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pane v SOBAFINRR E FREKR > L AFNRBEWIT 240k > 224 4752 - Gap
junctionfr tight junction 2t # # i P ehE & & ¢ ¢ ARF S AP T /el > B 4933 Atk ~ DR
PELF TR A AL DR R ERDES o AT NP AR BR (B afE
Cx29 & F1{rCLDNI4 A F1 R % 2 2 24 it cn® 5 > Jhd 4734048 B AL 2 B f2Cx29 & F1 e
CLDN14k F - Fo i ) & 42 “ihifchd & ¥ jal Rop il « 25477 %% 6Ox294 )
G A4 TLCX29E269D % % hov § himie TR X0 SRR gﬁf}tiﬁ.ﬁ AER - ¥ ¢
# co-transfectionfrteo-on & SLef B 24 7 LE269D R % € BB ¥ HCx29 F-v It ¥z W
1 A% = gap junction © %=CLDN14k F]3 & » 2V i 3¢ ILDI42NeHR B2 AR ¢ AL X T m e 30> 2R
s ¥ 2 3 tight junction barriersizt it > ¥ P MISVe R & F-v 3aff lysosome o ¥ #F 34 iy
# B F % % (curcumin) i7" 7 1w CLDN14g s frig S ensb sy e 4 o JF & 0 b 2% A ig
Cx29 7k FIE269D % % 3 dominant negativesi g’ 5(p- 384 & 53 %) o @ CLDN14 DI142Niz B %
REFER € B 3 Pltight junctionshzt iy o

Abstract Keywords: Cx29, CLDN14, mutation, functional study, nonsyndromic hearing loss

N
To date, 59 auditory genes have been identified, among which are those involved in K

N
recycling and maintenance. The importance of K recycling and maintenance is underscored by the

fact that mutations in each of gap junction and tight junction gene family lead to deafness in human.
In the proposed project, we will focused on study of the effect on function of Cx29 and CLDN14
genes with mutation. Our results indicated that E269D missense mutation of Cx29 resulted in
accumulation of Cx29 mutant protein in lysosome instead of targeting to cytoplasmic membrane.
Co-expression Cx29 and Cx29E269D proteins by either co-transfection or bi-directional tet-on
expression system demonstrate that the heteromeric connexon accumulated at cytoplasma. Our
previous study showed that CLDN14 D142N mutant protein was expressed as wild-type CLDN14,
with tight junctional plaques at zones of cell-to-cell apposition. However, we found that CLDN14
D142N retained its ability in trafficking, but lost significance in its function as a barrier of tight
junction. In addition, we found that CLDN14 M18V mutant protein accumulated in the lysosome.
The mutant protein can be rescued by curcumin. In summary, Cx29 E269D has dominant negative
effect on normal Cx29 resulting in accumulation of the Cx29 mutant protein in cytoplasma that
impaires formation of the gap junction. CLDN14 D142N affects the normal function of CLDN14

protein.
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%0 % © & A Audiology & Neurotology 2007;12:198-208 - #5 @ #f>*Cx294 F| e E It #
B RS TE A R B S Bfrd s B g oAl F](Cx A F] %% 2 tight junction
protein)2 B R F 5 2 3 FF? FIB w5 LRI FE o Vb A PR %T A CLDNIAA F] &
F7 MG S=F 5 CLDNIAA FIenR % > 2 dah s i fm 7 2 o A Ps FREE RPEA

i R A - e Ry R TR SR PR RN PR Lo

Iy

ARG PP hi B F R {2 edEit Cx29 A Flir CLDN14 A F1R %18 48 # i b
55 5 AR BAL B f# Cx29 A Flfr CLDNI14 A F] &L =)+ A2 1 it ¢
TR R R IO s

2 %%5,:’;‘.
A #i(Cochlea) % % 48 » d AL % % (Basilar membrane){r % " (Reissner’s membrane ) %
ARZBARRMAER > FEAD BeE ¢ A2 ok iR > FIA AN BT P

BE o B AR R FAEN AP L wir 0 A4 T VB ST BE IR S R EA
CHEM LT A n A A BT o AR IR 2 T A (S (electrical nerve impulses) >
H ¥ gz 2F 5 apS ik ) (Coulogigner et al., 2006) - & iﬁ(Cochlea)n\— BAFReanEE o d K
Lime 2 R ES o 4 F S EREAM AT R ARE Bapg s
12 % (ion homeostasis) > 4ok F 4 R % > @I frh BPF LRI T F - F IR o AEE > P
TG BB F MR ER T ERT AR FL T 2HHI00MV o e B R T A F
LmreH it f o g R R R ERE > BE T 4 (Steel et al., 1987) © Gap junctionfe tight
junction a4 #ic F e R & 2 ARF I AT L H 3T Bk BN B THFE R
P AL gAY R E R b d o
B4 #f e IR X 20f8connexin gene 7% = i (Willecke et al., 2002) > # i #8d 7 [ ek ]
¥ T R4pH » F & (molecular weight in kDa) 5= & & L AL %2 v e g B F cnfp
Mo~ P~ e+ FA o (Sohl and Willecke,2003) 4p F+ (homomeric) ¢ # e c3(heteromeric)
connexins¥ 14 % = % f8 7 I cficonnexon isoforms > o ¥t Arle S cnded <] 2 F E A oo TR

2 & T i (channel) ¥ A + HiE 22 A & haT R R 0 der i ¥ Cx26 3-9 #7715 = ehgap



junction¥ i Leucifer yellow(457 Da)id i > iz % Cx26% Cx307; = heteromeric connexonf¥ > ‘w*
¥ #c 1€ neuroobiotin(287 Da)ii & (Marziano, et al., 2003)

Connexin29(Cx29) A4 F1i1 & & 4 A% & ¥ 4.i% 5 (clone) !} % (Altevogt et al., 2000; Sohl et
al.,2001) » EAp ¥ 70 Cx 3% F2E 2 B > £ #77Cx29 & FI(hCx29) I % *+ Cx31.3 » & ¥+ 4
¢ §8 7q22.1 > & 7 % i exons ’ 840bp ¥ *x;%:f 75 1=(open reading frame) > B % Mehjg-v 3
GJE1(gap junction protein epsilon 1)> 7 279 Bk fi > ~ + £ 5 29kDa(Yang et al., 2005) > 2007
£ Cx29 e 4 L &5 GIC3 - Cx29 mRNA %@ t% % % :#4 & % Yi(central and peripheral nervous
systems) ¥%F IR @ G A gk A s ¥ (Sohl et al.,2001) o r4 fL A R LE R
5o o F A 5 (sciatic nerve) s E P kn %7 (Schwann cells)(Sohl et al.,2001) ~ % R4 5% F iw
#z (oligodendrocyte)f-#£#f (myelinating) 7%} F ' #z (glial cell)( Altevogt et al., 2002 ) ¥ ¢+ Cx29
FrH i 3 connexin z F]% & f 4 Cx32 ~ Cx47 &% R4 5% F ¥z (oligodendrocyte)® € & e
# .(Kleopa et al.,2004) - % Ahmad et al.,2003 # 7 4F 2 ¢ » F & 45 ) Cx29 mRNA 7= i3 f 3+ %
RABf P HLARFHEXH CxBed APFHREALDHFY » LR E 4 J
(Immunohistochmistry) 4@ &+ & ficfg B~72 (Laser Capture Microdissection)L % Cx29 j-v
GJE1(gap junction protein epsilon 1) - & B 43 Ache 830 = > 3 3 GIEl & R A il )5
(cochlear neurons) ~ ¥ *2 g7 ¥ (spiral ligament ) ~ ¥% > % (spiral limbus) ~ # % * % (organ of Corti)
% i f R (stria vascularis) » @ Bt WA E RN KT B AT 2 MARTER G LS PR
(Yang et al., 2005) - Cx29 » % & % A ¥R ih2 pr w2 (Schwann cells) » ¥ 5 B ¥R § 7 a0 #7
% Jf (Tang et al., 2006) > ¥ ¢} & L% < }]?%a‘;q I F Cx26 F-v flmPe %9735 = ¢ gap junction
channel ¥ i #& ~ 14 + Cascade blue(548 Da){r Leucifer yellow(457 Da)if i - e 7 Cx26 £
Cx30 25 = heteromeric connexon P > % 7 il if ¥ |4 > & channel & /% & Leucifer yellow i€
i > ¥ AR A+ $ie] hineuroobiotin(287 Da)if i gap junction $& 4% | 4817 kw2 (Marziano, et
al.,2003) o R d ¥ Cx29 e i P o X 2 5 H > BEEAPE- HIEF -

Fob- AR aEN kT T kAR F £ & o0k KA tight junction [k St e AP Ltz
et A Pz tight junction #_3 & 7R im* ) junctional complexes e = = & o T F A 5 TR IR
(apical)fr & & "(basolateral) i *¢ % & domains(a fence # it )’ i & e iy P4k 8 {o-k 5w
e [ ey IR B A - A B B (barrier) st i o )= tight junction eh3-9 B ik P N3 12 fAe 4
occludin ~ claudins ~ cingulin ~ ZO-1 ~ ZO-2 f= ZO-3 ¥ > d & T8 § F IR ¥ KB gpp 3
P REF 1% 10 faclaudin £ 3R ¢ 4% claudin 1 ~ claudin 2 ~ claudin 3 ~ claudin 8 ~ claudin 9 ~
claudin 10 ~ claudin 11 ~ claudin 12 ~ claudin 14 §= claudin 18 % (Kitajiri, et al., 2004a) - ¥| p =



%1k ¢ Frclaudin 7 20 A%~ B o claudin v 3 4 1 % BWC3-9 % ¥ (transmembrane domains) »
f— EFT 7 IR claudin B % 2 tight junction 7= ¥ 4 & B H g} 4L e A - B AR

(barrier) 97 5 (Sonoda, et al., 1999) -

CLDN14 #1%,#5 2_ claudinl4 &_3 A3t 47 § = B ghtight junction (Wilcox et al., 2001) » ¥+
MEFNHTEE R F SRR ST F R L (electrochemical gradient) £ 22 % £ & 0 o b pF
Wilcox % 4 i @ {2fcthans 4 ¢ % CLDN14 A 752 7 2% 43 % Corti < B tight
junction A F3 (barrier)## it *% ¢ 98 #5 ) compartmentalization < % @ B2 I FE 7 a0 (Wilcox,
et al., 2001) ; “BiT%* 7+ & Greek fv Spanish LI 725 P #F MATOR FE > T ¥ » #
P07 e enR B ERATIE & F2 885 2 tight junction 8 4] €7 e er(Wattenhofer et al., 2005) - ¥
- 25 A EFfod 28 g7 7 #F R claudin ) = dtight junction &7 Fr enim e 4] i frd 12 F
£ s iy T A - B E 4 M il i (Tsukita et al.,2001)° fe FF+ 3 2 7 f1* knock out & &
#-claudin 11 5| “$ wIFER €1 & EP 'F i@ i & FLH(Kitajird, et al., 2004) - ]t CLDN14
v CLDN11 Al FlF F F - Tehd & o

BTy - BF T ARL4p A7 B R0 3 IR tight junction {- gap junction F-¢ B4t §
3 4R E > 4o Cx26 - Caco-2 ‘Pz o € 34 47 gap junction 32 Claudin 4 <94 & 5 it tight
junction =5 F(barrier) 1% 5; (Morita, et al., 2004); Cx40 - Cx43 % ek fl fmPz ¥ 5y 4% 7
& 2 i p R e B i (Nagasawa et al., 2006) 5 & 7F58 fm P2 k» 28 I Cx32 A5 = g gap
junction it 33 3% ¥ tight junction 14 Ffr# it (Kojima et al., 2002); fr¥ = if + & ‘w2 $ Calu-3
9 Beat o claudin-14 7 11 fe Cx26 2 P 2 R fpfe ¥ - ¥ Cx26 ¥ & 33 & tight junction 7
B[ fe fence # it (Go et al,, 2006) = 28 @ F| p w0 5 ok 2 B ppw s 32 5 AP R H 0 4e ) B
Al F &R AP FR ] R E—‘ﬁ + 3 Cx29 v CLDN 14 en% & » F|t &3t
41 sl f2 i3 CLDNI4 A Fl{e B s § 4
Fio ol AFHFE -

LI Cx L F ¥R 2 P enBd 4 & CLDN 14 £ 7)

BT BAFZ Fan 308 § - BATGHTF 2 2 -Tet-On F-v % R % 5i(Tet-On
inducible expression system)(Koreen et al., 2004) » ¢ = ;2 £ 4] * f— & & R EF 48 (pBI vector,
clontech) ¥t & B 72 I gk %] > @ 1 * Doxycycline %R ¥ries B A Fleni mE > Fpt

AT QI RS E KRB fEF R AT R AR & 3 (heterozygous) e R B ATiE e 3R o

3]

58 0L oerak o AP AR5 Cx29 fr CLDN14 A F1 % %15 f2bp g H R e L 2258

]
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By
- ~ Tet-on3v % 3 % % (Tet-On inducible expression system)
Tet-On v # I % ¥i(Tet-On inducible expression system)(Koreen, et al., 2004) > & 1 * %
— & & ILF 4+ (pBI vector, Clontech)fr P¥d% + & # 7 ¢ ik F] o . pBIF %8 F 5 tetracycline
reponse element(TRE) » F]#* ¥ % reverse tetracycline-controlled transactivator (rtTA) &k 33 45 H
& F1 & 3R @ rtTA 4 ¥ 4rtetracycline 2 doxycycline % 3 $5 Tet operator DNA sequence (tetO)
A4 F]gt b 22 7 d tetracycline 2 doxycycline Xk A3y T F €A RA B2 P AFITF < &
FEAReD BRAFIASEFF T op LA P REZ - B 54 tetracycline 2 doxycycline % 34 #7
& T & MrtTAsHeLasn®s $& » H_ ¥ 5 Tet operator DNA sequence (tetO) 2 48 (clontech) i 7
i » HeLa’m" & MDCK!m? # * 5 800ug/ml G4182 % 7% 4 11 é % (T-HeLa s T-MDCK) » ¥
A AT E B e oaas BAFIA S B 7 B R % Bsubelone I pBI vector (clontech) i
BB 2 B AFSA S R A% & 3 (heterozygous) » #-3& F 4 fopTK-Hyg i #8 (& iF 48 %
Rinrz gx* )1 10:1 0t b e 7 i » T-HeLast T-MDCK ® §24-48/] pF15 > 22 * 2 5 lug/mlen
doxycyclineP~ & £z % » A37CoE 2 B 224 | Fis » ViR{Fwe LA ¥ KL d 2 kR
ZAEAF Almie )k LA, o P4 » Hygomycin 400pg/ml (kB £ L5 chip i F 2 ¥ 47
EE) kit 748 € & MHeLath i ig o
I ZHr ¥ fr R ¥Cx29: CLDN14A F] & pBI 48+
MA TR KR FEAF LT G F & R ¥ PCx298 CLDN14 A FIpGFP( 7 % ¥ £ 3-v )
2 pDsRed( 7 ‘= & £ v )P E M L il > I AFL Bhf | 8 27 il +
(primers)--PBI-I sense~ATGGCTAGCACGACTCACTATAGGGAGAC ~ PBI-I antisense-AT
GGATATCCTAGAGGCACAGTCGAGGCTGAT 4= PBI-II sense-ATGCTGCAAACGACTC
ACTATAGGGAGAC ~ PBI-II antisense-ATGGATGACCTAGAAGGCACAGTCGAG GCTG
AT#-% fe ed B A F]&8 3 B 7 F R % Bsubclone I pBI vector (clontech)i# 2 & =33% 7 7
Fe L F) A5 8 A% & 5 (heterozygous) °
2. 3k F]4& 78 (transfection) ¥ Tet-On HeLa(T-HeLa) £ Tet-On MDCK(T-MDCK) w0 ## & 3 ji
H & 0 # 0.9-4.0x10° ¢h T-HeLa % & T-MDCK % k3t 4% & 3.5 cm” R4 x ¥
(NUNCQ) » ‘m?2 32 % ;% 7 89 % MEM with non-essential amino acids and Earle’s BSS » 10%
Fetal bovine serum > 1% Penicillin and streptomycin (GIBCO BRL) » § ‘m*z )k & i£ 3] 80 %



P i F g2k FlE R | 4 (Lipofectamine 2000; Invitrogen) » #-2& {47 h 48 % »
T-HeLa im?z & T-MDCK !m*# tk> % F P& #-pTK-Hyg F 8 (& & f§ < 4 Riwfz th * ) 11 10:1
Gt ) e pE ¥~ T-HeLa 0% & T-MDCK &% tk » o 32 % & %5 5 % CO, » 37°C 28 £
% 5 35 & 24-48 ] P 15 % transfection medium % T F 2 F T - A P % o
=~ gk ¥ R A B 45 R Pkl (anti-Golgi antibody # anti-pan cadherin)fw¥e ¢

FHRAd KPEBRTF AR FANACx298 CLDNI4 K Flerd = %

e e k2 AL Tl B R 4 (Lipofectamine 2000; Invitrogen) i 5124 -] P& » #-‘m %2 47
% 22mm’ coverspliteri3.5 cm® 32 % x ¢ (NUNC)® » #24-48| p&is 4 # ' B AR Y
7 lpg/mlsrdoxycycline®s i 632 & K F F A Flend IR > &37C a3 & 038 224 FF{s o
1B PBSH S~ 45 E B3 0 4 2 ml 4% paraformaldehyde#-fm?e B T3t 5 8 T (T #* 20 &
s> MIRBPBS#ESA 48 E B3 0 B4 »2ml 3 1% BSA-0.1% Triton X-1002_ PBS;% 7%
Himbe e TS 0 AR E T (E % 25448 0 LI RPBS®RSAE B3 0 B 55 ng/ml
anti-Golgi antibody & anti-pan cadherin 100 pl jF >t im?e + B 304 Civ* 16/ pF1s > 1115
PBSi# x50 4 € B3t » £ B~ 20 ng/ml 2. Alex Fluor 488 (% ¢ ¥ £ ! excitation =488;
emission=507) or Alex Fluor 594 (= ¢ ¥ % ! excitation =593; emission=608) conjugated
secondary antibody (Molecular Probes) 100 ulif >t fm®z + % *t37°C £ % 604 45(s » 12112 PBS
WwiESA s E B3 0 B8 1 dH O ik 12 Mounting medium (biomedia)3t & 0 i@ * ¥ kA
sk, (Zeiss, Axioplam)# & = & (Confocal) 38 ficdt. (Zeiss, LSM510) BLZ L ¥ e lm¥e p 2
i RE 2 e A iy oo
= ~iE 2 A48 2 4 IRT-HeLaz T-MDCK ‘w2 &

pBI vector } X 5 #F & iE Ak Fl o A7 f Ak Fl4E& 78 (transfection) BF > S e pF -
pTK-Hyg 5 4 (# E 48 % % Mins $h* ) 12 10:1¢08 b pFi% » T-HeLa ‘m % & T-MDCK ‘m
"2 R ot )J'*u? " fesE - 48 T 4 ILT-HeLa# T-MDCK w#z $k pF 7 4] * hygomycin B (Sigama)
KEE > LIpH R %Y AP 5 EFP400ug/mlshygomycin B £ 7 12 & 10~14% 5 &
transfectiont = ¥4 erlm Pz » F]pb APk ¥ LR B KB {74 7 transfectionfk Fl e E o ¥ ¢
F4 i -4 * RT-PCRfrwestern blot % 7z 2_%_7 & 3£ 3| 28 F]4& < 7 T-HeLa# T-MDCK # 3R ‘m
5 bk o
z ~ 1% A F5 (dye transfer) 07 ;2 kAT F gap junction channel i i#% % (Gap junction

intercellular communication; GJIC) &7 5c £ 2

& FACX3-v #73) = chgap junction 0¥ 5 3 1T4p fe o Fpt AKRAH 7 e chZ s (dye)---



Lucifer yellow (charge: -2; MW: 443Da) ~ Rhodamine dextra (charge: 0; MW: 1000Da)fr
Neurobiotin (charge: +1; MW: 287Da) > % d Scrape-loading4" 7 > ;2 Kk #£ 34 GIIC % 5t frzk
F1 % % 18 HGIIC# it 02 % o Scrape-loading dye transfer assay: #% 7 1 & %< El-Fouly et
al., 1987{rNagasawa et al., 2006547 § = & ki€ {7 o § L #-lmfe £ & w833 £ & (tissue
culture plate) » ‘m#2 32 & = monolyerim?z {s » * {17 é_‘féﬁ'_f%‘&;tg A3 - 15E > e * PBS
2= o AR B A A (dye)de PlindE A dm i it B > SA4B1S * PBSiE3 S o ARfA R i ¥
Sk B i B2 (Zeiss, Axioplam )% AL 1% 35 &k 2 ¥rgap junctionsid 5 14w i L F &K o
I ~FI* 7 F BT F Bk (transmission electron microscope) k BLZ AL Fl B lm e p ek IR

%

B
1 {8 & ik o R
H & Pz * 0.5% Triton X-100/PHEM buffer (60mM PIPES - 25mM HEPES -~
10mMEGTA -~ 2mM MgCl, pH6.9) £4°C it * 10~ 48t » £ ™ PHEM bufferie2=t - ‘w
2 3 B T_13% (v/v) glutaraldehyde/PHEM (pH 7.4) & % 8 17 % 104 45 - ‘w9 4 H T
{6 * 1% (w/v) osmium tetroxide / 0.1 M phosphate bufferi& {7 {2 B 2 1T * ° &7 &k * /7
BT - @R R RIER {rifiE S = propylene oxide: T * {4 #-'m? & 32 { Poly/Bed
812 resin (Polysciences Inc.) » ¢ 2 & A& 4] * REICHERT-JUNG*» % #:i& 7 /& *» % (thin
sections) » . f& j& *7 3 & * uranyl acetatefrlead citrate% ¢ - £ * dH,O #%£3=% » &R
#-H mounted fcopper grids?é * JEOL 1200EX transmission electron microscope(TEM;
JEOL, Tokyo, Japan)g@. % -
2. Immunogold labeling
AR F R M ikl (dorabbit anti-Cx29 antibodies)4c 12 lable £.24°C 1~1.5-]:

PF > &% & * labeling-blocking buffer(0.15 M SPB, 10% heat-inactivated goat serum and
0.5% teleost gelatin )i w =x » & X104 45 > £ * 10-nm, 20-nm, and/or 30-nm gold
conjugated secondary antibody (Chemicon) it * 2] B {4 » * labeling-blocking bufferi% =
et dH 0 = = » & 104 48 0 £ 18 ¥4k & b 52 (air-dried) o 2% & #-#% & mounted
copper gridsis * JEOL 1200EX transmission electron microscope(TEM; JEOL, Tokyo,
Japan)@L % -

= ~ transepithelial electrical resistance (TER) &g & = /%
#-1-2x10°F8 T & I F & R % CLDN14sHHeLatw® 32 % @ & Transwell chambers:

i & chamber (6.5mm, 3 JF = -] 5.0um )*¥ (Corning Life Sciences, Corning, NY) » I 4¢v »



100ulim?z 32 % ;% (89 % MEM with non-essential amino acids and Earle’s BSS » 10% Fetal
bovine serum * 1% Penicillin and streptomycin (GIBCO BRL)) > % ¢} & chamber ] 4r » 600ul
W2 ¥ R 0§ Wmre A, H K e pF o> i * Millipore electrical resistance system % ;| £ H &
‘w #z transepithelial electrical resistance (TER)eiE » ¥ 7 ¥ By fAfE T A R ¥ & R %

CLDN14:H & HeLa!wm®s sibarrierris iy ©

SEEHm
- ~CX29AFIR T T -

A i #-wild type 2 mutant type s %|iE 1‘% £ R . ;‘ §8peGFP-N1% pDsRed]1-N1} » £ #-
constructi¥ » Hela cells® » BLACX29F kg & Fv flwfe p chZ A o p w3V e 3 &
£ 11 Cx29wt-eGFP ~ Cx29wt-DsRed ~ CX29E269D-DsRed 2 Cx29E269D-eGFP = $kstable cell
line » I ¥ i&— 9% e * RT-PCR Rk fr i 78 2L 7] & w2 f RNA levels (Figure 1) o & * ‘m¥z §
HFRL I ZE I 2 Rcs R & b LR AR RN S B I L Cx29wt-eGFP £ I & fm P2

Wb # R R A IR 7 €75 gap junction plaque(Figure 2a) o X @ Cx29E269D-eGFP
g flwe 3 (Figure 2b) o ke % & ¥ M @ * DsRedfg £ 3¢ 47 7 (Figure 3afr
3b)e 5 7 L iE- BRI A E 0 AP A W FAanti-PDIZ anti-Golgi 2 4 Allysosome

tracker #% N B - F B A < 482 3 pF 4 (Figure 4) > % % % ME269D % % 3-v 2 ER
colocalizatione p ¢b » d 3030 apig 30 4 )]% A ¢ R % H heterozygote » F] i cotransfect wild
type # mutant type constructs¥'|HeLa cell » & g% % % cHCx29 3-v #wild type £_F € i = F2 58 ©
i cotransfect peGFP-Cx29wt2 pDsRed-Cx29E269D ftransient. % 3% 3L » Cx29E269D-DsRed ¢
P Cx29wt-eGFP » & & 2 i I w2 WC > X b 38 ff hwfe F P (Figure 5) » Cx29E269D-DsRed
¢ ¥ Cx29wt-eGFP:# = dominant negative effect o ¥ b 5 7 g2 2V i & * ¥ £ F-v (eGFPir
jmmmng%$ﬂwﬁ$ﬁ$%,ﬂm;ggﬁﬂﬁmemgﬁé—%ﬁ%@’%%ﬂw

FIA B E Y 0 hd R AID cF hlwe J ¢ (Figure 6) © 14 [L47 7 heterozygote ‘ﬁ i
s EL
g,_

4

F1* cotransfectionsa= 3¢ » pt 3 2§ A E L AP AZLF] S FHREZE wwrd > a7
FRT A BN RS S o F AP % 24 2 7 tet-on inducible gene expression system ©
e 2 e TS A ApBIfE e & AU o £ 3% ~ Tet-on Hela cells » &% F-d & R3304
484 ~ doxycyclingg AL F1 & L > bk SR F it %‘-VT‘ % ticotransfections F A7 & £ & » chig
oo T E P IR e AEE o P o AP e BCx29 WT-GFP{rCx29 E269D-DsRed =7pBI

constructz® £ % = o #-igconstructi¥ » Tet-on HeLacells» f1* f. & ¥ £ % 4 2 T > Bt



B pk S B9 flwie pochend A2 L3 (F* o ftransientihdata®f om Cx29wt-eGFP £ 3R At
*z % (Figure 7) » Cx29E269D-DsRed 3 fi % 'w ¢ %‘r (Figure 8) » g+ # I Cx29wt-eGFP £
Cx29E269D-DsRedenim®e » & g & 0 R piafh imre B (Figure 9) o iz B % &2 Vi ¥
v Mk TR TS R AR o ¥ 0 §ed s fp &) BT (ER) ¢ 51 42Unfolded Protein
Response (UPR)i¢ = !m ¥z ehapoposis » F]pt 24 i i& — H 94| * DNA fragmentation f- flow
cytometry k 4 $7Cx29E269D % % 3-¢ 3 ff 2. ERA_F § i = % chapoposis(Figure 10) > & % 3¢
3% ILCX29E269D R % -9 3 f e B T A 3142 'w ¥z chapoposise 14 b R4 B 5 R
#-% 4 fHuman Genetic R # 7| (*it—) o
TOCx29E AT A A A ARBFIR FP P mEHN B P ¥R A GE  ARAPE R
- ez = Cx29 1 ¥ channelsndF 4 2 # i engdfd > 4o * dye transfer % ATPase s §# 2 # it -
FEOFI M RHREERE- H DR FOQIERL AL Y b d I i i SRR
Rt o
- “CLDN14 A |2 B9
AmaAyaAipEe gt ¥ 9CLDNI4 v ¥ 12 & MDCK m#2 [F 4) = tight junction > ¥
*t 4 CLAUDN14 % 24 167-168delGG ehk i = ¥ ®N kv &> " R ¥ v T &2 8% 7
MDCK ! % %+ 4 2 tight junction® €353 cha # flw?e F 7 o e $% 7 CLAUDN14 52A>G /wt
(M18V) 45 & % % (missense mutation) iR % F=-v » & ;> J; = tight junction » £ = % if
167-168delGG %k % F-v — s # > Pt R v L R 3T e e [ S i ke o
I E R - Hihd e P ESMAREE o B K 0 424G—>A/wt (D142N) £ R 2 %
(missense mutation)sHR % F-v £r¥ e ¥ CLAUDNI14 3-v — $RAkif % I %35 2 tight
junction o B2 2R % 4ot 5 e 7 7 - 7% & gt tight junction F-v %*uj& FoAe 0 PTIAINE JE 3B -
# s 7 RIF I R % a0 424G—A/wt (D142N) 45 & % % (missense mutation)#73 = £ tight
junction £_F 1§ i F B IR 5 hw Gy o
AT P 3P A W Al anti-PDI % anti-Golgi 14 2 4 | lysosome tracker & T B 4
BEASNHZE RN B 5% AP CLDN14 M18V(E269D) £ lysosome colocalization > 4i B
PR F0 AT X T lysosome *# fZ(Figure 11)° d * CLDN14 3¢ & 3 ¥ PDZ Domain > §
2 miz ¥ 1 70-1~720-2~Z7Z0-3 % & (Itoh et al., 1999) > #7120 34 {9 i& — 3 e ZO-1 Fdl 1 2w
2R b enZ0-1 KL ZO-1 22 CLDN14 & ¥ feR % v 2 B en 3 8% o fp pF 2 i 02 MDCK
e — 4R 2 (Figure 12a) » 55 % 24 4 L1 ¥ 9 CLDNI4WT 3% ¥ 1140 ZO-1 £ F % T
- 42(Figure 12b) - 4p ¥+ 77 CLDN14W56S 4 CLDN14MI18V #_g& ;2 fv ZO-1 4 IR & e i
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% (Figurel2 ¢ § d)° %A@ ¥ — 1 % % 2 CLDNI14D142N £ 3.9fr CLDNI4WT — £ » ¥ 11 fe
Z0O-1 £ % R =~ 4= (Figure 12e)

tight junction % § R f B M ecns i > s &0 3 flwie B hid iF 0 B0 35
transepithelial electrical resistance (TER) @] 7 12 4rig tight junction 53w 5y E_F &+ F o &
F# gt 20 koo 47 CLDN14 % %18 £ F 3¢ = Bl # i adr 2 > 2 % 3 7L CLDN14D142N 7% %
Fv B2 AV 1ol F CLDN14 3-v — $RA~L3E X 3| o 72 5075 ¢ tight junctione & &_p* R % chtight
junction F-v B Faw &> I &2 it ¥ 9 CLDNI14 3¢ — 2 5 )= gtight junction & % &[4
@ i che it (Figure 13) o ¥ ¢ & 5 2 % (CLDN14W56S fv CLDN14MI8V) 13-4 I 5 61 g 4
7 tight junction A Fg 7 it (Figure 13) °

B3 CFTR(a: S *8) 5 6|08 45 4§+ # (curcumin) @ 12 "8 i e @ 4T &
7 F G0 FenZ &4 5 iEm B0 Proteasomal degradation =t (Zeitlin P, 2004) o o »t 24
A g ¢ 4 CLDNIAMIBY fhim®e @ chd L § 33y himte o B0 » AP fpr 25
% (curcumin)&_E 7~ B 5 # il CLDNMISV R % 3-v chwb iy o g LA -3 5 CLDNMIBV m
% % f 18cm’ ehgh B+ 32 & 24 0] PES 4o~ 40puM (14.7 pg/ml) F % 2 (curcumin) ¥R £ % ¢ >
A awliEr 135 P ITLAY KL T FREMERR ¥ UFIRMISV 2%
BRSO pREIER (S P R R € F Alwre W @4 HIR % (Figure 14) ¥ 5 curcumin
it 9 @ CLDNI14MI8V chj-v FiLlsm®e s b 4 » 3L i — 4 chf| % TER ip) E AR L
IR 3 _,»_;fﬁd T E R £ A S9BLE ) tight junction ehF iy £ F F it L o A B[P 20uM F
¥ #% (curcumin) i * T 22 & § F % (curcumin) i** T CLDNI14MI8V w2 ke fEiE » ¥ 1L 5
I # curcumin £ % T 7 CLDNI4MISV ‘¥z thip| &) k eng [ ficie 3 &0 B codfd > e &
# curcumin % T ¢ CLDNI4MISV iz B TR B ¥ R F R L » t &2 # “f 3% 2
(curcumin) & 24 /| FFRIEEX F *F KTk % (Figure 15) o ¥ ¢h Vi 1% 4p e e 2 A 47
CLDNI14D142N 1% % » 2 % & CLDNI4MIBV hmPz - k7 12 ‘FK’}E PR b ik g
(Figure 15) o } s e %A B f2 3] & % % (curcumin) i7" ¥ 1222 % CLDN14 % % J-v
oo RE WP AP T2 FH? BF R Had Ao i T REBFIAFR LT uE
714 % § % 4 (curcumin) % e 7] CLDN14 % %918 & chfe 4 474 o

BIT A E G B3R L KR Lk 4 % (Freeze-fracture) &  Freeze-fracture replica
immunogold labeling (FRIL) # $tj#¥ % # § gap junction {r tight junction 7 j2 5 km#e 2 33 % '
#z (cell culture) p e1% 1= & (subcellular localization)(Rash et al., 2001; Go et al., 2006) ° % & &

PHFLEAPIR T AT RIEENF AP R AR * Fr 2 (thin sections)s= ;44 *
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% M % 3 B e (transmission electron microscope) k B~ % F it e 2 R ELR A F A mre N ahik
B o R N aF B % A4 P 2 % 3] CLDNI4 tigh junction 34 IR » F| b iz — 384
R RV AR RE- B RA TR A PEH NS E -

e BB ) 23N i A e CLDN14 9% %“,f 7 167-168delGG ** " &_heterozygous » F|yt #
i~ #-f]* tet-on inducible gene expression system K7 7 ipudt R FEL P owm AP e S RLp i R
R 2ERFCLE LARTM o A0 AP E 2 tet-on HeLa wre k¥ » ¥ g2 g Pl A&
Flend TR o FIpt 2V 507 fR A B R AL 0 2V i BaE 2 tet-on MDCK Mm¥e tk > B oan 28 0 ofF b

FIA B clone » 3T KPR B (T RGE KB fRVRL clone .7 U REF RY Ao

1S %P

BT L % 0 A T § Cx299CLDNLA A F1% & Folpcnsc s 4§ ie— 4 en 3 »
A H AN @’ﬁ}}% A ¢ A R erCx29 E269D ~ CLDN14 M18V4{rCLDN14 D142N £ Fleh %
REATE A BN EE UL RIERAET SLERRLAET YR RE e Y S
Yo BEAPFAHIN LN FTRE KPR o ACX29E269D A F1 R ST 7 30 Ay 2
EA X B 4 fHuman Genetics ®"2 #7 7] o &2 CLDNI45%#7 7 = 6 > AP s FIH R 978
M- B H g d A o VAP FREF F (curcumin) ¥ L H W $3CLDNI4n R 8 97ag = #
HenfiF o 2B - BERDFR  FE L it > AP F b

7 -

FFI 0 T O B E L - % R FOx20eCLDNIA A FI AR A A fri
&
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Figure 1. Expression analysis of Cx29 mRNA in the four transfected HeLa cells by RT-PCR. RT-PCR analysis
of total RNA from HeLa cells expressing Cx29WT-EGFP, Cx29WT-DsRed, Cx29E269D-EGFP, and
Cx29E269D-DsRed confirms expression of the corresponding mRNAs in stably transfected HeLa cell lines (up
panel). B-actin served as reference of the loading amount of total RNA for each sample (low panel). Mock HeLa
is a negative control.

Pan Cadherin

Cx29E269D-EGFP Pan Cadherin

Figure 2.  Expression analysis of Cx29WT and Cx29E269 in stably transfected Hela cells by
immunocytochemistry using pan-cadherin antibody. Fluorescence microscopy of HelLa cells expressing
Cx29WT-EGFP (a) shows expression of the Cx29 fusion protein in the plasma membranes. However,
Cx29E269D-EGFP (b) transfected HeLa cells show impaired trafficking of the Cx29 protein with localization
near the nucleus. The cells were counterstained with 4'-6-Diamidino-2-phenylindole, DAPI, (blue) to highlight

the nuclei. Scale bars: 10 um.
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Cx29WT-DsRed Pan Cadherin

Cx29E269D-DsRed Pan Cadherin

Figure 3. Expression analysis of Cx29WT and Cx29E269 in transfected HeLa cells by immunocytochemistry
using pan-cadherin antibody. Fluorescence microscopy of HeLa cells expressing Cx29WT-DsRed (a)
shows expression of the Cx29 fusion protein in the plasma membranes. However, Cx29E269D-DsRed (b)
transfected HeLa cells show impaired trafficking of the Cx29 protein with localization near the nucleus.
The cells were counterstained with 4'-6-Diamidino-2-phenylindole, DAPI, (blue) to highlight the nuclei.
Scale bars: 10 pm.

-\

(]

Gx29E269D-EGFP | Lysosome tracker

Dol

Cx29E269D-EGFP Anti-PDI

Cx29E269D-EGFP Anti-Golgi

Figure 4. Intercellular localization of mutant Cx29 proteins. Photomicrographs of HeLa cells transfected with
Cx29E269D-EGFP cDNA after immunostaining for markers of the lysosome, ER (anti-PDI), and Golgi
apparatus (red in (a)—(c), respectively). Yellow signal in the image overlays (right column) indicates
co-localization of Cx29E269D-EGFP and the organelle of interest. Mutant Cx29 shows moderate
co-localization with the ER marker. The cells were counterstained with 4'-6-Diamidino-2-phenylindole,
DAPI, (blue) to highlight the nuclei. Scale bars: 10 um.
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Cx29wtGFP EZ269D DsRed

Figure 5. Cx29E269D 4% % % %2 Cx29 3¢ %1 ¥ Cx29 v

LB EEF X2 Fv AM(%S )L B E R R(E269D) i En £ R(z ¢ ); = T B 5 DAPI
B (4 ) T H s merge - ARk o BB § BRGS0 APT P EER A
RN G R IE ¢ g 0 B B K Cx29 v €4k R % e Cx29E269D v idedla ik i Pl
i A

Figure 6. Expression analysis of EGFP and DsRed fusion protein in transiently transfected HeLa cells.
Fluorescence microscopy of EGFP (a) and DsRed (b) HeLa cells shows uniform spread expression of these

fusion proteins in the cytoplasmic of HeLa. Scale bars: 10 pm.
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Figure 7. §1* A & e e F 9 Cx29-eGFP 4 Fli 1 pBI e £ Eﬁui\ o R 4 Tet-on HelLa

cells » " sm%e fLf §F K4 2 Lo WL ¥ Cx29-eGFP 39 flmz p ik A o
=BG E A OCX29 F ok Fd AM(FF ) PRSP e (o) =7 Bl S DAPL % imve
T G omerge Ao ATehgk o BB J RE A g 3 0 NPT F R A e it R

(E9)5 +
¢ o BT Cx29 3v §ARET| et IR o

.
’

Figure 8. 1% A& ¥ € = 3 jiF#-Cx29E269D- DsRed # F]:& fﬁ":? pBl g £ Iﬁj\ 9+ odg 5 B 4 Tet-on HeLa
cells » 11 imPe G % L4 & jF A wm?e g% Cx29E269D-DsRed ¥-v flm?e p ehd JLF35 o
TR EEFCx29 FRkEv 2M(i2d); 2B 5 DAPI w2 % (EJ )5 + T Bl 5 merge - 42

-

Bk o LI 4 HEFUTH P S 0 SR T U8 L Cx29E269D-DsRed F-v i ff bm e -

" Cx20WT-EGFP | Cx29E269D-DsRed

Figure 9. Co-expression of mutant proteins and Cx29WT using the tet-on protein expression system. HeLa cells
co-expressing Cx29WT-EGFP and Cx29E269D-DsRed reveal co-localization of the two proteins near the
nucleus. Arrows indicate co-expression of Cx29. The cells were counterstained with

4'-6-Diamidino-2-phenylindole, DAPI, (blue) to highlight the nuclei. Scale bars: 10 um.
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mock HelLa cell Cx29E269D HelLa cell

Figure 7. Cell viability analysis on mock and stably expressed Cx29E269D HeLa cells. Both cells were
incubated in DMEM medium for 24 h and were then harvested for DNA fragmentation assay (a) and
analysis of flow cytometry (b). (a), DNA was prepared for agarose gel electrophoresis as described in the
Materials and Methods. Results are representative of three separate experiments. Lane 1: mock HeLa cell.
Lane 2: stably expressed Cx29E269D HeLa cell. (b), After harvested, the cells were stained with PI and then
analyzed by flow cytometry. Cells undergone apoptosis are characteristically distributed within the sub-G1
population (P5).

Iysosome

Figure 12. & = CLDN14 M18V R % ¥-v 3 ffchiz ¥ > & * ﬁuﬁ ¥okqod A AR TR pE R
TR RROMIBV ¥k Fv AWM 2T B 5 AHELUIFFH 2 B 5 DAPI 4w (F
g ) ;= T Bl 5 merge - A2 % o B % MISV R % v < {84 £ lysosome colocalization » 4&
R % -0 #X I lysosome ' [ o
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40 M curcumin 3 hr.

Figure 14. Curcumin rescued expression of CLDN14-M18V-GFP mutant protein from cytoplasm to membrane
in MDCK cell. MDCK cells expressing the mutant protein of CLDN14-M18V-GFP (green) were treated
with the indicated concentrations of curcumin for 1, 3 and 5 hours, respectively. The results indicated
CLDN14-M18V-GFP mutant protein escaped degradation and appeared on the cell surface (red) in the 40

UM curcumin condition after 1 hour. Arrows indicate (yellow color) expression protein of
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CLDN14-M18V-GFP in the membrane. The cells were counterstained with 4'-6-Diamidino- 2-
phenylindole, DAPI, (blue) to highlight the nuclei.
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Abstract Connexins (Cxs) are homologous four-trans-
membrane domain proteins and constitute the major com-
ponents of gap junctions. Among a cohort of patients with
nonsyndromic hearing loss, we recently identified a novel
missense mutation, E269D, in the GJC3 gene encoding
connexin 29 (Cx29), as being causally related to hearing
loss. The functional alteration of Cx29 caused by the
mutant GJC3 gene, however, remains unknown. This study
compared the intracellular distribution and assembly of
mutant Cx29 (Cx29E269D) with that of the wild-type Cx29
(Cx29WT) in HeLa cells and the effect the mutant protein
had on those cells. Cx29TW showed continuous staining
along apposed cell membranes in the fluorescent localiza-
tion assay. In contrast, the p.E269D missense mutation
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resulted in accumulation of the Cx29 mutant protein in the
endoplasmic reticulum (ER) rather than in the cytoplasmic
membrane. Co-expression of Cx29WT and Cx29E269D
proteins by a bi-directional tet-on expression system dem-
onstrated that the heteromeric connexon accumulated in the
cytoplasm, thereby impairing the formation of the gap junc-
tion. Based on these findings, we suggest that Cx29E269D
has a dominant negative effect on the formation and func-
tion of the gap junction. These results provide a novel
molecular explanation for the role Cx29 plays in the devel-
opment of hearing loss.

Introduction

Gap junction (GJ) channels mediate direct cell-to-cell com-
munication by allowing the passage of small biological
molecules (<1 kDa) including electrolytes, second messen-
gers and metabolites from one cell to the other (Gilula et al.
1972; White and Bruzzone 1996). GJ channels are thought
to have diverse functions, including the propagation of
electrical signals, metabolic cooperation, growth control,
spatial buffering of ions and cellular differentiation (Bruzzone
etal. 1996). GJ channels are double membrane protein
structures that form by the head-to-head docking of two
half channels to create hydrophilic pores across the mem-
brane (Makowski et al. 1997). Each half channel, or conn-
exon, is composed of six polytopic transmembrane protein
subunits, termed connexins (Cxs). The Cxs within a conn-
exon can be the same (homomeric) or different (hetero-
meric), and the two connexons docking together can be
identical (homotypic junctions) or different (heterotypic
junctions) (Willecke et al. 2002). Studies have also demon-
strated that connexins can assemble into functional hexa-
meric connexons in the ER membrane (Falk et al. 1997).
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Subcellular fractionation studies and immunocolocalization
analyses suggest that connexins pass through the Golgi
apparatus to reach the plasma membrane (Musil and
Goodenough, 1991; Falk et al. 1994; Laird et al. 1995).

Connexins compose a large and highly homologous gene
family encoding plasma membrane proteins. Each Cx con-
tains four transmembrane domains linked by one cytoplas-
mic and two extracellular loops. The N- and C-termini are
located on the cytoplasmic side. Transmembrane domains
bear conserved amino acids, whereas the cytoplasmic loop
and the C-terminal region are the most variable parts of
connexins. More than 20 mammalian connexins have been
described (Willecke et al. 2002) and, therefore, there are
potentially a large number of different kinds of hemichan-
nels in different tissue (Richard, 2000). The importance of
the physiological functions of connexins is illustrated by
the identification of connexin mutations as the molecular
cause of various human diseases (Krutovskikh and Yamasaki
2000), such as X-linked Charcot—-Marie-Tooth peripheral
neuropathy, cataract, and hearing loss.

At least six Cx genes (Cx26, Cx29, Cx30, Cx30.3, Cx31
and Cx43) are known to be involved in human genetic deaf-
ness (Kelsell et al. 1997; Xia et al. 1998; Grifa et al. 1999;
Lépez-Bigas etal. 2002; Yang etal. 2007; Wang et al.
2010). The proteins they encode are located in gap junc-
tion-rich regions of the cochlear duct, suggesting that all six
connexin proteins are essential components of gap junc-
tions. The loss of connexin in gap junction complexes in
the cochlea would be expected to disrupt the recycling of
potassium from the synapses at the base of hair cells
through the supporting cells and fibroblasts back to the high
potassium-containing endolymph of the cochlear duct,
thereby resulting in hearing loss due to local potassium
intoxication of the Corti’s organ (Kikuchi, et al. 1995).

Cx29 is a relatively new member of the Cx protein fam-
ily (Sohl et al. 2001; Altevogt et al. 2000). The Cx29 gene
(NM 181538), which contains two exons and an open read-
ing frame of 840 base pairs, is localized on chromosome
7q22.1. The Cx29 gene product contains 279 amino acid
residues and has a molecular weight of 31.29 kDa (Sohl
et al. 2001; Altevogt et al. 2000). Cx29 has been shown to
be highly expressed in the cochlea (Ahmad et al. 2003).
Animal studies indicate that the Cx29 protein is expressed
in the cochlea neurons, spiral limbus, spiral ligament, organ
of Corti, stria vascularis, Schwann cells myelinating the
soma, and spiral ganglion (SG) neurons in mouse and in rat
cochlea (Yang et al. 2005; Tang et al. 2006). At least six
heterozygous mutations [c.807A>T (E269D), c43C>G
(R15G), ¢.230C>G (T77S), ¢.525T>G(L175L), ¢.781+10
C.>G, and c.781+15 C>T] and two heterozygous polymor-
phisms (781+62 G>A and c.*+2 T>G) of the Cx29 gene
have been detected in Taiwanese patients with nonsyndro-
mic deafness (Yang et al. 2007; Wang et al. 2010). These
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findings demonstrate the requirement of Cx29 for normal
cochlear function and suggest that Cx29 is a new candidate
gene for studying auditory neuropathy. To better under-
stand the pathogenic role of Cx29 mutation in nonsyndro-
mic hearing loss, it is necessary to investigate the
functional properties of mutant Cx29 gap junctions. In the
present study, we investigated the effect of the E269D
(c.807A>T) mutation on the functional properties and the
subcellular localization of the heterozygous mutant Cx29
protein in HeLa cells and in tet-on HeLa cells.

Materials and methods
Molecular cloning of wild-type and mutant Cx29 gene

The mammalian expression vector pcDNA3.1-CT used in
this study was constructed as previously described (Griffin
et al. 1998). We designed and synthesized a tight-binding
pair of molecular components comprising a small receptor
domain composed of as few as six natural amino acids
(—Cys—Cys—Xaa—Xaa—Cys—Cys— tags) in the C-tail of the
pcDNA3.1 vector (Invitrogen, Carlsbad, CA, USA). The
open reading frames of human Cx29 were obtained by
RT-PCR (Superscript II; Invitrogen, Carlsbad, CA) from
human glioma cells using oligonucleotide primers (forward
primer Cx29F: 5'-ATGTGTGGCAGGTTCCTGCG-3’ and
reverse primer Cx29R: 5'-TCAGGCATCTC TGGGTCC
AA-3’) and Platinum Pfx DNA polymerase. The cDNA
containing the full-length coding region of human Cx29
was used as the template. PCR was carried out with the
following oligonucleotide primers: forward primer was
Cx29F-Kpnl 5'-ATGGGTACCATGTGTGGCAGGTTC
CTGCG-3' and corresponded to nucleotides 1-20 of the
human Cx29 coding region; reverse primer was Cx29R-
Xhol 5'-ATGGAGCTCCCGGCATCTCTGGGTCCAAC
T-3" and corresponded to nucleotides 817-836 of the
human Cx29 coding region. The PCR DNA product
(855 bp) of the human Cx29 coding region was cloned into
the pcDNA3.1-CT vector. Mutant Cx29 gap junction pro-
teins were obtained by performing oligonucleotide-directed
mutagenesis using the Stratagene Quickchange site-
directed mutagenesis kit (Stratagene,La Jolla,CA). The fol-
lowing oligonucleotide primers (mutated nucleotide is
underlined) were used to prepare the mutant Cx29 gene:
Cx29 E269D sense 5'-AGAAGCTTAGCCCAGGATAA
ACAAAGACCAGTTG G-3'; Cx29 E269D antisense 5'-C
CAACTGGTC TTTGTTTATCCTGGGCTAAG CTTCT-3".

For fusion protein generation, cDNA sequences of the
autofluorescent reporter proteins GFP (pGFPNI1 vector;
Clontech, Palo Alto, CA) and DsRed (pDsRedN1 vector;
Clontech, Palo Alto, CA, USA) were fused in-frame to the
C-terminus of wild-type (wt) and mutant Cx29 genes. The
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open reading frames (ORFs) of Cx29 were obtained from
the pcDNA3.1 clone after digestion with Kpnl and Sacll,
and then subcloned into the Kpnl and Sacll restriction sites
in vectors pGFPN1 and pDsRedN1 (Clontech, Palo Alto,
CA, USA). The dideoxy DNA sequencing method, using a
DNA sequencing kit (Applied Biosystems Corporation,
Foster city, CA, USA), an ABI Prism 3730 Genetic
Analyzer (Applied Biosystems Corporation, Foster City,
CA, USA) and restriction digest were used to confirm the
DNA sequence of all constructs.

Expression of Cx29 gap junction proteins in HeLa cells

Human epitheloid cervix carcinoma cells (HeLa, ATCC
CCL 2; American Type Culture Collection, Rockville, MD,
USA) lacking the GJIC gene were used throughout this
study. Cell lines were maintained in standard cell culture
medium supplemented with 10% of fetal bovine serum,
2 mM of L-glutamine, and 50 units/ml of penicillin—strepto-
mycin. Cell cultures were maintained at 37°C in a humidi-
fied 5% CO, incubator. The vectors, pcDNA3.1-CT,
pGFPN1 and pDsRedNl1, containing the DNA fragment
encoding the wild-type or mutant Cx29 protein were trans-
fected to HeLa cells using lipofect AMINE (Invitrogen Cor-
poration, California, USA). To obtain HeLa cell colonies
that stably expressed Cx29WT or Cx29 mutants, 1 mg/ml
of G418 (Geneticin, Gibco-BRL, Grand Island, NY, USA)
was added to the growth medium. The growth medium was
renewed at 2-3-day intervals. After 2-3 weeks, single cell
colonies were obtained. Under a fluorescence microscope,
cells displaying either green or red fluorescence were cho-
sen for further culture. After individual colonies had been
chosen, a FACSAria™ cell sorter (BD Biosciences, USA)
was used to sort positive cells. The positive stable cell line
was used for the subsequent functional analyses.

Immunofluorescence staining of post-transfection
HeLa cells

FIAsH-EDT, labeling reagent (Invitrogen, Carlsbad, CA,
USA) was used at final concentrations of 1 mM in the pres-
ence of 10 mM of EDT (1,2-ethanedithiol). The labeling
was performed for 1 h at 37°C in 1X Hank’s balanced salt
solution (HBSS, Gibco-BRL, Invitrogen Corporation,
California, USA) supplemented with D+ glucose (1 g/l).
Free and nonspecifically bound ligands were removed by
washing with EDT (250 mM) (in HBSS with glucose).
FlAsH-labeled cells were examined with a Zeiss Axioplan
200 M fluorescence microscope imaging system (Zeiss
Axioplam, Oberkochen, Germany).

Wild-type or mutant Cx29 protein expression in HeLa
cells was analyzed by a direct fluorescent protein fusion
method involving fusion of GFP or DsRed to the C-termi-

nal ends of the Cx29 proteins. Briefly, post-transfection
HeLa cells grown on coverslips were fixed with 4% para-
formaldehyde in 0.1 M of PBS for 20 min and then rinsed
three times in PBS. Then, the coverslips were immersed in
10% normal goat serum and 0.1% Triton X-100 for 15 min.
The primary antisera and dilutions were as follows: mouse
anti-pan-cadherin antibody at 1:200 (anti-CH19; abcan) for
cell membrane, mouse anti-Golgin-97 at 1:200 (Invitrogen,
Carisbad, CA, USA) for Golgi apparatus, and rabbit anti-
PDI at 1:200 (Invitrogen, Carisbad, CA, USA) for
endoplasmic reticulum (ER). After incubation with primary
antiserum at 4°C overnight, the cells were rinsed in PBS
three times before adding Alexa Fluor 488 and/or Alexa
Fluor 594 conjugated secondary antibodies (Invitrogen,
Carisbad, CA, USA). Lysosomes were stained with Lyso-
Tracker® Probes (Invitrogen, Carisbad, CA) for 20 min at
room temperature. The nuclei of cells were counterstained
with DAPI (2 pg/ml) for 5 min and rinsed with PBS.
Mounted slides were visualized and photographed using a
fluorescence microscope (Zeiss Axioplam, Oberkochen,
Germany).

Generation of Cx29 wt/Cx29 mutant Chimerae
for tet-on expression system

The coding region of Cx29WT and that of mutant Cx29
were amplified from plasmids containing the Cx29 ¢cDNA
(Cx29wt-EGFP or Cx29E269D-DsRed) using two pairs
of primers containing recognition sequences 5'- Sal I and
3'- Not 1 or 5’-Nhe I and 3'-EcoR V, respectively, and Plat-
inum Pfx DNA polymerase (Invitrogen, Carisbad, CA,
USA). Purified products were subcloned into the corre-
sponding site of the bi-directional expression vector pBI
(Clontech, Palo Alto, CA, USA). The dideoxy DNA
sequencing method, using a DNA sequencing kit (Applied
Biosystems Corporation, Foster city, CA, USA), an ABI
Prism 3730 Genetic Analyzer (Applied Biosystems Corpo-
ration, Foster city, CA, USA) and restriction digest were
used to confirm the DNA sequence of all constructs.

Transfection and expression of Cx29WT/Cx29 mutant
chimerae protein in tet-on HeLa cell line

The tet-on HeLa cell line deficient in the GJIC gene was
purchased from BD Biosciences Clontech (Palo Alto, CA,
USA) and maintained in Dulbecco’s modified Eagle’s
medium, supplemented with 10% FBS (Gibco-BRL,
Gaithersburg, USA), 100 pg/ml of G418, 100 U/ml of peni-
cillin, and 100 pg/ml of streptomycin at 37°C in a moist
atmosphere containing 5% CO,. Transfection was carried
out using LipofectAMINE reagent (Invitrogen, Carlsbad,
USA) according to the manufacturer’s instructions. A ratio
of 1 pg DNA versus 2 pl Lipofect AMINE 2000 was used

@ Springer

758

XXXX

Dispatch: 23.10.09

No . of Pages: 10

Article MS Code

|¢ Large 439
o

Journal

LE O

TYPESET O CP M DISK M

205
206
207
208
209
210
211
212
213
214
215
216
217
218
219
220
221
222
223
224
225

226
227

228
229
230
231
232
233
234
235
236
237
238
239
240
241

242
243

244
245
246
247
248
249
250
251
252
253



Author Proof

254
255
256
257
258
259
260
261
262
263
264
265
266

267
268

269
270
271
272
273
274
275
276
277
278
279
280
281
282
283
284
285
286
287
288
289

290

291
292
293
294
295
296
297

298

299
300

Hum Genet

for the tet-on HeLa cells. Cells were harvested at 24 h post-
transfection and grown on a coverslip for 24 h at 37°C in a
humidified 5% CO, incubator. Then, tet-on HeLa cells
were treated with 1 pg/ml doxycyclin (Dox) (Sigma-
Aldrich Corporation, St. Louis, MO, USA) in cell culture
medium to induce Cx29WT or Cx29E269D mutant protein
expression. Cells were exposed to Dox for 5h prior to
immunofluorescence staining. Tet-on HeLa cells were fixed
with 4% paraformaldehyde in 0.1 M PBS for 20 min, rinsed
three times in PBS, stained with DAPI for 5 min and then
washed three times with PBS. Mounted slides were visual-
ized and photographed using a fluorescence microscope
(Zeiss Axioplam, Oberkochen, Germany).

Reverse transcription-polymerase chain reaction
(RT-PCR)

Total RNA was isolated from four positive stable cell lines
using the Total RNA Extraction Miniprep System accord-
ing to the manufacturer’s directions (VIOGENE, Sunny-
vale). cDNA was synthesized according to the
manufacturer’s directions in a reaction volume of 20 pl,
containing 2-5 pg RNA, random hexamer primer, and
200 units Improm-II™ Reverse Transcriptase (Promega,
San Luis Obispo). With primers specific for the coding
region of the GJC3 gene (forward 5'-ATGTGCGGC
AGGTTCCTGAG -3’ and reverse 5'-CATGTTT GGGAT
CAGCGG-3"), PCR was performed (94°C for 30 s, 58°C
for 35 s, 72°C for 1 min) for 35 cycles in a volume of 25 pl
containing 1 mM of Tris—=HCl (pH 9.0), 5 mM of KClI,
150 uM of MgCl,, 200 pM of dNTP, 1 unit of proTaq DNA
polymerase (Promega, San Luis Obispo), 100 ng of cDNA
and 200 uM of forward and reverse primers. A fragment of
approximately 700 bp was amplified from cDNA of the
GJC3 gene. The PCR products were subjected to electro-
phoresis in an agarose gel (2 w/v%) stained with ethidium
bromide. The signals were detected by an Alpha
Image 2200 system (Alpha Image 2200 analysis software).

Cell viability analysis

Cell viability was analyzed by flow cytometry for the pres-
ence of sub-G1 population. Both mock HeLa cells and sta-
bly expressed Cx29E269D HeLa cells were cultured in
DMEM medium. After 24 h, both cells were harvested and
stained with propidium iodide (PI) and then analyzed by
flow cytometry (FACScan; BD Biosciences, San Juan, CA,
USA).

DNA fragmentation analysis

Both mock and stable expressed Cx29E269D HeLa cells
(5 x 10° cells) were cultured in DMEM medium for 24 h.
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After removing the nonadherent dead cells in the cultures
by rinsing with PBS, the adherent cells were collected by
centrifugation for 5 min (1,000 rpm) at room temperature.
DNAs were purified as previously described (Liu et al.
2002). DNA was resolved in a 1.5% (w/v) agarose gel in
1x TAE buffer. The DNA bands were stained with ethi-
dium bromide (0.5 pg/ml) and photographed (Alpha
Image 2200 analysis software).

Results

Cx29 consists of four transmembrane domains (TM): TM1
(amino acid 20-42), TM2 (amino acid 78-100), TM3
(amino acid 133 ~ 155) and TM4 (amino acid 197-219),
linked by one cytoplasmic and two extracellular loops with
cytoplasmic C- and N-terminal ends. The p.E269D substi-
tutions detected in this study occurred in the putative C-ter-
minal cytoplasmic domain of the Cx29 protein (Fig. 1). To
understand the effect of the p.E269D missense variant, we
examined amino acid sequences of Cx29 using a basic
ConSeq analysis system (http://conseq.tau.ac.il/). After the
protein sequence of Cx29 had been deposited into the sys-
tem, the system automatically detected homologous
sequences of Cx29 and conducted multiple alignments. A
total of 114 PSI-BLAST hits were detected by the system,
of which 96 were unique sequences. In the next step, calcu-
lation was performed automatically by the system on 50
sequences with the lowest E-values. The result revealed
that p.E269 is only moderately conserved (Conseq score =
3—-4) in the C-terminal domain (Supplemental Fig. 1).

To understand the effects of p.E269D on the functional
properties and subcellular localization of the Cx29 protein,

Extracellula

Plasma ¢
membrane

Intracellular

NHS

Fig. 1 Schematic representation of the domain structure of the Cx29
protein with indication of known variants. The black triangle and
arrow indicate the c.807A >T (p.E269D) variant in Cx29. M1-4:
transmembrane domains; E/-2 extracellular domains; CL cytoplasmic
linking domain, N N-terminal domain, C C-terminal domain
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Fig. 2 Expression analysis of Cx29WT and Cx29E269D in
transiently transfected HeLa cells using the FIAsH™-EDT, Labeling
Kit. (a) Fluorescence microscopy of Cx29WT HeLa cells shows
expression of the wild-type protein in the plasma membranes. (b) In
contrast, Cx29E269D-transfected HeLa cells show expression of the
mutated protein near the nucleus. Arrows indicate expression of Cx29.
Scale bars 10 pm

we used lipofection to transiently transfect gap junction-
deficient HeLa cells with cDNA constructs of wild-type
(Cx29WT-pCDNA3.1-CT) or mutant Cx29 (Cx29E269D-
pCDNA3.1-CT). The labeling reagent FIAsH-EDT,, which
becomes fluorescent upon binding to recombinant proteins
containing the TC-tag, was used for site-specific detection
of recombinant proteins in live mammalian cells. Immu-
nolabeling with FIAsH-EDT,-specific stain against the TC-tag
in the C-terminus of Cx29 revealed that Cx29WT localized
at the plasma membrane as small plaques at points of con-
tact between adjacent cells, indicating the formation of gap
junction-like structures (Fig. 2a). However, the assay
revealed that Cx29E269D was distributed in the cytoplasm
near the nucleus (Fig. 2b).

To confirm the localization patterns seen in the immu-
nolabeling assay, HeLa cells were transfected with Cx29
constructs that were directly ‘tagged’ with GFP or DsRed at
the C-terminal end of the protein. HeLa cells were then
transfected with plasmids driving the expression of one or
more wild-type or mutant Cx. Cells that stably integrated
the WT or mutant Cx29 gene were selected. RT-PCR was
performed to assess the expression of transgenes in stable
cell lines (Fig. 3). Four cell lines expressed a transcript for
Cx29 (Cx29WT and Cx29E269D). No Cxs were detected
in non-transfected HeLa cells (Fig.3, lane 5). In the
Cx29WT-GFP stable expression cell line, fluorescence
resulting from GFP expression was observed along apposed
cell membranes (Fig. 4a, right pannel). This membrane
localization was confirmed by colocalization with pan-cad-
herin (Fig. 4a, left pannel). Similarly, Cx29WT-DsRed also
localized to the cell membrane (supplemental Fig. 2a).
However, as seen in the immunolabeling assay, both
Cx29E269D-GFP  (Fig.4b) and Cx29E269D-DsRed
(supplemental Fig. 2b) were concentrated in the cytoplasm
close to the nucleus. We then determined whether the
p-E269D mutation affects the assembly, trafficking or

Cx29

B-actin

Fig. 3 Expression analysis of Cx29 mRNA in the four transfected
HeLa cells by RT-PCR. RT-PCR analysis of total RNA from HeLa
cells expressing Cx29WT-EGFP, Cx29WT-DsRed, Cx29E269D-
EGFP and Cx29E269D-DsRed confirms expression of the correspond-
ing mRNAS in stably transfected HeLa cell lines (up panel). ff-actin
served as reference of the loading amount of total RNA for each sam-
ple (low panel). Mock HeLa is a negative control

degradation of the Cx29 protein. We also investigated
which organelles in the cytoplasm, the mutant Cx29 local-
ized in. HeLa cells that had been transfected with
Cx29E269D-GFP cDNA were immunostained with mark-
ers for lysosome, ER (anti-PDI) and Golgi apparatus
(Fig.5). The results of the assay showed that the
Cx29E269D protein was typically found in a reticular pat-
tern co-localized with protein disulfide isomerase (PDI), a
resident of the endoplasmic reticulum, indicating that the
E269D mutation interferes with normal Cx29 trafficking
(Fig. 5b). In addition, using HeLa cells that had been
transfected with an “empty” expression plasmid (pGFP or
pDsRed plasmid) as negative control, we found that only
GFP- or DsRed-tagged protein were uniformly spread in
the cytoplasm of HeLa cells (supplemental Fig. 3).

Previously, we found that the p.E269D mutation in Cx29
is a heterozygous mutation in patients with nonsyndromal
hearing loss (Yang et al. 2007). Consequently, co-expres-
sion studies were carried out to examine the effects of the
mutant protein on Cx29WT in tet-on HeLa cells using a bi-
directional tet-on protein expression system with equal
amounts of the two respective expression proteins. The
expression pattern in cells expressing Cx29WT-EGFP and
Cx29E269D-DsRed was similar to that in cells expressing
only Cx29E269D (Fig.6). Based on this finding, the
p-E269D mutation appears to have a dominant negative
effect on Cx29WT.

To determine the possibility of the accumulation of a
great quantity of Cx29E269D mutant proteins in the ER of
the HeLa cell switch on unfolded protein response (UPR)
within the ER that leads to the programmed cell death
(apoptosis), we further analyzed cell apoptosis using two
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Fig. 4 Expression analysis of
Cx29WT and Cx29E269 in
stably transfected HeLa cells by
immunocytochemistry using
pan-cadherin antibody.
Fluorescence microscopy of
HeLa cells expressing Cx29WT-
EGFP (a) shows expression of
the Cx29 fusion protein in the
plasma membranes. However,
Cx29E269D-EGFP (b) transfec-
ted HeLa cells show impaired
trafficking of the Cx29 protein
with localization near the
nucleus. The cells were
counterstained with 4'-6-diami-
dino-2-phenylindole, DAPI,
(blue) to highlight the nuclei.
Scale bars 10 pm

b

Cx29E269D-EGFP

methods. Both mock and stably expressed Cx29E269D
HeLa cells were incubated 24 h before subjecting to cell
viability assays by DNA fragmentation and flow cytometry.
DNAs were purified from mock and stably expressed
Cx29E269D HelLa cells and then resolved by conventional
agarose gel electrophoresis to evaluate the potential apopto-
tic DNA fragmentation. The results clearly confirmed the
absence of the characteristic DNA laddering of those cells
expressing Cx29E269D (Fig. 7a). Consistent with those
results, the number of sub-G1 cells that are characteristic of
apoptosis was essentially the same between the mock and
stably expressed Cx29E269D HeLa cells determined by
flow cytometry analysis (Fig. 7b). Therefore, we suggested
that the accumulation of Cx29E269D mutant protein in the
ER did not trigger apoptosis.

Discussion

Functional studies of connexins have been carried out in
expression systems by transfecting mammalian cells (e.g.,
HeLa cells) devoid of Cxs with relevant cDNAS to reconsti-
tute gap junction communication (Beltramello et al. 2003).
In this study, we studied the intracellular distribution and
assembly of mutant Cx29 (Cx29E269D) in HeLa cells and
in tet-on HeLa cells. The immunolabeling assay with EGFP
revealed that the Cx29WT-EGFP protein was expressed in
a continuous band along apposed cell membranes. This
finding is consistent with that reported by Ahn et al. (2008).
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Pan Cadherin

Pan Cadherin

Although the Cx29WT-EGFP was transported to the
plasma membrane, it did not evoke the typical punctuate
fluorescence pattern of a gap junction channel. The detect-
able signals were instead equally distributed on the plasma
membrane in a manner similar to the distribution of mouse
Cx23 (mCx23) in HeLa cells (Sonntag et al. 2009) and pan-
nexins in NRK cells (Penuela et al. 2007). It has been
reported that mCx23 does not form functional gap junction
channels, but causes enhanced ATP release from HelLa
cells. In addition, mCx23 seems to share functional proper-
ties with pannexin (hemi) channels rather than gap junction
channels (Sonntag et al. 2009). Further investigation into
the functional roles of Cx29 in the cell is needed.

In our previous study, we found a novel c.807A>T
mutation in the C-tail coding region of the GJC3 gene in
two patients with nonsyndromic deafness. This A>T
transversion leads to a heterozygous glutamic acid
(E) — aspartic acid (D) substitution at codon 269
(p-E269D) (Yang et al. 2007). Glutamic acid is a nega-
tively charged, polar amino acid. It, therefore, prefers to
substitute for the other negatively charged (and very similar)
amino acid aspartic acid. Being charged and polar, glu-
tamic acid (and aspartic acid) prefers to be on the surface
of proteins, exposed to an aqueous environment. When
buried within the protein, glutamates (and aspartates) are
frequently involved in salt-bridges, where they pair with a
positively charged amino acids to create stabilizing
hydrogen bonds that are important for protein stability
(Betts and Russell 2003).
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Fig. 5 Intercellular localization
of mutant Cx29 proteins. Photo-
micrographs of HeLa cells trans-
fected with Cx29E269D-EGFP
cDNA after immunostaining for
markers of the lysosome, ER
(anti-PDI), and Golgi apparatus
(red in (a)—(c), respectively).
Yellow signal in the image
overlays (right column)
indicates co-localization of
Cx29E269D-EGFP and the
organelle of interest. Mutant
Cx29 shows moderate co-locali-
zation with the ER marker. The
cells were counterstained with
4'-6-diamidino-2-phenylindole,
DAPI, (blue) to highlight the
nuclei. Scale bars 10 pm

A
Cx29E269D-EGFP

Cx29E269D-EGFP

Fig. 6 Co-expression of mutant
proteins and Cx29WT using the
tet-on protein expression sys-
tem. HeLa cells co-expressing
Cx29WT-EGFP and
Cx29E269D-DsRed reveal co-
localization of the two proteins
near the nucleus. Arrows indi-
cate co-expression of Cx29. The
cells were counterstained with
4'-6-diamidino-2-phenylindole,
DAPI, (blue) to highlight the nu-
clei. Scale bars 10 pm

.
Cx29WT-EGFP

ConSeq is a Web site server that can identify biologi-
cally important residues in protein sequences (Berezin et al.
2004). Using the ConSeq server, we found that p.E269 is
only moderately conserved (Conseq score = 3-4) in the
C-terminal domain. Based on this finding, it is unlikely that
the transversion of glutamic acid to sspartic acid at codon
269 of the Cx29 gene plays a critical role in the function of
the Cx29 protein. However, our results showed that the
p-E269D missense mutation resulted in the accumulation of

Anti-PDI

Anti-Golgi

Cx29E269D-DsRed

the Cx29 mutant protein in the endoplasmic reticulum (ER)
instead of targeting the cytoplasmic membrane.

In addition, the results from the bi-directional tet-on pro-
tein co-expression system showed that Cx29E269D has a
dominant negative effect on the function of normal Cx29,
indicating that the p.E269 mutation leads to loss of function
of the Cx29 protein. The 3D structure of the Cx29 protein
needs to be studied to further understand the influence this
mutation has at the protein level.

@ Springer

758

XXXX

Dispatch: 23.10.09

No . of Pages: 10

Article MS Code

|¢ Large 439

| Journal

LE O

TYPESET O CP M DISK M

463
464
465
466
467
468
469
470
471



Author Proof

472
473
474
475
476
477
478
479
480
481
482
483
484
485
486

Hum Genet

b
|
£ 3
<& | 5 |
3§-§ Pz | § ] |
835 | Ug_g F'z
¢ 7 |\
=3 i ] b
& l'-.l'. E_ | /)
8 ' £ 8
- E |‘_\__._ L E | Riy
LA III;ID| LI Illl:g LI IIlI]I‘l]- LI IIII]I; T T ||||‘|12 ™T |1||‘|;:| ™ |||:g‘ T ”“‘"103 T
PE-A PE-A
mock Hela cell Cx29E269D HelLa cell

Fig.7 Cell viability analysis on mock and stably expressed
Cx29E269D HeLa cells. Both cells were incubated in DMEM medium
for 24 h and were then harvested for DNA fragmentation assay (a) and
analysis of flow cytometry (b). a DNA was prepared for agarose gel
electrophoresis as described in “Materials and methods”. Results are
representative of three separate experiments. Lane 1: mock HeLa cell.
Lane 2: stably expressed Cx29E269D HeLa cell. (b) After harvesting,
the cells were stained with PI and then analyzed by flow cytometry.
Cells that had undergone apoptosis were characteristically distributed
within the sub-G1 population (P,)

Generally, connexins are synthesized by ribosomes on
the rough endoplasmic reticulum. They are then delivered
to the plasma membrane in the form of membrane vesicles
along the classical secretory pathway (Evans et al. 1999).
Although it is generally believed that integration of connex-
ins into membrane vesicles and the formation of hexameric
connexons occur at the endoplasmic reticulum (Kumar
et al. 1995; Falk and Gilula 1998), some studies point to a
connexin-specific site for oligomerization, such as a trans-
Golgi compartment, at least for Cx43 and Cx46 (Musil and
Goodenough 1993; Koval et al. 1997; Sarma et al. 2002).
In addition, it has been shown that Cx43 travels along
microtubules to reach the plasma membrane (Lauf et al.
2002). The transportation of Cx43 to the plasma membrane
can be inhibited by nocodazole (Paulson etal. 2000),

@ Springer

suggesting the necessity of the microtubule network for gap
junction formation. A recent study indicated that actin fila-
ments of the cytoskeleton are important components in the
processes of assembly, trafficking and stabilization of Cx30
gap junctions (Qu et al. 2009). In this study, we found that
the p.E269D mutation resulted in the accumulation of the
Cx29E269D protein in the endoplasmic reticulum (ER) and
that it had a dominant negative effect on the function of nor-
mal Cx29. Further investigations involving sucrose gradi-
ent analysis and immunoprecipitation might provide
confirmation of our findings and help to better understand
the trafficking of the Cx29E269D protein.

It has been known that the accumulation of mutant pro-
teins in the ER might cause the unfolded protein responses
(UPR). The UPR is a cellular stress response that is acti-
vated in response to an accumulation of unfolded or mis-
folded proteins in the lumen of ER (Zhang and Kaufman,
2004). The ER is capable of recognizing malfolding proteins
without causing disruption in the functioning of the ER. In
such circumstances, the protein is guided through ER-asso-
ciated degradation (ERAD). Here, it enters the ubiquitin—
proteasome pathway, as it is tagged by multiple ubiquitin
molecules, targeting it for degradation by cytosolic protea-
somes (Cox et al. 1993; Ron, 2004). During conditions of
prolonged stress, however, the goal of the UPR changes
from being one that promotes cellular survival to one that
commits the cell to a pathway of apoptosis (Fribley et al.
2008). In our study, we did not find that the accumulation of
Cx29E269D mutant protein caused cell apoptosis by cell
viability analysis. We suggested that the accumulation of
Cx29E269D mutant proteins in the ER triggered their degra-
dation, which was insufficient to cause cell apoptosis.
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