QTL DA R T LAV NERE BEBCICEE L T+ aTREME D
Exbhi,
RITRLIEESIZ, Zhbo 2 FIIERERE 2"+ FORFEMEL X
ORRMEDZRFHIEET V& 720 5 DAReMEN b 5, &> T, RIFRITBN
CRE L7l R O #RERIER 5 QTL O F — X (2D & BIE B8 G 73 FE
ENDHIEIE, b FNOBRTZ2EOOICEERIEREMLE 2D, o, W
U ARG B OETE B OB LV HEAFIET L2 L b, K
HEDERS THDHT 7 F 7 47 A2k [Amiel and Karen, 2009] Z1ER & L
T AN OB RN R ORRFEZR E TS L OHIGEEORRBICEIRT 5T
LN E LTARETOH L EEZX DN, FERNICZO L ) R~ U 2T T L OF
ML PSR SN D Z &b iff SN D, SbIT, ITHF, BETBHE
DFEAI DAL R BEREME RS DR BT T2 PRI B IR B IER SN TE D,
M~ ARHBZNDDETNE LTHIHEND Z LT ko> TEMFEET 7
BT LHEIMOEFTE 5, Th i, AUFE T Lo~ 7 2R DRI
AR X OB T — 2 13, I X D e RO QOL ~DEFALZ BN 5

T2 D2 RFTERZFEICB VW TRE K HMTE 2 b D LB LI,
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Summary

Genetic study on polygenic hearing loss used mouse models

Sari Suzuki
Department of Bioproduction, Graduate School of Bioindustry,

Tokyo University of Agriculture

Hearing loss is the most common sensory disease in the human population and
severely affects the quality of life. Although the causes of hearing loss are manifold,
involving both genetic and environmental factors, half of hearing loss cases is
considered to have a genetic origin. Although many mutations in single gene
responsible for hearing loss have been recently identified in humans, the responsible
mutations and genes for hearing loss develop by effects of multi-genes were still
unknown. In the identification of the polygenetic factors associated with acquired
hearing loss, inbred strains of mice offer important advantages as bioresources because
of the controlled handling environment, ability to maintain genetic stability,

well-characterized genetic polymorphisms and hearing abilities among the strains. To
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identify the polygenic factors (Quantitative Trait Loci: QTLS), the author performed
forward genetic studies in two inbred mouse strains, DBA/2J and NOD/Shi, which
develop profound early-onset hearing loss.

The DBA/2J strain is a model for early-onset, progressive hearing loss in
humans, as confirmed in the present study. DBA/2J mice showed hearing loss to
low-frequency sounds from ultrasonic-frequency sounds and profound hearing loss at
all frequencies before 7 months of age. It is known that the early-onset hearing loss of
DBA/2J mice is caused by affects in the ahl (Cdh232") and ahl8 (Fscn22"®) alleles of
the cadherin 23 and fascin 2 genes, respectively. Although the strong contributions of
the Fscn22"® allele were detected in hearing loss at 8- and 16-kHz stimuli with LOD
scores of 5.02 at 8 kHz and 8.84 at 16 kHz, hearing loss effects were also demonstrated
for three new QTLs for the intervals of 50.3-54.5, 64.6-119.9 and 119.9-137.0 Mb,
respectively, on chromosome 5 with the significant LOD scores of 2.80-3.91 for
specific high-frequency hearing loss at 16 kHz by quantitative trait loci linkage
mapping using a (DBA/2J x C57BL/6J) F1 x DBA/2J backcross mice. Moreover, the
author showed that the contribution of Fscn23™ to early-onset hearing loss at 32-kHz
stimuli is extremely low and raised the possibility of effects from the Cdh232" allele

and another dominant quantitative trait locus (loci) for hearing loss at this
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ultrasonic-frequency. Therefore, our results suggested frequency-specific QTLs control
early-onset hearing in DBA/2J mice.

The NOD/Shi mouse congenitally develops profound hearing loss due to
stereocilia defects in the cochlear hair cells. It is known that hearing loss of NOD/Shi
mice is caused by affects in the Cdh233" and ahl2 locus. The ahl2 locus was previously
mapped to chromosome 5 by linkage analysis of (NOD/ShiLtJ x C57BL/6J) x NOD/Shi
LtJ backcross mice. Although the author recently mapped QTLs on chromosome 5,
including the ahl2 locus, using the same genetic cross, the author found susceptible
QTLs in other regions on the mouse chromosome. First, the author assessed the hearing
abilities of (NOD/Shi x C57BL/6J) F1 and [(NOD/Shi x C57BL/6J) F1 x NOD/Shi]
backcross mice by measuring the thresholds of ABR to 4-, 8-, 16-, and 32-kHz stimuli.
Although the ABR thresholds of the F1 mice at 4 weeks of age were more similar to
those of the C57BL/6J mice than to those of the NOD/Shi mice at 4-, 8-, and 16-kHz,
the thresholds for 8- and 16-kHz stimuli were significantly different to those in both
parent strains. By contrast, ABR thresholds of the F1 mice were similar to those of the
NOD/Shi mice at 32-kHz. Moreover, the ABR thresholds of the backcross mice at 4-, 8-,
16- and 32-kHz were 21.8%, 90.1%, 25.7% and 23.5% indicating significant differences

between the C57BL/6J and NOD/Shi mice. These results suggest that hearing loss in the
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NOD/Shi mice is influenced by multiple QTLs that are frequency specific. The author
detected novel QTLs on chromosomes 1, 5, 6, 7, 9 and 10 with the significant LOD
scores of 2.62-2.72 for each frequency by QTL linkage analysis. In particularly, the
author detected QTLs with LOD scores of 2.91-5.08 in 4.2-35.6 and 35.6-64.6 Mb on
chromosome 5 of the NOD mice, which were strongly associated with congenital

hearing loss.
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