FEHES B2 BN TWD,
FTxlTohETaxrF 26 OEMERE
EERLLTHONDS RISW ERZEBEAL
AV z=y rw A (RTSW-Tg)
DAEBFFITCHNE O REE L E WA L
T& T, B~ U ATAEZYEH GO ABR &
fE L5, DP-OAE (EHHEEHUIH) DIHEK,
IF bRV DOERSE MG, EE
fa ORI DI K2 &8 T E THERR
nTnd, L, HERFENZ & FEMIE
DB HBEN A B OEBERER &
{2 DR OB RECTZ BRI IR 72 B I3 A
bRiahotc, ZOZ Enbaxkiy
26-R75W ZRClX, Ex ORI T
1372 < LT B HERR T B 45 00 i
FEE %@%%@%@@@%@&ﬁﬁ:»
FREFEOKREICEERL T D AEELE
bbb,
INETOHRICB N TEH LI
R75W-Tg =7 AD 2 /LFERETDBIT 5 X%
P x T a DR E T LT
&, BE VT EREFEEE (A
EAR, BRI ) KRBV TEREN
R AV E NS/ SV IV = & Gl VS V%
7 va i EOMEEREMEICBET 5H
fafifEa & v b EEMIICTHES LEABOM
Al OFREEICIVEIRE LT 5 AR EIT
6 ARDOEERHLX Yy AT T7—7
IZ LR ERT, LAL RISW-Tg <
U AIIEE~ U A OHIFaH CEBRRICERK

ENTWEXY v TRET 7 — 7 B8 L.

EFELRESERD STV 2R TEZ
ENTRENT, TOZ LT RISW BREE
THREaARFL L 26 ZURIENIR
FUUICEVEBRENDX Y v AT ¥
FNVOEBEBELEF Ry v Py

40

> Bz 48R

7 va VRO RESCEE MRS
EHEXTODAREMETEL TS, 2F
WERE XX 26 XU ENEED
%@&iiﬁé@%&mﬁﬁﬁbfwéﬂ
BEMENE X b D, o TARMIZEIZBWT,
55,% aRrFXv 26 FLoNTEREEIER
LTWHHEFZRIEL, Fr v TPy 7
g OBERER L UMEECIEF MARELSIC
R TR ERE L,

B. W35k

EE~Y AR RISW-Tg ~ T ANHH
HEanFis e AEMARZHER L, T-PER
Tissue Protein Extraction Reagent % FA\ T~
= N A AR IRV ¢ Tia s SAAN
EELEALR Y =2 &7y NAOY
»InE Uiz, SeERERO—HOY 7
JL1X Dynabeads®ProteinG — = 3 % 3/ 2 26 H1
R F 7213, crosslinker reagent BS® {2 TZEABAL
# L 7= Dynabeads®ProteinG — I R ¥ 22 26
PRI TRBEEEZITV, BV OY 7L
i< Dynabeads® M-270 Epoxy— =T RF T/
26 PUR L IR 2 T o Tc, &Y T e
¥y, 5~20%Gradient gel (2 CIkE) LERYA %
Tolc, 2 ba—L LB L CREDE
BRONTA FEGIRE . T AHEE,
BERITZIToTc (a7 —LEN), U
zAZ 7y MRIGT TRV T
VRN, FIE L% 1TV Dynabeads (ZfE &
L2pdo7c BEIE, ARICEE# Lz ikl
[FIERIZ 5~20%Gradient gel (2 TykE L, A >
TVCEE LK, HREIC L AE e
ITWERB LT,

C. HroessR
E#H~<TU AR R75W-Tg NE /L5 2%



& JE FH#A#E % FV T Dynabeads®ProteinG —
TRF T 26 UK L L, R OB
BT TERVER~ U AR RTSW-Tg D
& OIS 20kDa (TR R
(No.1) 2358 b7 v T A — LT OfE
R, axFL 26 THDERES N, £
7o, FERICIEE~ 7 A KN R75W-Tg D
HOMABIZ 75kDa [P IZE NNV R

(No.2) #F80 BT 1T A — LT DR
£ bz U 7IZRIET % Mitochondrial
inner membrane protein (Mitofilin) T 5 &
[FE Sz,

Fe N, FRIC, WE LT85 L BB

%&%&Fﬁu\ﬂrlaynabeady® M-270 Epoxy &'
BS® |2 TLEMEALEE L7~ Dynabeads®ProteinG
—CmsﬁwkﬁﬁWV%ﬁotF% T
DN R ERRD 6N,
Dynabeads®ProteinG Z 8/ L7255 1gG @
heavy chain & light chain /32 K437 2 T
2RI I—JEUDJJJ?«Z’J)mi HZEDVHDL
nEpot,
EE~vT7 AL RISW-Tg =T AL TN D
MENRRONEZAV FEGVEE, nT
= ST AT o TofE R, BNy RiTRE
ETE72no7203, 20kDa fHEICENRD
N7y FIE, 2xF 226 THhD LA
E STz,

i

D. &%

EF~<T7 AL RISW-Tg v~ 7 ADNE=
VT R ABEMEBKEE AW
Dynabeads®ProteinG — = 1 ¥ 22 26 Hifk &
DEIRILEIT L B 7 a7 4 — LENTAE R
5 20kDa 3Tl 2 R % 22 26 REIE Sz

i
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DA aRF T 261%26kDa TH D DT,
FERERMICHEE LT, bLEaxF
26 ORI S UTIRRETIREL
TWAHAREHENRB Z bV, ZORIZEL
TIHINETHRENR W=D, LV
Mg s BT Hh D, F T
Dynabeads®ProteinG — 2 R % 22 26 FLik &
BB LD T 0T 4 — LENTFERD D
75kDa ff¥T{Z Mitochondrial inner membrane
protein (Mitofilin) 23 [ & 4172, Mitofilin (X
AR TCRET DEERR D Z
NRIBET, BRaBREUVRNIBLEFEE LEE
EEERL, I b R T TfTbilsd =
RN F —EEAERRBIEUS & HIEITIT O DI
RPERVEFTHD, RFERRLD .
ik = % % 20 26 13 Mitofilin & OFEA A3
FEINTWAAREENRTREB I, KKDI
Far R 7THEICEREZELZ TSI L
NEZ 5N 5, 7, Dynabeads® M-270
Epoxy K O BS® IC THEBAE L 7=
Dynabeads@ProteinG —Cx26 il % A 7254
BETEE DORER L 0 BS’ 12 TR L ¥
FERF RV TED L VHALNE RS
7

ﬁ:‘:éA\
Kﬂ Tl Cx26 DERBIRERISIZ L - T,
Cx26 R75W-Tg <~ U AR T 5 E% Gap
Junction BBAEDIER Y /7 B & B L |
EE~TALORLNRHESFOZ 8
JEEREL,



Cytoplasm Membrane Cx264P Cx264P{C) Cx264P
1 LI )
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—
4T Cx26 RELERMICKI>TES
= “ =i N Gap Junction Plaque 5>
- . | JWEESEOTOTA LR
‘ b4 ==
W 3 TR, TRRED, IRFBED/NY R
| L DROUSNESRRCROER
T SRRL L il BDYINDBNRBESNIE,
Coshlear ¢ ooni Cx2B-1P Cx26-IP
;‘};ss:t'ep I ysat:ar Expoxy xBS3
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BEMEHIET T VEW O 5 TR REENT 4
Connexin26 BEHEEEER NS v AV 2= v 7w T ADOMWET 07— LfETIC L D
I VFERE K OB SMIBERE R & X7 B DEAE

WREE

EEPEEEREIT 2000 HAEIZ— N EBHEEICRE L, FTEZORRBRTFOZBHEHINT
Wh, TOFRTHaARFT L 26 %2— RT3 G2 EEFIIHR TR LREHAEDOEVE
EHEREOBERELG T & LTHLN TN D, FICB O Taxx vy 26 XT3 /VF2REI0
St UEIER O TE Yy vy V%7 a B L. WU VB AR OO DM
JafA A Bk OZEIZHE S LB D TWVWD,

BAxINETaxF 20 0EHAELRL LTHONDORTSWEREZEALZ T
AVxz=y 7w A (RISW-Tg) OAEBZHBITSCRNEOREBEILEHRE L TE 7, F=
U A TSI 5 O ABR BIfE LH-. DP-OAE (EETEKE) OHEE, aLF Frxib
DOIERLF BHIL, R OHIERROE LR EN N E THRINL TS, LarL,
BIRR - & B B OFESCHBSNE BMEOESKER &, #4 OfianiE R g
ICHELRBREEIIR OGN o7, ZOZENBaIRF T 26-RTSW BETIE, Bx O
HERETZ T TId7e < v F 28T 2 SO MRS, MIEE-CRRBEE D BE
DAV FIREROBEBIZEE L WA AEEDLB 2 DD,

ARFFETIIEE~ T A, RISW-Tg w7 AR LN Cx26 27 4 ¥ 3 /L KO <= 7 AH K
FanFBIUOIMUBES VR EO ZRITBKIKENC L 5 7 07 4 — LAEFTEZITV,
R7SW-Tg <~V A . Cx26 2T 4 a TNV KOV ABINER~ Y ADOM TRARICED
BHOLENRTEEBTL, BESGWICEIV Z I EEFE LT,

A. HIERER BEEORWEGEHEEEROFREERSF L LT
BEMEERIT 2000 HAEIK—AELEHEE MO TWVD, BFIZBNTaxF 26
ICRAEL, IEFEZOREELGRTDOE L B3 fE o VFEREIRS T B U HE R FOMRT
HENTW3, ZOFRTHaxdr260% Xy o7 Vv 7iarzEmL, RY Y
a— N9 3 Gjb2 BEFIFERTRLREE  SEAEZEROZDOMIEHA 4 o EE0%
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EHEHI EEZZLNLTVD,

FrlxzonEgTaxxirs 26 OEMERE
EERLLTHLND RISW ERZEAL
R FZv AV =y 7w A (RTSW-Tg)
DOAEBZRITCHNEORRELEZRE L
T& T, A~ U RTEBRLIHH 6 D ABR
fE L5, DP-OAE (FEEFEHI) DL,
VT bRV OERRE BHIE, EH
fa OB OEEZR B8 T E TR S
NTW5, Lo, BERENT EFEME
DI REC BB A BAIfa O EEIERE 2 &
1Bl % OFIE OBEEECTRBICIRE 7 B F 1T R
biehol, O EMhbarFy s
26-R75W ZEETix, Ex OMaiaeZ ) T
1372 < AVFER BT D MR O M
FEA . MRS E DR E R 2L
FERREEOHREICEEL TV D REELE
Zbhd,

INETOHREIIBWTHR |
R75W-Tg v‘?zm:/vﬁ‘a%ﬂnﬂ}o Téf’v’v
I T a DR LB T LT
&7, BEaNTFRABEZREME (W
M, BERMERLE) BV TE/REN
AHX TV a s EA U
7 va g EOMBREMEICRIET 5
fafifE e £ v b EEMCCHES LEBOHM
Jal OFEEICIVERE L S AFERIT
6 AIOERNHRT Y v THEeETT—7
WL DREEHRNERT, LML RISW-Tg~
U AXIEHE < U A OMIAE CEBRBICERK
ENTWEX Y v THEETT—7 01345
EHERESERDITSTI—TBFHRTHZ
EWTRENT, DT LIXRTSW EREE
THREaARXT L 26 ZURTEN IR
FUUILEVBRINAT Y v TREET Y
FINOEBEHELEERF Yy v Vv

THCL .
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7 v a VESRRO A E SRR MRS A
EHEZTODAEEEEEZTREL TS, o
TAFICBWT, EFE~ 7 A& RTSW-Tg
vvx@m¢mﬁw18@i5&&yﬂa
BILENR LN D0 IR TEKIKEN
7u%ﬁ~A%ﬁ%ﬁwTﬁ%%&%ﬁ%
1To7z,

B. #Fsiik

EFH~T7 AR RTSW-Tg <7 AN HN
HanFas b FAFEREZERL 77 oMk
fik L OVE Rk Z FR%E L7z, T-PER Tissue
Protein Extraction Reagent Z i\ T’ h =2
—VAZTEWE R BRI 21TV, ENE
L 9-18% T 27 UNT I REEAESVE
AWTHEERERIKBIZITo T2, £DE,
SYPRO Ruby %8 Kk OMRYL % 4T > 72, 1E
< AR RISW-Tg = 7 A & TENH
DoONTEARy Mt ikE, FUEEE,
BEMNTEIToTe (a7 3 — LT,

C. WHERER

EF~7 AR RTSW-Tg ~ 7 X D4
IZBWT T u T 4 — LRI 24T - TR .
%éﬁw’m<0#%ﬁ%%héxfyb

SR LN (RTHAERAR Y MEFE<
fo%ﬁ&ot%wofﬁka$yF;
R75W-Tg ¥ VA TERHSTZARY ),
—EDT 0T A — MRS, BROENR
LN ARy b, 8 HZRBRL., ZEOMRF
Hr&a4T o 72, —[E B OSSR L D | cochlin
precursor, ADP-ribosylation factor-like protein
15. Guanine nucleotide-binding protein subunit
alpha-11, GNAL1I,
MYL2, MLC2 .
TOADG64, Ulip2. Cytocrome ¢ oxidase subunit

Creatine kinase M-type,
Myosin light chain 1/3



6B1, COX6B1, COXG6B .
ENO2, NSE(enolase neuron specific). Glial
fibrillary acidic protein isoform 2, LA_E®D 10
B & R_R7ERFEFESN, £, ZH
HOfATFER LY Chain A, S642a:isocitrate
Complex Of Aconitase, cochlin precursor,

NADH

dehydrogenase [ubiquinone] iron-sulfur protein

Gamma-enolase,

H(+)-transporting ATP synthetase .

8, mitochondrial,
chain 1£/3f, LA LD 5{ED X L7 ERFEE
iz,

Myll protein, myosin light

D. &%

EFE~< T AKRD RTSW-Tg <~ 7 A D4
BT TaT A — AEERED ., W@
M THEROEHFET L RNIVETHD
cochlin precursor , F7ZAEEUBICFHEL L, M
AN D ATP LRV OREICE ST 5
Creatine kinase M-type , gD I A
ATPase DIETEICEE L S TWVW5D MYL2,
MLC2 | H(+)-transporting ATP synthetase %%
FE SN, ZILHDORERE Y R7SW-Tg <
7 ADAITEBNT, RFE IR F 026 B
B F T XA RN O — RV X —
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ARRICEELY 5 2 BEOMIZANEERED B
ETCWHHBENREZOND, £7., 15
Sa—r U IZREL, T Y UREORERIC
HHTLHET D TOAD64, Ulip2 MRIE S 7z,
TOADG64 X dihydropyrimidinase-like protein 2
ELTHLNTED, BLoWIT L ki
LB AEENINE Lz~ 7 RIZBWT
WD THREANFDTH LN TNEHH N
VETHD, FEFHERLY . RISW-Tg <
2B S SR - I S S I AT
dihydropyrimidinase-like protein 2 (TOAD64)
DHEBBPFHD L TNDZERPALNE RS
2o - T, RISW-Tg ¥ 7 A TIIRE 2%
XL 26 BMULOBEAEREICEE TS 2
NIEORBUCHEEE KT L, HRIC
HHER S SR L TnE EEXLNRD,
E. i
Cx26 R75W-Tgw U A, Cx26I VT 4 ¥
a FAKOYT U ABLOER~ U Aif4E
FFE D R ITEKIKENC L 5w T A —
LDRRETEATV, T O CHRIREIZE
DDLU NTEERBTL, BEEOHIC
K& R EERELE,



IRASMAEERS X N VFERERZ XV DT v T A — DT

ZWTESIKE SYPRO Ruby %4

TW-WT

30

35

(kDa)

150

50

-
15 -
‘ O pr T e
10 - o 2

10(p)

R B e . B
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7R R75WTg ICBNTHRIEMMER L TNB AR
B R75WTg CRNWTRIREMER L TNDRRY +

B KOBKURTSWTg DEBSEHIRN LR LT
NBRRwY ~

KO BRURTEWTg DEBSERIRMERLT
NBRARwY ~

CNSDAMNY FEEEDTEBIC TR URES
YINDEDBESNIC,



NE~OBMABHEERL L OB FEAEORRE 4
Connexin26 KB~ 7 AW ~D 7 A )L AT 72—k B8 6 FIEEEOWKE

HrEs

S RMEBERIL 1 0 0 0 HIZEIC— A & BB ICRA L7 OREITEENETHD B D
NTNB, TRFLL26% a— K4 56ib2E T RGO T T b B I AT
BREMERE R G T & LTa BT\ S, AR TG O BERE T & B 1
L LGhoET A RBAATE T F I BT A L2 (AAV) ZAERR Uiz, WA AR Z
—DGCib2) 9 VT T R T A~DEAERE L, ZHUT LD R OB Gb2

BEFNRa— RTHaRF 65 RKEIED T LTI LT,

A. WEER

HAE1000AIZ1T ADEIAETEEN
TL ZEEHIEITO S b7 & ¥
BETFOBESIZED EHEISLTWS, Z
OHTH GJB2 BERIZ X DBV &
LEERENZ ERMONTWAR, BIE
BRARZ2IERITIV, GIB2 BIEFILF Y v
FY¥ v aEATHS Connexin 2 6
(Cx26) #a— RTHEETTHDH, fMia
MOREHERXD 1 OTHEFX Y v Vv
73 a VIENERECIEEIC TR
FELTEY, KBV UL A7 8RS
TYHExAHICHREEOBEZ S¥ T, A
VU DOAY) U LAFT A 7052,
aNF Y UROBRICEEE LTINS &S
., BEAHICARARIRTH D, Fi-, BiatE
FEET I~ T ABMEDILD Z &R
DN, LTz~ U A TIRIER NI RS
FHlICBoTFEATELREIIR Y, —
7. GIB2 B TFEREET L~ U ADRKRFHT
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L0 HAESOEE I NV FERORENEE X
NTNBZ ERNfoTz, &2 THhaidEls
HEEREET LV CTHD G2 2T 4 aF
NIy T T RITRAERANTERERED
ANTFEREBECFIRE CEEIESD% H
BIZ~ U AR SIRARI ~D 7 A VAR
Z—Z X ABBEFEALRAT,

B. WFEFE
NE~OBETFEADFEE L Cii4aE
WNLEBT CoRE, EMRENLOERE
LIPENSORERH B, EHRENLD
BB E AR MR DS ETRE L7
Molr, TANART Z—ITF ) 7 A1
ARG F— (AdV) LT 5 FEEET A LA
Ry Z— (AAV) ZRWz, £7=, BE5H]
BACHEERNER RS 21TV, BN 2 R LTz,

C. HERER
BERICUFEETHETD Gb2 /v 7




T b RERAOEELORBRETIE, B
EOHE & RERITH Y o REEA~DE AT
IVF RN Y VPEADFEFILHA LT,
WU S E~DBRE TIIEEHE LD,
Bxix~v U R Gb2 BETEERAALTE
AAV ZHERRL L. Gib2 / v 7 T 7 h<TAD
WA E A LT, BURSEI A & VERL L s G
BIZTRFT L2 E ZALRARBZGE BEA
BRI Cx26 DFEBREZRDT, g e LT
JE—HEALTWRW Gb2 /v 7T D
b~ 2ERAWEL OB EZRD -
7

D. &%
BAITIEMARRET AAV 2 HABEHZD
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v ACEETH I LI VOB KR
HFXFFHRICBEFAEANT LI L %
e L7z (T iizuka et al. 2008), 4% Z D
AFET Gib2 7 v 777 b~ R Gjb2
BT EMAAAT AAV OEANE{T-T
WS FETH D,

E. &

ARWTSE TITBICEEERE O VREIEREL & B
B & LGb2EB BT EMAIAATEAAV & 1E
WL, RTANART ZB—%Gjb2) v 7
TURTUANDEANEZRE L, ZHUT X
D [E~ U 2 DHAFHBENIZGb2BIRF 53 =
— RFTBaRxF U268 HERITH LI
B Lz,



NE~DEBHBEER L O8I FEAEDRYE 5
Connexin26 KB~ U ZMBAAEREA~D ¥ A VAR & — % VT BIE T IRRIEOMRE

MEEE

SER MR E R R I3 D VeI ORI PR B IS b EE 204 D BEDED TR &2
moENnTnWb, TE, NE~OBELEFEAIELTEZL O®WENE D, T IIBEETCEH
%@%ﬁ%ﬁ%kLTWEA@ﬁﬁ%EAK%Téﬁ%%ﬁoT%TRD\:@ﬁ%%%

12 7 RAFIEEEA~D T AN AR B —C L HBIETFEANETRLT,

A, WERB

T, NEOBEBETIRRYBE LTE
BREMNE~OBETEANEORTHILIAT
IV H L BEEINTHAD, RiEEEL
ZBH & L= NEREETIRRIEORETHIER
Wi, BaIXZAVE CEREDIRE A B
B L THE~DOEETFEANIET 55
EIToTETRY, EXRF~DELTE
ACESRZYTTE, RFETIIZ0E
W — & 2K~ U AFIERE~DO T AL
ARG B =L L HBEFEAZRALT,

B. BrgEHE
AIE~NDOEETEAZBENE LT, 77
JUANVARY Z— (AdV) LT T/ BEfE
TANANRY Z— (AAV) %, M 7 A
BERAW, EHELEHEZBUTAEEZ2
BOEAER <7 ANEIZEALE, AdV B
LY AAV (TR Z /87 B (GFP) D&
ErERAAENZLOEFER L, R
HEEE & PHESRE~ DB AT 5729,
FEMERNER RS (ABR) ENTURT A N E
AT L O 2 BRI TIT > 72, EDOHN
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B L., B 2ER L, RERa
ZHAT L TEABBTFORBRLBEL,

C. WroEkER

WINOBEICBW T, BRI LUl
FEIZEW T, AEMIEE X ORIES R
f~D GFP OFHZRD bz, 72 AAV
FEABRICBW T, MRS & GFP D%
BNRZEH TN, AdV EAFEIZIBWT
XA BN -T2, ABR BIEDHER TIL,
IEMZEREIZAIV ZEA LB CRE O
HEEEAIA NN, FHEERAI
AAV ZEA LB TR BEEOE LN A
biviehol, #ith 2BEONT AT A
MZBWT, WTFROBETHLEFIIA LR
2o Tz,

D. &£

SEIOER TITERERH T AAV ZHEA
THHEN, BETHrOEATHD LR
AR ENT, BIEFEATREIT 5720,
BFIE BT X —IC L BENHRE TR
THMNERDD EZZ N5, ZOREFEE




DEIFE~OEIZTEAREIL, 4% hOF
58 D VA D BN 8 2 FTHENEDS & 5.

HHE R TAAVOREIEIC XV, BT FIREHZH AAVEN
DIE T 2L TICATEDA B/, 3F£F
HERE, BRAETIR~DOBETZEAITKEI L,
BRI DR R A E RIS FIE R E D B
BINT,

o ABR

HIREATH AAVEA |

IO IS S S N
; ; ; ; AAV IC & BHAREEBRIEFEAROMEER

0 ISSSSRRO USRI SRS NOSSS O S<OBEEME (KH). 2 (BRD)., BIURE
g ; ; g BN DBETHAICHD LI,

EHIRE AAV BEICKDELFEARD ABR BEDOZE
1t

AAV BSICEDBHDETERONTAAV DREHRE
BSEOZEMDERSINTC.
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Kazusaku Kamiya (corresponding|Assembly of the cochlear
Journal of 124(4) 1598-1607 2014
author), Sabrina W. Yum, Nagomi |gap junction
. . Clinical Investigation
Kurebayashi, Miho Muraki, Kana |macromolecular
Ogawa, Keiko Karasawa, Asuka |complex requires
Miwa, Xueshui Guo, Satoru Connexin26
Gotoh, Yoshinobu Sugitani,
Hitomi Yamanaka, Shioko
Tto-Kawashima, Takashi Iizuka,
Takashi Sakurai, Tetsuo Noda,
Osamu Minowa, Katsuhisa Tkeda
IAyako Inoshita, Keiko Karasawa, [Dominant negative
BMC genetics 15(1) 1-8 2014
Megumi Funakubo, Asuka Miwa, |connexin26 mutation
Katsuhisa Tkeda, R75W causing severe
Kazusaku Kamiya (corresponding fhearing loss influences
author) normal programmed cel]
death in postnatal organ
of Corti
Nomura N, Kamiya K, Tkeda K, [Treatment with Biochem Biophys
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mutated Bsnd in mice.
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P LT BRI 5 (Folia Farmacol. Jpn.)
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% Cell therapy for
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Hiroko Okada, Takashi Tizuka, Gene transfer targeting | Otology & 33 655-659 2012
Hideki Mochizuki, Tomoko Nihira, |mouse vestibule using Neurotology,
Kazusaku Kamiya, Ayako Inoshita, adenovirus and
Hiromi Kasagi, Misato Kasai, adeno-associated virus
Katsuhisa Tkeda vectors
s FE St A | g okEk 69(12)  [2215-2219 2011
N R BN .
R e Ktk - SHIRLIAE

Hffaragik oz

Inner ear cell therapy
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deafness with

multipotent stem cells
Hayashi C, Funayama M, Li Y, Prevalence of GJB2 Int J Pediatr 75(2) 211-4 2011
Kamiya K, Kawano A, Suzuki M, causing recessive Otorhinolaryngol.
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XM, Liu XZ. localization of Myo7a,
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[Ush1c knockout mice.
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Mizutari K, Fujii M, Matsunaga T. (C/EBP homologous protein
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Minekawa A, Abe T, Inoshita A, Cochlear outer hair cells Neuroscience 164 1312-9 2009
Tizuka T, in a dominant-negative
Kakehata S, Narui Y, Koike T, connexin26 mutant mouse
Kamiya K, preserve non-linear
Okamura H.-O, capacitance in spite of
Shinkawa H, impaired distortion
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Okamura H.-O, of the organ of corti in
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Assembly of the cochlear gap junction
macromolecular complex requires connexin 26
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Hereditary deafness affects approximately 1 in 2,000 children. Mutations in the gene encoding the cochlear gap
junction protein connexin 26 (CX26) cause prelingual, nonsyndromic deafness and are responsible for as many
as 50% of hereditary deafness cases in certain populations. Connexin-associated deafness is thought to be the
result of defective development of auditory sensory epithelium due to connexion dysfunction. Surprisingly,
CX26 deficiency is not compensated for by the closely related connexin CX30, which is abundantly expressed in
the same cochlear cells. Here, using two mouse models of CX26-associated deafness, we demonstrate that dis-
ruption of the CX26-dependent gap junction plaque (GJP) is the earliest observable change during embryonic
development of mice with connexin-associated deafness. Loss of CX26 resulted in a drastic reduction in the
GJP area and protein level and was associated with excessive endocytosis with increased expression of caveolin
1 and caveolin 2. Furthermore, expression of deafness-associated CX26 and CX30 in cell culture resulted in
visible disruption of GJPs and loss of function. Our results demonstrate that deafness-associated mutations
in CX26 induce the macromolecular degradation of large gap junction complexes accompanied by an increase
in caveolar structures.

Introduction

Hearing loss is the most common congenital sensory deficit (1, 2).
Approximately 1 child in 1,000 is affected at birth or during early
childhood by severe hearing loss, which is defined as prelingual deaf-
ness (3, 4), with about half of the cases attributable to genetic causes
(5). Among the more than 100 known forms of nonsyndromic deaf-
ness with identified genetic loci, by far the most common and best
characterized is the one associated with G/B2 (OMIM 121011), the
gene encoding the connexin 26 (CX26) protein (6). This gap junc-
tion protein, which assembles to form channels between cells in the
cochlear supporting cells, allows the rapid removal of K* away from
the base of hair cells, resulting in the recycling of this ion back to
the endolymph to maintain cochlear homeostasis (7). CX26 and
CX30 are the two most abundantly expressed gap junction proteins
in the cochlea (8) and form heteromeric and heterotypic channels
in most of the cochlear gap junction plaques (GJPs) (9) as well as
in in vitro experiments (10). In addition to their effects on K*, gap
junction proteins mediate the movement of Ca?* and anions via
inositol 1,4,5-trisphosphate, as well as the cell-signaling, nutrient,

and energy molecules ATP and cAMP (11).

Connexins are assembled into hexameric connexons in the endoplas-
mic reticulum and are trafficked to the plasma membrane. Hemichan-
nels dock head to head with partner hexameric channels positioned
on neighboring cells (12). The resulting GJP may vary from 100 nm
to several micrometers in diameter and can contain up to 10,000 con-
nexons. Newly synthesized gap junctions always merge into the out-
side of existing GJPs, and the older gap junctions in the central area of
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the plaques are internalized in approximately 1 to S hours (13). Dif-
ferent types of connexin channels segregate into the different plaques
forming both hetero- and homoconnexons (14). This dynamic process
regulates gap junction assembly and disassembly in living cells.

In this study, we demonstrate that a mutation in CX26 induces
the macromolecular degradation of large gap junction complexes
accompanied by an increase in caveolar structures and that the
assembly of this macromolecular complex requires CX26.

Results
In this study, we performed a detailed compositional analysis of
cochlear GJPs using models of two major types of CX26-related
hearing loss. The first model consists of a mouse that expresses
human CX26 with the R75W dominant-negative mutation
(CX26775%+; refs. 15-17 and Supplemental Figure 1, A and B; sup-
plemental material available online with this article; doi:10.1172/
JC167621DS1). The other is a newly developed conditional
Cx26-deficient mouse (Cx267f P0-Cre) with localized gene deletion
in the inner ear under the control of the protein 0 (P0) promoter
(ref. 18 and Supplemental Figure 1C). To confirm the expression
pattern of PO in the inner ear lineage, PO-Cre mice were crossed
with R26RSFP reporter mice, which contain GFP knocked into the
ROSA261ocus, allowing for the activation of GFP using Cre recom-
binase, and GFP signals were observed at the otocyst (Supplemen-
tal Figure 2). Cx267f P0-Cre mice had severe sensorineural hearing
loss (Supplemental Figure 1D), although no abnormalities were
observed in other organs (data not shown). Furthermore, these
mice displayed an impaired ability to propagate Ca?* oscillations
from cell to cell at PS (Supplemental Figure 3), which is proba-
bly related to an impaired function of gap junctions (19, 20) and
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Drastic disruption of cochlear GJPs in two models of CX26-associated deafness. (A) Schematic illustration of cochlear ISCs. (B and C) CX26
distribution (in red) in ISCs (boxed region in A) in P12 cochlear cryosections from CX26A75W+ mice show fragmented GJPs (C, small arrows) in
contrast to GJPs in control mice (B). (D and E) Double staining of CX26 and CX30 in whole-mount cochlear tissue at 3 weeks showing that these
GJPs are composed of both connexins in control (D) and CX26R75W+ (E) mice. (F-H) GJP formation in 8-week-old adult cochleae from a CX26R75W+
mouse (G), a non-Tg littermate control (F), and a Cx26" PO-Cre mouse (H). The partial EGFP signals in G indicate that it is a transgenic animal.
(I-K) Image of each boxed region in F—H, respectively. Inset in K shows the GJPs in a Cx26" littermate control mouse. (L-N) Three-dimensional
images reconstructed from the images in I-K, respectively. (O) Lengths of the largest GJPs (brackets in I-K) along a single cell border (mean + SE,
n = 25 for all four groups). ***P = 4.7 x 10-'* and 1.2 x 10-¢ for CX26f75%+ and Cx26" PO-Cre cochleae, respectively, relative to controls (Student’s
t test). (P-R) At E17.5, CXx26R75W+ |SCs showed a number of S-GJPs (Q, arrows), including some L-GJPs (Q, arrowheads), as observed in the
non-Tg control ISCs (P). Cx26" P0-Cre ISCs (R) showed totally disrupted GJPs, although the control ISCs (Cx26, inset in R) showed L-GJPs.
Nuclei were counterstained with DAPI (blue). Scale bars: 10 um.

which occurs before the onset of hearing. We note that although ~ WT adult mouse cochleae showed large, planar GJPs (L-G]JPs; Fig-
the propagation range was affected, the frequency of the Ca?* oscil-  ure 1I) at the cell border that formed orderly pentagonal or hex-
lations did not change significantly (Supplemental Figure 3 and  agonal outlines around normal ISCs (Figure 1, B, D, F, I, and L).
Supplemental Videos 4-7). In contrast, cochleae from CX26r7%* (Figure 1, C, E, G, J, M, and

In a detailed analysis with a three-dimensional graphic construc- ~ Supplemental Video 1) and Cx267/P0-Cre (Figure 1, H, K, and N)
tion of the GJP structure in the inner sulcus cells (ISCs; Figure 1A),  mice showed drastically fragmented, small vesicle-like GJPs (S-GJPs;
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Changes in gap junction proteins in 8-week-old CX26-mutant mice. (A and B) Immunoblot analysis showed decreased protein expression not
only for CX26, but also for CX30 in both CX26R75W+ (A) and Cx26 PO-Cre (B) mice. CX43 expression in the different cochlear cells was analyzed
as a control. (C and D) CX26 and CX30 protein levels were normalized to the corresponding B-actin levels and were expressed relative to the
amount present in each litermate control. Values represent the mean + SEM (error bars; n =5). P=7.0 x 108 and 1.4 x 10-5 for CX26 and CX30,
respectively, in CX26R75W+ mice; P = 5.6 x 10~ and 8.7 x 106 for CX26 and CX30, respectively, in Cx26"" PO-Cre mice. ***P < 0.001.

Figure 1, ], K, M, and N), resulting in an extremely diminished total
plaque area as compared with that seen in control mice. In addition,
the significant reduction in the protein levels of not only CX26 but
also CX30 (Figure 2) suggested that the macromolecular complex
had been degraded. The drastically dispersed plaques were observed
from E17.5 (Figure 1, P-R). At the initial stage of cochlear GJP for-
mation on E14.5, we observed that GJP disruption was already pres-
ent. Two CX26-mutant mice did not show GJPs at many of the cell
borders, although a part of the cells showed significantly shorter
GJPs compared with the those of controls (Supplemental Figure
4). Since drastic GJP disruptions were observed even at E17.5 and
the initial GJP formations were also abnormal at E14.5, which is the
earliest histological change in this disease yet reported, we believe
that this may be an initial phenotypic change that is followed by
physiological disorder in the inner ear. As some undisrupted L-GJPs
(Figure 1Q, arrowheads) were still present among the S-GJPs (Figure
1Q, arrows) in CX26%5W* mice at E17.5, GJP disruption was thought
to begin during embryonic development.

Since CX26 immunolabeling was rarely detected even in Cx267f
PO-Cre mouse cochlea, the numbers of CX26-positive ISCs in 5
mice were counted at the middle turn of the cochlea. Approxi-
mately 1.6% (1.6 + 0.3%, 7 = 5) of ISCs in Cx26/f P0-Cre mice showed
CX26 expression (Figure 3A, arrows), in contrast to 100% (100 = 0%,
n=15) in their littermate controls (Cx267+/1o, referred to herein as
Cx26/). These CX26-positive cells in Cx267f P0-Cre mice may have
invaded the cochlea from other tissues such as bone marrow and
thus did not undergo Cre recombinase regulation (21). This cel-
lular mosaicism enabled us to analyze differences in the cochlear
GJPs formed by adjacent cells with and without the expression of
CX26 and, critically, revealed the CX26-dependent differences in
the formation of the two GJP types (L-GJP and S-GJP). Cochlear
G]JPs with both CX26 and CX30 formed L-GJPs, as compared with
the S-GJPs that formed without CX26 (Figure 3, A-E, Supplemen-
tal Figure 5, E and F, and Supplemental Videos 2 and 3). Even in
a single cell, the GJP type at each junctional side varied depending
on the connexin expression in the adjacent cells (Figure 3D, arrow-
heads). The cells were classified as either CX26-positive cells (CX26
in Figure 3, B and C), which expressed CX26 in at least one GJP at
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the lateral cell junction site, or CX26-negative cells (KO in Figure 3,
B and C). Based on this finding, we categorized the resulting GJPs
as one of four types (Figure 3, F-I). It is notable that even though
a cell expressed CX26, this protein was not able to assemble into a
GJP when the adjacent cell did not also express CX26 (Figure 3H).

These GJP disruptions in the cochlea were also produced by
human cDNA clones in HeLa cells (22, 23) that stably expressed
mutant CX26 together with CX30 (Figure 4, A-E). Interestingly,
these cell lines clearly showed functional differences in neuro-
biotin (NB) transfer analysis (Figure 4,1, J, O, and P) depending
on the level of GJP disruption (Figure 4, F, G, L, and M), even
when mutations at the same amino acid in CX26 were used (i.e.,
R75W and R75Q, which also cause hereditary deafness; ref. 24).
The cells with smaller GJPs had less extensive NB dye transfer as
compared with cells with larger GJPs (Figure 4, H-Q). To investi-
gate whether supplementation with WT CX26 can rescue the GJP
size in the two mutant mouse strains, we performed an overex-
pression experiment with adeno-associated virus (AAV) carrying
WT CX26 tagged with FLAG in cochlear organ cultures from
CX26%75W* mice and Cx26/fP0-Cre mice (Supplemental Figure 6).
In this context, CX26-FLAG formed mainly small (0.93 £ 0.14 wm)
vesicle-like GJPs in CX268W* mouse cochleae, although it formed
relatively large (3.7 = 0.7 um) GJPs in cochleae from Cx26/fP0-Cre
mice. Considering the original GJP size for the adult CX26-mutant
mice shown in Figure 10 (~1 um for both CX26-mutant mice and
~6 um for the control littermate), the GJP size of Cx26/ PO-Cre
ISCs may be rescued by supplementation with WT CX26, while
some mutants such as CX26R75W* may not be rescued due to
their dominant-negative effects. These results corresponded with
the functional changes analyzed by fluorescence recovery after
photobleaching (FRAP) or dye transfer analysis in HeLa cells in
our previous reports (22, 23).

After extensive protein analysis with mutant cochleae (Supple-
mental Figure 7 and data not shown), we found that caveolin 1
(CAV1) and caveolin 2 (CAV2), components of the caveolae (which
form during endocytosis), were molecules that were altered in
the pathology. Interestingly, we observed a drastic isoform shift
in CAV1 from CAVl1a to CAV1f, which lacks the N-terminal
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Figure 3

Cellular mosaicism in Cx26"f
P0-Cre mice revealed the
CX26-dependent differences in
the formation of L-GJPs versus
S-GJPs shown in Figure 1. (A)
About 1.6 % of the ISCs showed
CX26 expression on at least one
lateral side (arrows and insets,
which are from the boxed region),
and these cells showed par-
tial cellular mosaicism in adult
Cx26" P0O-Cre mice. Confocal and
three-dimensional images (large
inset in A) revealed that each lat-
eral side of the cell junctions could
be clearly distinguished as L-GJPs
with CX26 (red) and CX30 (green)
or as fragmented S-GJPs with
CX30 alone at 3 weeks (A-D) and
8 weeks (E). (F-1) Schematic dia-
grams of the rules used to organize
the L- and S-GJPs. Nuclei were
counterstained with DAPI (blue).
Scale bars: 5 um (A—C) and 10 um
(D and E).

I%inant-negative

hydrophilic region of CAV1a in CX26875W* cochleae, and found
significantly increased expression of CAV1p and CAV2 in both
CX26R75W+ and Cx26/fPO-Cre cochleae (Figure 5, A-D). CAV1 and
CAV2 showed excessive accumulation (Figure 5, E-K) in 3-week-
old CX26%75W* cochleae. These cells that accumulated CAV1

or CAV2 were occasionally observed at the inter-GJP space or
on the surface of the GJPs (Figure 5, G, H, J, and K) in 3-week-
old CX26R7%* cochleae, although no accumulated signals were
observed in the control mice (Figure S, E and I). We quantified the
number of ISCs that had accumulated CAV1 and CAV2 in both
CX26 mutants. There was no difference in their distribution pat-
tern or in the number of positive cells (P = 0.16) with respect to
CAV1 (7.3 +1.3%) and CAV2 (5.6 + 0.9%) accumulation (Figure SL).
In the overexpression of CAV1p with WT CX26, CX26R75W, and
CX30in HEK293 cells, we observed that numerous GJPs at the cell
borders and the connexin vesicles were accompanied by accumu-
lated CAV18, although WT CX26 with CAV1f did not show such
a distribution pattern (Supplemental Figure 8). We also observed
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numerous CAV1- and CAV2-positive vesicles at the S-GJPs in the
two mutant mice in the adult stage as compared with those seen at
the L-GJPs in the control mice (Figure 5, M and N). These changes
were associated with an increase in the caveolar structures (Figure
6, B and E-K) that are indicative of endocytosis, which leads to
membrane retrieval and, perhaps, abnormal GJP formation.
Based on electron microscopic analysis of the ISCs, we observed
that both CX26R*75%* and Cx26/fPO-Cre mice also formed gap junc-
tions, although there were a number of discontinuous gap junc-
tions (Figure 6, B, D, and K) with excessive endocytosis (Figure 6,
B, E, F, and G-K) or abnormally condensed intermembrane layers
(Figure 6, E and F) around the gap junctions in Cx267fP0-Cre mice.
In contrast with their littermate controls (Figure 6, A and C), sig-
nificantly larger numbers of caveolae and vesicles were detected at
cell borders in both CX26%5%* mice and Cx26/f PO-Cre mice (Fig-
ure 6L). The distributions and the number of caveolae were nearly
identical between both types of mutant mice and were consistent
with the immunolabeling for CAV1 and CAV2 around GJPs (Fig-
Volume 124 Number 4

April 2014 1601

58



Downloaded on April 16, 2014. The Journal of Clinical Investigation. More information at www.jci.org/articles/view/67621

CX30/CX26 . *hk
CX26 CX30 Merge heteromeric CX30

= o

CX26

E
=
<)
=
2
o
=
G}

CX30

?( 30000
5 25000
2 20000
g
= 15000
m
0L Z 10000
X © .
5E 5000
o9 0
;?9 0 Q Q
[} =
oc X5 2
OE o
S @
M9
52
CX30/CX26R75Q  CX30/CX26R75W
= heteromeric heteromeric
7o) . *hk
% 2
o« N
© i A
o~ 1.0
& s
E
© = 08
=
S 06
s w
=3 8 .
e g
o
© ] L) 0.2
~NE
X O .
Q2 0
OE *kk
ac 6000
2 Q
(&) — 14000
D
< 12000
S 10000
b7
C 8000
©
{©
= 6000
m
Z 4000
2000
0
ge )
g 3¢
E £ ~ g
&5 £o
o2 g2
S Q
2 g
o o

Figure 4

Disruption of cochlear GJPs is reproduced by human cDNA clones for CX30 and CX26, with or without mutations in HeLa cells, and leads to
functional differences in dye transfer depending on the resultant GJP sizes. (A-E) Clear differences in GJP formation were observed in HeLa
cells that expressed the indicated connexin(s), which made homomeric or heteromeric channels. Cells were colabeled with anti-CX26 (green) and
anti-CX30 (red) antibodies and were counterstained with DAPI (blue). L-GJPs were observed only when normal CX26 was expressed alone (A)
or was coexpressed with CX30 (C). The other combinations (B, D, and E) formed S-GJPs. (F-Q) In HeLa cells that expressed CX30 and CX26,
cells with smaller GJPs demonstrated decreased NB transfer. (F, G, L, and M) Shown are Hela cells that expressed WT CX30 alone (CX30) or
coexpressed WT CX30 and WT CX26 (CX30/CX26), or the indicated CX26 mutants (CX30/Cx26R75Q or CX30/CX26R75W). CX26 and CX30
were colocalized, and the GJP size differed across cell lines. (H and N) Quantitative analysis of the GJP length (mean + SEM). ***P = 3.3 x 1017
(H) or P =77 x 10-12(N). (I, J, O, and P) Digital fluorescence images of HelL a cells expressing the indicated connexin(s) after NB scrape-loading.
(K and Q) Quantitative analysis of intercellular NB transfer after scrape-loading. Columns represent the mean distance (+ SEM) of NB transfer
from the scrape line. ***P = 9.6 x 10-° (K) or P = 3.2 x 10~ (Q). Scale bars: 10 um and 5 um (insets).
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Changes in the endocytosis proteins CAV1 and CAV2 in CX26-mutan

Control
(Cx26™)

t mouse cochlea. The CAV1 isoform preference shifted from a. to p in

CX26F75W+ cochlea (A). The CAV1p and CAV2 increased in both mutant mice (A and C) at 8 weeks of age, as shown by Western blotting. Protein
levels of CAV1p (B) and CAV2 (D) are expressed relative to the amount present in each littermate control (mean + SEM, n = 5). P = 0.009 and 0.03
for CAV1p and CAV2, respectively, in CX26775W+ cochlea. P = 0.007 and 0.01 for CAV1p and CAV2, respectively, in Cx26 PO-Cre cochlea. (E-K)
Accumulation of CAV2 and CAV1 in 3-week-old non-Tg littermate controls (E and 1) and CX26R75W+ mice (F-H, J, and K) with S-GJPs (brackets

in F) was occasionally observed at the inte-GJP space (G, arrow) and

on the surface of the GJPs (H, arrowheads), differing from that seen in

litermate controls (I and E). The boxed regions in F and J are magnified in G, H, and K, respectively. (L) Numbers of cells with accumulated CAV1
or CAV2 were counted in five animals from each group (mean + SEM, n = 10; P = 0.0003, 6.1 x 10-%, 0.001 and 0.002, from left to right). (M—N)

In adult mice, vesicles positive for CAV1 (arrowheads) were frequently
controls (J). Boxed regions are magnified in the bottom right corner. Sca

ure 5, M and N) and the upregulation of the caveolin proteins (Fig-
ure 5, A-D). This may be associated with the membrane retrieval
(Figure 6K) caused by excessive endocytosis and the formation
of abnormal GJPs. In the labeling with cholera toxin subunit B
(CTxB), it was shown that GJPs with CX26 and CX30 did not colo-

detected on GJPs in Cx26" P0O-Cre mice (K), but not in their litermate
le bars: 10 um and 5 um (insets). *P < 0.05; **P < 0.01; ***P < 0.001.

calize with lipid rafts in control mice (Supplemental Figure 9, A,
C, and E). In contrast, the lipid raft signals in Cx26/P0-Cre mice
localized between S-GJPs with no regularity and with more diffuse
labeling and less clarity as compared with those in control mice
(Supplemental Figure 9, B, D, and F).
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