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Biological mechanisms and therapies of hereditary deafness
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Abstract: Genetic mutation is a major cause of human diseases. The underlying biological mechanisms are
recognized as the mutagenesis at genomic level directly disrupts specific biological pathway within the context of
certain organ or tissue function. In this review, using hereditary hearing impairment as a model, we introduce
current exciting advances in basic research and the biological therapies for potential clinical translation.

Key words: hereditary deafness; auditory hair cell; mechanotransduction; biological therapy

Wr 7145 2% (hearing loss) Il H-# (deafness) & — #2006 4= [H 25 R Gk R N AR & 45 %, o
T b 2400 36 (B, R E R R 2 R ARE EWE R AEON 2 000 £ 77 B OX AN HUT B A
P AETE I . ARE R DAL (WHO) I4eth,  BEARASA, 7B 350 B 8 1 ) 3 T F 5 i i
LA KL 3.6 L NBW S, HE N 5% Y
R ¥ 26 [ B 22 A0 22 it B A A 72 it (NIDCD) (945

Wi HER: 2016-04-07

[2] AN il ~3 I~
XA 7, & 1000 45 )LBBA 23 5 ESE . 5 RFE S 005 H FH T
IR, 15% BEENA — R BT 3k 5 (31522025); [ 5% [ 48 B} 405 H (31571080)

PIFE R g S b, Bk — g EdE 2, R *B{E1E&: E-mail: wei_ xiong@tsinghua.edu.cn



252 LA RFHHEREX

29%:

BRI TS ) N IEH FIWT 1 BB LE 25
SFULLE, R EEE X —RE, R A
JIIR s HERHE HAR NI A B A WA 5 &
WA AR S T B W () B SRAS WY 73, A8 A O
KIAT LR N T ITESE, TSR AYT 15
(hearing impairment). W 7795 ] @ A 2 45 %2 5%
M AN A4 3 /S A K s, 2 S SOOI
PTG, 36 H B A BB A 2 P RN TR B
UTH- ) L3 1K) i Ok 2 RV H 2 A N 1 i Rk 2R,
45 FRE AL 2 R UTE A UF f4H

W6t AT H 8 AR rG b B2, DB Fe
ANaf/b, SRR ARBLE o AT H & A TS i
5 SERS 0 W, 51 G 0138 38— 358 MR IS B (1095
o HHERIERE, MIEdSh I HEZRERET
Wr e i), ELFERTE SRR E . NEX T 75 55 51
KREREHMYUMEETT, BRI KBNS G
FEL,  AAJRURCHR I BE 22 (10 43 DL ) B KB Kt i &%
Mg (80 4r 1), HAEERZEHIA 10" 2 H 3 HIKZEE

4 Tiplink

A~CEIRANE, Dy EJ/NR. B B H [4-5]

BRSAR 73 #E 77, N AT RAWT 31 20 ##2%2 5] 20 000 7
LN s IEA BRI (B 43 3% 70, AT LIRS 2106
PR EIAHAE 5 de 275 1) 20 9% 0, Rt B XUHR
WG S, WLUHITE SRR BT . T S Ak
S EE T XSGR, AT AT
AR (K1Y, NBEEESNE, f
HMNE, SPERBRE U B S BRI TR,
Wi H N RE R ILECDIRE, WA E S UG ER R
BIOMEG N H A E N R IRORE TR IR NRR B L —,
N HHL IR A% (AR VT IGES,  organ of Corti)
A2 AT S B SN I PLAS, R e S A I
(tectorial membrane). Wt 5 & 41 il (auditory hair cells)
N 37 Fr 41 B (supporting cells) DA K 3 i fiE (basilar
membrane) ZH %, H A0 R R S IR )
e R AEY G S 4. W FLBh I BT i R S A
BTCEEEaEdtb BF 7 — 1 BH kR, £
i 2546 DA e 25 1) 7 A B A SR W i S 32 2
FOBEAR R 46 2] — AN SRR =48 ) ( AN B EAR

Z AN

2 —
()

E1 I ENERBI RS



33 X1

&, S BEVEEFNEY ARG 253

219 mm), {EFEJEMIEE FA—HEW B4ERA =HEANE
0T B FEAR B0 51, B RBL ) - E DR 2 N
WA fEAT 2%, A0 3 B = B EOR AT A
FIVEF, PN B 20 it U A 1 s 75 15 S gmtD, I
fE B HPAX A RGIATIR BT -

HEFEAE A — A KRR LR R R, 1R
100 22 41 5k A 5 22 IR 57 500 1) 27 45 i kAT
VYRR AT, e, SR ES MR T RE )
A R — B KK AR BOSIBE — N7 M. 20
ARk, BEMES YRR, HAE
A ISR R ET AR, e Stig i ds LB e el
AR L, HEERPEA BRI HEES, el Lk
MNIVER], ETRREN i, N E A [F 4
J6S A S AL R M. H 2000 LK, BAA
B R 2H T Jl) 509 445 TR 9 s 35 1) Jim 2 R 2L P AT
B, HNI) o T IE AR 2 T B AT B i 2% 2H £ s
W 5 2% 52 X — L AR [ 40 TR A T SE R I B
i, — e M S M R R 1 2 A AR R I
51411 2000 45 3£ [ (1) Dallos S22 & B T Prestin &%
H, HEA BRI, L4 EMRSS FEshEE
B, T E 9N B AR S 40 D) e
ANFE R B 7 T RN RIERE + N BYIR R
PERIA N Otoferlin & —MN45&HE A, HETCDHE
T fit 2 R 5 1 T Y B 40 R G B R Y, A
T W i = A A S dm b s e s, BB E) F—
R EZY AT

H #TVF 2 5 W ) ia) 5EAH O 1 2 PR 28 4 B
CaHE MAELE A HE KA 70 R4, IR
AL TR SRIGH KL 300 A5 W7 778595 40 < 1 36 (A
HRESE Y, IR L SR 1 R B A K B A

Transmembrane
domain

AT e i 7 A R B DA K B B BUR ML 3 — 2 T
ffe HITRIRA R, ASOR A BRI IT A R AL i
ANEEALHIT T 25 H S AT B8 7y, EEE e
R SR BAENE R0 TR A
X HERNGT, JCHARS R BV B AT
AL o

1 T EMENmE S

o, MUE S IX — A B AR G B R
S, MWL B R EEHESIY, WAEIREDEE
(150 F R AR —FE 1 s Fok, v 2% B 4
GUGEMN &, RS B 00 = S5 A Rk Bk 15,
B an A e L3 1) v S5 ME B Pl LA 458 HES)
VI 8 BRI . 1R B E BT A AW AL s
W o B 40 M AU AL, G DU/ RO AL A
F, BRI/ BRI T 5 28 B ZE MR 25540 . AR FR )
BE UL R 4> T SE et B A AR G AR O R
BRI — DBk i A AR, — R AR JE IR U i
WL 0] R i 22 i v, I B8 9 I PR R 2 B L i
pSIRA

N T SEPUR R T A IR B e e AN i LS
5, AN BN B0 T R — B - F
Heeds B . %3 E BB TR — A 40
GERYSZEN, BeFRONER (hair bundle), Hit B TR
Fi4FE (stereocilia) 4R, FFHEAT B = HE S KA V& 1)
BBkt (B 1), BITERCRIER 2 FIEHE R B, Al
Wit FIX—EE R — MR E AT (E 2).
Yo, - RET B M —kE T T
W], H—AFRRTEE (tip link) 1145 H065 HAR 47 &
HEAE—HD . THURE IR FH 2 W MU ) A5 3% BN LI A%

: ‘ Proline rich domain

.Cytosol domain

B2 EMENEEIESERSFHR



254 TP RFHEHERFEK

29%:

S, M EE AU R T TR A & B A
5 2% B A AR o 4l i MY, E B2 CDH23
(Cadherin 23) "'%, R i 42 PCDH15 (Protocadherin
15) U7, TR A it 4 N B AF BN O o 5 TR
FERE G, L ESSAgHoImtE 382 &4k, 15
T5i%% F 345 harm-onin ", Myosin7A >, SANS P+
LEA, AERETENTmSE RS AN EASR
Myosin15A *7 Fl Whirlin %,

FLAE 20 20 90 AR, RS HIAL Tl i
BN ERRIEAL BT T A8 B ER P, S
P4 A% 256 R TE B R A T A — AN S 1 P,
{HI2 NATTRE T A0 53 A7 388 72 J=) B T B 8 B s (AR
A, XU TE 5 AR A2 RO S8 — LD ANHT,
—NEEWFER RIS TE S, RN
A R 7 FBL. 2009 4, Anthony Ricci £l Robert
Fettiplace S % 8 FH oy 1 L 5 AR 45 AR 1K 07 vk 5
E T AUBk AL S R o A AR TRE B R e, Ok 2
PCDHI5 [, HE— B uiiAImfE 552 &40
ARG P ) ECE S EE 3 NS 5%
HERMEE. TMHS £ 2005 F 4 ikiE, &—1
VUkEsIE SR, HRESFHEEFTE Y, 2012 45,
1B 1 TAE s TMHS 4§ 7 PE i 5 PCDHIS 45 &,
ki e it s B FR A B L, 1 B TMHS (1 6t
KGFEWMAL T R 1 RENE, #RZE
MM Sl 5 Ak i E A 5 B, TMC
R MNIREREE, HEE R R RiE & 2002
PN M R R EE N R 4N I
75 (Beethoven) B, B AR FHC SR R, IX B4R/
U B4R IR A MU AE S LI 2, SR T E AR
FNR EAREEEERM P R, 4R HER
TMC A fig & — MR B AHKRIIFE T 145t
J& 2011 “ERFFT RN, LR TMCI F1 TMC2 7] L S:
FHU B R A e Ak, BoR BN RE N — 5
RRENLAE SBE E AR ER ™. TMIE £
FLEE 2002 4E g 4 0E U0, 2014 4F, AR 3 —
W R, TMIE fF R— ks EH, s
it S 2 A, Eg R ERH AT LUAT PCDHIS
“h4 s TMIE Byskk B S ENMCRR K, i
B TMIE T fg A5 X tip link FOHLIAE SmiE
M H A SR IE [ EE KRR, TMC % B 8 A N
AT BCH T RE AL AL S8 A0 ook —— FLiE
T (pore subunit), W13 55 5EAF 5350 1 AUIE E
FIEE H S AR (ER A LE — S TRV AR 1 )
. TMCI fEMR A 5240, #ilan{E HEK293 41l 5%

WK JE, FEASRELE AN S A B B B o A, T8
IR T RIB AR BUR R R B, R R E
—UH SR R T H R PE . SR R T
HEEPRIRE—AEEE, Fll BAPTA A3 E R
SR BE W 2 Bl TMHS R g, B4
A=A R RIECE R S BUOAU AL SRR, A ER
()72, TMC1 Fl TMC2 [ X0 5745 B 41 g b 0 A X A
B B — MR R MLAL T IR, 2
e 7T EE s R Rl T BRI AR 2 B AN
HEWRHMAL FEE, ZR N ERE T
MUbEIE . Rk, 7E 50 JLAE, BP0 TMC 3)
RERIPT R AH S #AZ

2 BENEMETT

SECH R EE R B RIE B s,
PR BEYER R (BFE e R AE R ) IR ST A
F(BIURREEE. AR, EFEE R
#), HmEamEmte b a—Ff. BEEET R
PR, R EMAYITEECER T IR
Wizyr, BMABRERD  BAEELSE5FNE
HOR JEAVETE TR, WS R AA TR R
e S4h, BERENRBEAEGXENSGE, &
AR LL IR &, 01 H 2 0 N B Bl 2 36,
FLSTAH 24350 7 M P A 2 A B R I BOW R &=
HAE Gy BRI B 52, i DS 1 B 22 0 bl
SRR . Bk, TR B D REAH QI ZE R BL
IR BB ER AR AL, 2205 I R L% B8
A T2 T 5 SR PR A R By

BT NSRRI S P R R, B REN A LT
IR CRCNRERLRE o B IIE RS, anZ42aT .
7 i 25 R 1) SR A 7 2 T B 4 ) LA B R
R FIATI, X OO AR 5 1 B s 4]
HAEr T oamA BEmEs, FESmidkEyT
R 7%, 450l sE i B Wy 4 (hearing aid) 835 A T
H-5 (cochlear implant) ) /5 2 R # R— L8 5% A7 1 W
71, AME TR S1. (HERERT FRIGEA —T
SR BRAE = (1) A& e 1) B 8 B # #ae % A 2
T _HL A7 E i A A 3 M 1 ) 5 (2) N T B AR
A& LA R 5 AR 1, 27t SR W 5 B 48 R I 7K
ATHTD s Q) BEITACE IR E AR, Bt A TH
I HE 8 B 20k 30 M, XANMEMEE S
AJ LA A BB 2 H s, (H R IR I AN BE T A2
AT T A 3 BT R IE SR, 90 kB AR AR K
BRI, S SRAD S TR ERIA T B S i J140 5%



33 X1

&, S BEVEEFNEY ARG 255

AR FEE A SR LASR W T2 77 1), A A SAT 2 2
NG TTAE SEE S T A T A WTIEE .
2.1 ZYNaTr

25697 A F A N 7 2 B B 2 AR
E 2 R T P 451 1~ 72 2013 4F Albert Edge /N2 7E 75
PEH BN SRS . BRI, 18 [F % (round
window membrane) %3 24 1] 77 34 4t y-secretase HJ )
w5, W LY411575, ) L3S0 H- i 6 4 0 250
I H 4% e e 15 400 3 W B W e L L A R 0 o)
Notch, M\ 1My 48 75 W 5 453 405 175 3 SCHr 4l L 70 A6 B
AHM 5 (H2, Wrachi AL MY (auditory brainstem
res-ponse, ABR) 5 Jj R A il 2. 7~ (N G (AT 4 1R Wi
JIBMERS A S, =B BT 70 ] e B D AR B A
o K & AN 2 R R 3R A3 R i . [RI4E, Hastings
DR ZH 30 0o M v B B U FE A% H R (antisense olig-
onucleotides) 1] /5 7%, SZ ¥l | Usher £ & fE %Y 1C
(Usher syndrome 1C) H-#2/)N B A — & F2 R 19 77
WA XN BB BB T — R R 0 A, Bl
TR K2 USHIC JE R T — S BB i) ik 3%
PEBTYIAL A, T3 B0 2 % 1Y) Harmonin 25 F 4
FEE BT, JEMR B R SRR, HILE
FIER ¢ FESLI BN b B A I T B s v A
Al DL — 58 F2 B B AT BE D e AT 1, Aid
XMIEIT 77 A N NS TE] BRI BRI, B A
R 2k B
22 FLHBEIATT

FLAT AT AR 21 B 40 M2 B SCRFA M 740 T
K, SRMSCRAIIL— BLORRR AT LR o8 B4
MIRe ST, HRAEMANDP ZE NN ERT . N
2000 AR, — k5 A0 MR SCRFA I 2 AL A G 1Y
e F R Sepk A& . Horb Atohl (tHFRA Mathl)

—4

Cochlea
e e ey
A Scala

. Scala
tympani  vestibuli

( Inner ear )

Middle ear | | Endalymph.|
Outer ear | Perilymph

il NiER K —, Hd Rk DUE 5] E B
Fr s 7 s Rk R T B4 R H 40 B Retino-
blastoma & [ (Rb) AJ DL i B4 14 5 ), 541,
SRR MR e M AR A I B 1 P23kipl AR R A O
A 24 B R N A S B, 9 nT DA 4 b 2
ARMBHECE ™, FR, TR TR 40
MR FWA 7 R, Stefan Heller /N 41
2003 SERf MBAE N N BEBRFE R 4R E T £
BT B, 2010 48 f Zh ) R ifs T 40 B A0 75
SLEET AL AU S hRgr B g B,
2012 A4 NG T 20 B o1 R ) EERT AR 20 B AN
EBARFHEN/NRAE, #HEHKE R, 2013
TEE Pl 3D LRI BIERANE T 2 R T4 i
SAGAE R T B MU 5 D RE B 40 B B
2.3 EREETT

ER:IRERA RSN FES NS YrS N W2l A 595
A, ] DUSEEILRE — PR 1) SR R 3 B0 B K
5, HOEADEIIHGF. ARSI H g
U ERE R N S UG TE & A A DS & E ] DK
MR RAE R ThEE. 40 TMC1/2, TMHS, FJF i
J#iEF (adenovirus) BE FLIF 1) 7 2RSS 548 /N BRI HE
BRI, RIS S A R R R B>,
TERI 2R — e . BT 783 3% F B 41 i 28 ik
B R R IR IR L1844 3 (vesicular glutamate
transporter 3, VGLUT3) #HAT 2 K¥AYT, H LA bk
NREEFER. ] AAVI K VGLUT3 )34 [ 3
NN R H I, B G BOR AR A/ N R (PO-1)
ERTPUIAH] 100%. I kil ABR S BAK itk e
U (startle reflex) &I, 1525 FG T I H- 2N
Wy JIE— e R FAS RIS (& 3), F H T LAk
JINH . XA/ NREERTEIT 45 R A AN kes,

B3 #EsEENEREET



256 LA MFHHFEREXK

29%:

S H AETE RSN b SEIL T AN R ST )
1B B9, {ER R I 2RI f A — S 5 ] 11
Wt Bl GJB2 FEK MG TT, 1%5E K S HH
HERE L 40% 22 . GJIB2 Y EHmILAENEREE
[ Connexin 26, & PN H-H LS fipk (1) B 22 240 )38 49
T FEL R 32 A AE T 8 I DL B I 38 0 e 4
WX 2% L R HE R fird 483 BBE (gap-junction coupling).
GJB2 RERZHIEFEHE FHA R, kg
FFEM% P A7 (endolymph potential), F5fd WK FiL#%
Bod FEARE IR AT, A=A HE . BTN G E
FELE GJB2 B /N A AL R ] AAV 28 T B
0% S FF 410 Connexin 26 [J3R1A, FF HAG I 2 HL R
il AR IE I P S, B 2 412 2/ BB ABR 598
SE Pl OHEMEERILR, ERBEREN S
A= R A LI T D) A — € B R PR, #ilan
Wi, ) BE A REAE A2 BEZK A8 52 AN 52 RACR B 5 1 1]
[PITHHE, X AT REANIS R RGN EEPEAR 5 0 A Ok
TN EEAE AR W R B AR, AR RE
(AL B i) 75

3 BEFRE

AT S, NI W7 57 2 A4 2 A L A
H 2 1 Z0m HLEL R B AP RN, IEAAT ST
A, caefEn 1. . HIUKP Exizdy
AR R R R . T B4 A
HIhRE, JCHAX T BAMMHUAE T LD L]
A7 HFHIAR, T HAZLTerE R T A0 1
SEWRARIR H AT Ar. AR, XAk AT 7T A R A R
NN BB I e PRVR T 3R A 1 S LA, W]
DATTHEA AR R, @ 2 2R X4, Bl
MEEER 2 TREBIEMBOR, Bz w] DLSEEL 3 2
BALEWT IR M A A0 T . JUHGE 2 R
M BoAR L, 5140 CRISPR/Cas9, fii45 AR
Y5 _E B IE 3 BORO ) PR R AR RO T RE, T X 5
i ) A 2R 8 — L s = 4R E . R,
KRR TT (075 ERIRR I DAL TR H 2K
RN R GPIR AR H T HED) .

(& % X #

[11 Zhao Q, Wu K, Geng J, et al. Ion permeation and
mechanotransduction mechanisms of mechanosensitive
Piezo channels. Neuron, 2016, 89: 1248-63

[2] National Institute on Deafness and Other Communication
Disorders. Quick statistics about hearing [EB/OL]. https://
www.nidcd.nih.gov/health/statistics/quick-statistics-

(3]

(3]

[6]

hearing

B IR A B N RE R AT N, R AR N R ILRD
FE K GuilJm). 20064 55 7k 4 [E AR A Aihie i A 3 22
g A (55 —"5)[EB/OL]. (2006-12-01). http://www.
gov.cn/fwxx/cjr/content_1311944.htm

Frolenkov GI, Belyantseva IA, Friedman TB, et al.
Genetic insights into the morphogenesis of inner ear hair
cells. Nat Rev Genet, 2004, 5: 489-98

Kachar B, Parakkal M, Kurc M, et al. High-resolution
structure of hair-cell tip links. Proc Natl Acad Sci USA,
2000, 97: 13336-41

Dulon D, Safieddine S, Jones SM, et al. Otoferlin is
critical for a highly sensitive and linear calcium-dependent
exocytosis at vestibular hair cell ribbon synapses. J
Neurosci, 2009, 29: 10474-87

Roux I, Safieddine S, Nouvian R, et al. Otoferlin,
defective in a human deafness form, is essential for
exocytosis at the auditory ribbon synapse. Cell, 2006, 127:
277-89

Yasunaga S, Grati M, Cohen-Salmon M, et al. A mutation
in OTOF, encoding otoferlin, a FER-1-like protein, causes
DFNB9, a nonsyndromic form of deafness. Nat Genet,
1999, 21: 363-9

Shearer AE, Smith RJ. Genetics: advances in genetic
testing for deafness. Curr Opin Pediatr, 2012, 24: 679-86
Gillespie PG, Walker RG. Molecular basis of mechano-
sensory transduction. Nature, 2001, 413: 194-202

Kelley MW. Regulation of cell fate in the sensory epithelia
of the inner ear. Nat Rev Neurosci, 2006, 7: 837-49

Corey DP, Hudspeth AJ. Analysis of the microphonic
potential of the bullfrog's sacculus. J Neurosci, 1983, 3:
942-61

Kazmierczak P, Sakaguchi H, Tokita J, et al. Cadherin 23
and protocadherin 15 interact to form tip-link filaments in
sensory hair cells. Nature, 2007, 449: 87-91

Bolz H, von Brederlow B, Ramirez A, et al. Mutation of
CDH23, encoding a new member of the cadherin gene
family, causes Usher syndrome type 1D. Nat Genet, 2001,
27:108-12

Siemens J, Lillo C, Dumont RA, et al. Cadherin 23 is a
component of the tip link in hair-cell stereocilia. Nature,
2004, 428: 950-5

Sollner C, Rauch GJ, Siemens J, et al. Mutations in
cadherin 23 affect tip links in zebrafish sensory hair cells.
Nature, 2004, 428: 955-9

Alagramam KN, Murcia CL, Kwon HY, et al. The mouse
Ames waltzer hearing-loss mutant is caused by mutation
of Pcdhl5, a novel protocadherin gene. Nat Genet, 2001,
27:99-102

Grillet N, Xiong W, Reynolds A, et al. Harmonin
mutations cause mechanotransduction defects in cochlear
hair cells. Neuron, 2009, 62: 375-87

Verpy E, Leibovici M, Zwaenepoel I, et al. A defect in
harmonin, a PDZ domain-containing protein expressed in
the inner ear sensory hair cells, underlies Usher syndrome
type 1C. Nat Genet, 2000, 26: 51-5

Bitner-Glindzicz M, Lindley KJ, Rutland P, et al. A



3

oA, S BEVEHFREY NG

257

(21]

[22]

(24]

(27]

[30]

[33]

[34]

[33]

recessive contiguous gene deletion causing infantile
hyperinsulinism, enteropathy and deafness identifies the
Usher type 1C gene. Nat Genet, 2000, 26: 56-60

Weil D, Blanchard S, Kaplan J, et al. Defective myosin
VIIA gene responsible for Usher syndrome type 1B.
Nature, 1995, 374: 60-1

Gibson F, Walsh J, Mburu P, et al. A type VII myosin
encoded by the mouse deafness gene shaker-1. Nature,
1995, 374: 62-4

Kros CJ, Marcotti W, van Netten SM, et al. Reduced
climbing and increased slipping adaptation in cochlear
hair cells of mice with Myo7a mutations. Nat Neurosci,
2002, 5: 41-7

Weil D, ElI-Amraoui A, Masmoudi S, et al. Usher
syndrome type I G (USH1G) is caused by mutations in the
gene encoding SANS, a protein that associates with the
USHI1C protein, harmonin. Hum Mol Genet, 2003, 12:
463-71

Kikkawa Y, Shitara H, Wakana S, et al. Mutations in a
new scaffold protein Sans cause deafness in Jackson
shaker mice. Hum Mol Genet, 2003, 12: 453-61
Caberlotto E, Michel V, Foucher I, et al. Usher type 1G
protein sans is a critical component of the tip-link
complex, a structure controlling actin polymerization in
stereocilia. Proc Natl Acad Sci USA, 2011, 108: 5825-30
Wang A, Liang Y, Fridell RA, et al. Association of
unconventional myosin MYO15 mutations with human
nonsyndromic deafness DFNB3. Science, 1998, 280:
1447-51

Probst FJ, Fridell RA, Raphael Y, et al. Correction of
deafness in shaker-2 mice by an unconventional myosin in
a BAC transgene. Science, 1998, 280: 1444-7

Mburu P, Mustapha M, Varela A, et al. Defects in whirlin,
a PDZ domain molecule involved in stereocilia elongation,
cause deafness in the whirler mouse and families with
DFNB31. Nat Genet, 2003, 34: 421-8

Belyantseva 1A, Boger ET, Naz S, et al. Myosin-XVa is
required for tip localization of whirlin and differential
clongation of hair-cell stereocilia. Nat Cell Biol, 2005, 7:
148-56

Denk W, Holt JR, Shepherd GM, et al. Calcium imaging
of single stereocilia in hair cells: localization of
transduction channels at both ends of tip links. Neuron,
1995, 15: 1311-21

Lumpkin EA, Hudspeth AJ. Detection of Ca’* entry
through mechanosensitive channels localizes the site of
mechanoelectrical transduction in hair cells. Proc Natl
Acad Sci USA, 1995, 92: 10297-301

Beurg M, Fettiplace R, Nam JH, et al. Localization of
inner hair cell mechanotransducer channels using high-
speed calcium imaging. Nat Neurosci, 2009, 12: 553-8
Longo-Guess CM, Gagnon LH, Cook SA, et al. A
missense mutation in the previously undescribed gene
Tmhs underlies deafness in hurry-scurry (Ascy) mice. Proc
Natl Acad Sci USA, 2005, 102: 7894-9

Xiong W, Grillet N, Elledge HM, et al. TMHS is an
integral component of the mechanotransduction machinery

[36]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

(48]

[49]

[50]

[51]

[52]

of cochlear hair cells. Cell, 2012, 151: 1283-95

Kurima K, Peters LM, Yang Y, et al. Dominant and
recessive deafness caused by mutations of a novel gene,
TMC1, required for cochlear hair-cell function. Nat Genet,
2002, 30: 277-84

Vreugde S, Erven A, Kros CJ, et al. Beethoven, a mouse
model for dominant, progressive hearing loss DFNA36.
Nat Genet, 2002, 30: 257-8

Marcotti W, Erven A, Johnson SL, et al. Tmc1 is necessary
for normal functional maturation and survival of inner and
outer hair cells in the mouse cochlea. J Physiol, 2006, 574:
677-98

Kawashima Y, Geleoc GS, Kurima K, et al. Mechano-
transduction in mouse inner ear hair cells requires
transmembrane channel-like genes. J Clin Invest, 2011,
121: 4796-809

Naz S, Giguere CM, Kohrman DC, et al. Mutations in a
novel gene, TMIE, are associated with hearing loss linked
to the DFNB6 locus. Am J Hum Genet, 2002, 71: 632-6
Mitchem KL, Hibbard E, Beyer LA, et al. Mutation of the
novel gene Tmie results in sensory cell defects in the inner
ear of spinner, a mouse model of human hearing loss
DFNB6. Hum Mol Genet, 2002, 11: 1887-98

Zhao B, Wu Z, Grillet N, et al. TMIE is an essential
component of the mechanotransduction machinery of
cochlear hair cells. Neuron, 2014, 84: 954-67

Beurg M, Xiong W, Zhao B, et al. Subunit determination
of the conductance of hair-cell mechanotransducer
channels. Proc Natl Acad Sci USA, 2015, 112: 1589-94
Kim KX, Beurg M, Hackney CM, et al. The role of
transmembrane channel-like proteins in the operation of
hair cell mechanotransducer channels. J Gen Physiol,
2013, 142: 493-505

Mizutari K, Fujioka M, Hosoya M, et al. Notch inhibition
induces cochlear hair cell regeneration and recovery of
hearing after acoustic trauma. Neuron, 2013, 77: 58-69
Lentz JJ, Jodelka FM, Hinrich AJ, et al. Rescue of hearing
and vestibular function by antisense oligonucleotides in a
mouse model of human deafness. Nat Med, 2013, 19: 345-
50

Zheng JL, Gao WQ. Overexpression of Mathl induces
robust production of extra hair cells in postnatal rat inner
ears. Nat Neurosci, 2000, 3: 580-6

Sage C, Huang M, Karimi K, et al. Proliferation of
functional hair cells in vivo in the absence of the
retinoblastoma protein. Science, 2005, 307: 1114-8

White PM, Doetzlhofer A, Lee YS, et al. Mammalian
cochlear supporting cells can divide and trans-differentiate
into hair cells. Nature, 2006, 441: 984-7

Li H, Liu H, Heller S. Pluripotent stem cells from the
adult mouse inner ear. Nat Med, 2003, 9: 1293-9

Oshima K, Shin K, Diensthuber M, et al. Mechano-
sensitive hair cell-like cells from embryonic and induced
pluripotent stem cells. Cell, 2010, 141: 704-16

Chen W, Jongkamonwiwat N, Abbas L, et al. Restoration
of auditory evoked responses by human ES-cell-derived
otic progenitors. Nature, 2012, 490: 278-82



258

BH: MAHFFERER 294

[53]

[54]

Koehler KR, Mikosz AM, Molosh Al, et al. Generation of
inner ear sensory epithelia from pluripotent stem cells in
3D culture. Nature, 2013, 500: 217-21

Akil O, Seal RP, Burke K, et al. Restoration of hearing in
the VGLUT3 knockout mouse using virally mediated gene
therapy. Neuron, 2012, 75: 283-93

[53]

[56]

Yu Q, Wang Y, Chang Q, et al. Virally expressed connexin
26 restores gap junction function in the cochlea of cond-
itional Gjb2 knockout mice. Gene Ther, 2014, 21: 71-80
Geleoc GS, Holt JR. Sound strategies for hearing restoration.
Science, 2014, 344: 1241062



