EAEGBR AR E (RERFRE
SyHRITIEER S

EEANTIFEREREE ALS B OREBHRHE

FHEE)

SHERrEE  RE R

& EBRFERFRE LR

WIFREE  JaCALS #EEQREMER L LT IEEA TN ALS B OBUKRAZ
FEhi L7, RAETI, ANLIFRIRES ALS BF 0 ) bEEESET EHIIEBEERR
DOHDH 1T 4EEHFEFHL, AHE, aIa=r—T g, S, T#EEEHL. T#ICE
TLREEREICOVWTHERY 21T o7, BN LE 2 2= —va &2 & D4
HH LTWABENWAXE., 6 FIOBFITEMELRAFORLY LR TET, 65% DA
I AHE L TW oo, KBS OBET 1 FLURNICARZET 525 0HERH D |
PR ER R IR BN Lo T, L D DT R OB Z RO D UIRRELER H - 72,
SHiTaIa=br—va VEBOHRR, EEEMICOWTORILEE, BHEKLIDT
EDANNN—=RY g — F AT A R DR, NN T T v R— U — DR I

TOBEPLELEZDNT,

A HFREER - BW

EEOEEFRERON LR IRES
ALS BFEEIZOWT, IERERFFERT
RN, N LR E OB OB RIZ
P, BRAIICEINLTWAEEZBNS,
L L7eds b F QOFEBIZOWNTH 53723
BTN TR,

A 1% OREBEREE(H B LW JaCALS #E
ED T DEEERITEO—&R L LT,
Fox IR ECIR - AN TR EREERE ALS &
HFOHEEBERBEORRIZOEFELTo 12,

B. W9 L

EEREFTLIEEEERBROD D
SAEEIRA - N LFERErdEs ALS &3 17
LEEHEBEL, &HE, 2 la=7—
g v, AL RS IS

HRR VIOV THER Y FEEIT- 72,
FCH Tz o TIEFRNCEBREIOBRE
O L ORIEDHZ 21T 7, [Fl
BB ONWTIRE T 12,

C. BFoefER
BEIIFME 124, M54, FBEIL40
F~79 F. T 59 oF. ALS BAEFEHIT
L5 FE~15F, F 63 F, [EURHEZD
BT 0.5 F~103F, FHISHFETH-o
776

24% DBENFHK, BEFA—NRET
FEBICEEND AL Lala =y —
avE LS TN, LU ILTHE
OIEHIE 29%, 2P a—FZDIEAX
24%I2 L EED | 59% D BFIIEMERN
BEORY LYRTERP-T, (K1, X

-19 -




2)

1 AR 1 ERL RSN LTV B BN
18% & > 723, 65% D BF 1Tim 2= 1 £/,
ERMBIICAT < BAMTI A LT
o7, (X 3)

47% D BAED 1 LN 1 BILLEARE
FETOIEOELRB L T, WiRIX
Wige 2 B, FEAZ 2 B, < 2 . Rl 1
B, DERAREZE 1 B, REENR 1 M. 1A 1
B, BRI 1 HchHotz, (K4) 41%D
BEPBEIHEELRRLTEBY ., XK¥
SIHUBEE 72, (X 5)

2% CENMEHIL T ATHY, FOK
W FEBE TS -7, (M6) 76%DFEN
EEDPREEM AR D & 24 FeE 7 R
L [EZ L 77, Care Strain Index' DB HFE D
25, B1%DNHEED [ HEIZ R 239
RSN TE RV, 76%08 <29
BRALZVN) 12 Yes EEIE L, (M7) 4
— I AF g U CEEYSRE LD
A BB EBENWTE L ABEZLV 5
4), IR B TE BN — R T &
DEIIITLTIELV @A), [~ bsti—,
TT R —ICE, AR O E
HELTUEILWY] @ &), [a3a=b—
VarPERENELTUILY] G4L)EW
STEFEREN T,

D. £

O amb—g Y — LOERIZT
GEERT. BEEOKE, EEMHARY
BmEDENEEND, TN#EE O
FRMREZ BT A LERH D | BIEW
5170 EOEMT & AT B D N HEH O
R a— b AT A fagk OWEPLETH
Do NIWN—RF T RV —Ix L

T, HRICETA2HBFEEITHO L LEE
Thod,

E. %55

N TR ZeEEE ALS BE DIEEREIT
DNWT, Fllala=lr—ar b
WCOWTHBERRL L HY . 4% bk
LB~ DENPMETH D,

STHR
1) EREMAE, MEZ  DEEZ 41 &
1 B Pagell-18(2001.01)

F. @RAERER 2L

G W

1: Waza M, Adachi
Minamiyama M, Sang C, Tanaka F, Inukai A,
Doyu M, Sobue G.

H, Katsuno M,

17-AAG, an Hsp90 inhibitor, ameliorates

polyglutamine-mediated motor neuron

degeneration.

Nature Medicine. 2005 Oct;11(10):1088-95.

2: Nakamura T, Watanabe H, Hirayama M,

Inukai A, Kabasawa H, Matsubara M, Mitake S,

Nakamura M, Ando Y, Uchino M, Sobue G.
CADASIL with NOTCH3 S180C presenting

anticipation of onset age and hallucinations.

J Neurol Sci. 2005 Nov 15;238(1-2):87-91.

3: Adachi H, Katsuno M, Minamiyama M,

Waza M, Sang C, Nakagomi Y, Kobayashi Y,

Tanaka F, Doyu M, Inukai A, Yoshida M,

Hashizume Y, Sobue G.

Widespread  nuclear  and

cytoplasmic
accumulation of mutant androgen receptor in

SBMA patients.

-20 -



Brain. 2005 Mar;128(Pt 3):659-70. H. ZIMEEOHE - BRI 2L

X1 O2a=4H—ay K2 aEa=4—3 FE
SCBEBETEEL |
1 6% ] 191 6% ||

Yes-NoD#HEZ BN HHLERBEOYLYTES FE 560 29% | |

3% 17% 7#H 419%
avEa—&— Al 24% | |
Earyity 5 41% '
BEMISFE, BEFA-LEETRDONE
BHEERDPYEYIZBOND ARanb—iavELoTIVD A
54 29% 3
45 24%
K3 BEDINH X4 SHHE
1ERRIz2E B L
1ERAISE B LS AbhEORDIZARE UEBRIZABE
3% 18% B AR HHELRL
offl 53%
)\ BEI1EREEEE
7RI B A AL, ShtAEL
261 12% . 114 65%
14E AR E S
15 6% ANEEELEARE Mk &u2i SH2A
MR OBHEEN RERIH
BRIA Bt 14
£ = By 3%, =
X5 #EEl X6 ikl
R TIR LA
RERELBD (EA B E2ABLE)
BRINTERIEG 3% 18%
ool A
104 59%
ENBEIE—A
BEIEEINTE: 1445 82%
ZENHIMBIEAH
5 29%
(Rt R 6 Bi161| RBE 1361 87% % AF 7%

X7 E4rE3E DCare Strain Index
BHRERD R

N RICHMARRSh I TER

<oT YRR

TS FNRIEENADHS

B2 OREMNILEEN

RirETaEin

221 -



BTGB FEMEEME (RFRFROMIEERE)
SR &

HAZERR ALSFRS-R EEETHE DY M

SfaRrsEE B ER

% EBRFRFBREZRIFIEF COE REBBIR

MBS JaCALS EMICH7- 0 Fi & OEEEHEEZ % < D ALS B CTEET 57
DIZFERWFSE =2 —F ¢ % — # —(Clinical Research Coordinator: CRC)2>H DEFEIZ L D
ALSFRS-R F& Z 51 L7z, A4 B RFHRENFHIIB W T TIZ JaCALS 128 & L7z 22
BNZ-2>V T CRC 76 DEFEFHAEIZ L D ALSFRS-R A 27 L [EHIZ L 5 EEZLETD X
a7 R LT, TORYMEEBRIE L=, ALSFRS-R A = 7 # s 8 B/ £
0.965(Pearson) & B TH Y . FIHBIZOWTD « HEHED 0.53 255 0.86 & BifF/2—3
ZR L7z, JaCALS 12815 CRC 12X % ALSFRS-R BB T o7 E@ 2o &
B bbb, BUED & ZARIEFIEN DL, A% I LI EHEL LT, BRI

175 FETH 2,

WRE R

ALSFRS (ALS Functional Rating Scale)
i< ALS BF O A& ATEHKE(ADL)S E o
BEBLLATHWDLNEEET D720
KETHERSNEFHMORETH D, 1990
FRIZC O LMD NEED, FEREETZD
HENBINSILTHETRE 20 BfEIX
ALSFRS-R & LTHEH SN TS, KE
TIEEMERR VM Thh TRk Y, BARE
ALSFRS-R 122\ T b GRS 2038
b T\ D,

BTEIT O TV D IREN A ED £ <
C, primary outcome & L T Z ® ALSFRS-R
DOEALEDNFHNLN TS,

FNED ALS BERIM X KRG EZEEL.

A1 DIBEIN AWFFEHESE O B E st & 4
Dbz, EEBE, 2550 ALS BE
12OV T ALSFRS-R OREIRFHIZEAL 2 HudR

THIEIEETHD,

JaCALS 2B\ T BEBH ORRIFHIE
WEAMEICAHET 2IZH0, VhIZ
PIEG 2 DI T HDNBRETH D, 1T
EAEDEE. ALS OB, TRE T EHE
EWIXEMEORE SN HETHY
JaCALS %7 5 & 5 ek o K=
WiER 7 — I3 T2 BENREL N, L
2> LAER DOHEITIZAEV, B EITEV VR
IRETHRE LTV I —ARE <, Bk
MRk CERBE B RWEARER LT
b5, ELROBG TEMIZIZICTH
D, WICET A AEE SR T LI
TERY,

JaCALS TIIEHE ., HEAE 72 L2 L
DFRBRBE BT D ERBOER 2R -
T BRRAF%E =2 —F 4 x— & — (CRC:
Clinical Research Coordinator)Z> & @ 7E ]

.23 .




W72 BEEEARAIZ £ 0 HiIIM & 0 ALSFRS-R
FERFII L 2 4R 95 & & &5 L7z,

FEFERR D ALSFRS-R [ZOW Tk, 4T
W EE ~DBEHE TR E 2
STHENRFRETH D ETHHE P 1B
SN TWB, JaCALS ZEDDHITH= D |
A AFER ALSFRS-R EBEEHRAIZ DWW TR
RETDMEND B,

A. BFEEEH

JaCALS I BT B EHEERE & LT, CRC
\Z & B HARZERL ALSFRS-R EEFHA DM
AEETT D,

B. #FFEH ik

CRC ¥B~ =T MIcBW\WT, EFEH
BIZBITD8E LA, Lot & LR —
NERIEZRR Pl oW TED -, £ -
ALSFRS-R OFEBIZOWT, ffxiE
WHT7a—Fy— bEERL, ZhER
RO EEETHIE L L, Y CRC
WX LTC, ALS DEERMBE, B2, Rk,
1B, ALS BB L OYr#S I LTIT
5 _REFEIE, JaCALS D&, BHAY. BE
THMBEESH B I OEFEREICHTZ- T
O BARE 2 FIRIC BT 2 0HE & Fh L 7=,

A H B RFARRAENC IV T, JaCALS
DREREAT> 72 22 Bl ALS BFIZOV
T, EMPAZEECHEAAEZDELT
FC#L L7 ALSFRS-R 2 =27 (ERiz = 7)
& CRC PEFMNETAKETED 2
ALSFRS-R X =7 (FFEA=T) OB
WREt & 1T o7z,
ALSFRS-R #& ;i DO FABIIZ DV T Pearson 8
BAfRE 2 B HY L, &TH H (Table DIZ-DWT
Kk AT EIC L 2 —HKME OB E21T -7,

HEEHEHTIZ X Microsoft Excel 2002 SP3
&% Dr.SPSS 1I for Windows (SPSS Japan
Inc. Tokyo Japan)% Fv 7z,

R E ~ D&

TR TOMHTIGRD B D25 JaCALS
BN ONTHHRILETDA T +—
b Rartr b &7z, JaCALS #FZEH
BLUOHHE - MEFILAHTERFER
mEEESORRBERE,

C. WroERER

22 D 5 LEFEMAEICKT LT, RAR
B L72BIAs 9 4. EN#EEPEE LK
B 13 4 TH o7z,

ERIR a7 LEFEA 2T RO
& [FREAR % Figurel (Z/R9, FEBEMREE
0.965(p<o0.001) & B4F72 ¥R AR LT, %
HE D k #igHE% Table2 12777, « it
BT 1 OHFEReER—BERL, 075 KL
T excellent agreement, 0.4 2L L 0.75 R
{3 C fairly to good agreement. 0.4 ARl
poor agreement & HE XD, SEIOD k
FTEIT 0.53 205 0.86 DREITHA L, BAF
Ip—E &R LT,

D. B

AASR ALSFRS-R IZ2oW T, BEFLE
et U7 3Rl COMBE B O — B0 Ft
D EANTNWD, ZOWRETITRADHEE
REL 097 TH Y, LTHE O « HEHEIE
0.52 " 1.0 DREITHA L. « ODEBNT
0.67 Thol, SRIOEFERHEDZYMHE
BREIClE e OIFEENT 073 L20, BAD
FHEAGREL (0.965) & & o THE X H TP
BREMRO—E LB L THLBERDRNL

224 -



NNVDO—FER LT, 7T AV BEFREC
1} 5 ALSFRS-R HEiEHAEOHE Yok
FAREETOAITRMEEFRET
DA 2 7R E ORI S 0.966 & HH
PlLfETH -,

ZhbDEMNGIE, JaCALS 281 5
ALSFRS-R EFERE L5 70 E1EM: 2 5
DEEZLND,

SHI BT, EAEEHELS LD 2T,
CRC I TO—EDERE, [EIEFE AR AD
NEZ P TOHEOHEIZONTORE
EHEEH TN FETH S,

E. &

CRC IZ X %5 ALSFRS-R A AZEhREZEH
BIX+OREEERH LI LOLEZ LN
é (o]

3CHR

1) Jesse M. Cedarbaum, Nancy Stambler,
Errol Malta et al.: The ALSFRS-R: a
revised ALS functional rating scale that
incorporates assessment of respiratory
function. Journal of the Neurological
Sciences 1999; 169: 13-21

2) ORAEEME. HEACHHE, RILUFAL
i ZEmE M SR LIE (ALS) BEF O
HETEENZ T DM RER AN R E A A
hRLET ALS Functional Rating Scale ™
fEt. M &g 2001; 53: 346-355

3) Edward J. Linda
Dempsey-hall, Megan M. Thompson et
al.: Rating the severity of ALS by

Kasarskis,

caregivers over the telephone using the
ALSFRS-R;  Amyotrophic
Sclerosis. 2005; 6: 50-54

Lateral

F. EERESR 7oL

G Wz

1: Atsuta N, Watanabe H, Ito M, Banno H,

Suzuki K, Katsuno M, Tanaka F, Tamakoshi A,

Sobue G

Natural history of spinal and bulbar muscular

atrophy (SBMA): A study of 223 Japanese

patients

Brain. in press

2: Katsuno M, Adachi H, Waza M, Banno H,

Suzuki K, Tanaka F, Doyu M, Sobue G.
Pathogenesis, animal models and therapeutics

in Spinal and bulbar muscular

(SBMA).

Exp Neurol. 2006 Feb 28; [Epub ahead of print]

3: Banno H, Adachi H, Katsuno M, Suzuki K,

Atsuta N, Watanabe H, Tanaka F, Doyu M,

Sobue G.

atrophy

Mutant androgen receptor accumulation in
spinal and bulbar muscular atrophy scrotal skin:
A pathogenic marker.

Ann Neurol. 2006 Mar;59(3):520-6.

4: Katsuno M, Sang C, Adachi H,
Minamiyama M, Waza M, Tanaka F, Doyu M,
Sobue G.

induction of heat-shock

Pharmacological

proteins  alleviates polyglutamine-mediated
motor neuron disease.

Proc Natl Acad Sci U S A. 2005 Nov
15;102(46):16801-6.

5: Waza M, Adachi H, Katsuno M,
Minamiyama M, Sang C, Tanaka F, Inukai A,
Doyu M, Sobue G

17-AAG, an Hsp90 inhibitor, ameliorates

-25 -



polyglutamine-mediated motor neuron
degeneration.

Nature Medicine. 2005 Oct;11(10):1088-95.

6: Jiang YM, Yamamoto M, Kobayashi Y,
Yoshihara T, Liang Y, Terao S, Takeuchi H,
Ishigaki S, Katsuno M, Adachi H, Niwa J,
Tanaka F, Doyu M, Yoshida M, Hashizume Y,
Sobue G.

Gene expression profile of spinal motor

Ann Neurol. 2005 Feb;57(2):236-51.

7: Adachi H, Katsuno M, Minamiyama M,
Waza M, Sang C, Nakagomi Y, Kobayashi Y,
Tanaka F, Doyu M, Inukai A, Yoshida M,
Hashizume Y, Sobue G.

Widespread  nuclear  and cytoplasmic
accumulation of mutant androgen receptor in
SBMA patients.

Brain. 2005 Mar;128(Pt 3):659-70.

H. MEHEEOHER - BERIL 2L

neurons in sporadic amyotrophic lateral
sclerosis.
Figure 1. ALSFRS-R [EHiXa7—EEFHEA27 BAK
40+
;?
b .
%30
-
7
20+
10+

EEiRAaF

-26 -



Tablel.

HASERR ALSFRS-R

hut

o w b

3

&

OrRpwhY OmpDwhL ORI

LN~

EGIER
SHEREESBOOND
MORLEL LEW®EDIS
FUANDIREFE L &L A
ERHSEE 0L

WU

E®
AROERZDFAIER, BALPBR @EETLEh
BENDZEBDHD)

PEEICGERRER (OTHCLEAREND Z LS D)
BE AR 2ER (KZhaENRD)

ELWEIEN MEXTT Ay vaRnv A FEBELTSD)

ER L REEIE

THOTMERE RICAMERCOEILED)
BYORNERENL @EL TRNLNARY)
M RTF 2 — T RBENELTD
2EHNCIERE DM E BT ENER

EX

BV, FREEERSD (TRTOEBHIHFEAER)
— ¥ D BAFE AN B AT RE

RUEEBNAAB, FEETRN

_UBELN

BERHE (FERBOAEICLY (1), (2) oWwWFhi—J T
i %)

o N QO

O =N Wbk

(1%%§ﬁﬂ@ﬁmﬁ(%§ﬂ%&b)

i

BB, FZHRVE, MAOBITESREE L
Tx—2 3 MELBNR, X LIMEL W
BOITHENTEH > THL bR TIRRL ARV, ME 7+
— P EFTEA T~V TRERIENRTES
HENIZERITTH bbb ThRWiTiawn

(2%%%@&#(%&%@%%)

&

EFrbLRWBETOFEREDOHEENRTES

REVRT 7 AF—5 B0 HI3BEFMTHRRE
BREICOTNCEEENT B

b TERY

Table2.

HE EE WHENM KT

B, HOEbY 0BHE
4 TEE

3 ZALT (HDVIIB|HBENS) MY CRB/IZTED
2 BT FEMITERRNDY OFHEBSNE

1 SO Y OBEICFBT RNE

0 2EMICHAITERTF

B TOENME

4 IEW

3 BB, FILRWAMITELEE LW

2 g;v%ﬁb&iokv‘ﬁi%§i6n6ﬁ#ﬁuﬁ

%

1 BEEVEZBDHILITEIB MY TEEIZ Y o
D, BREBEZ BRI LEBTELRN
BEATREITAHZ LB TERWY

%
1 o

EH®

ORI TH B

BT

BATIIRFTAE
MEHHPTZLBTERD

2

4 IEE

3 En

2 BECAEEETIXEY
1 TEIS%E

0 Ehizn

FEOR (FROROREE, @R, FERAR20 3EE 23
(1) RS
4 2L
3 HPREZD
2 BEEME (BFE. AW, 582) oVWThhCTREZS
1 B EIIBMIOWTh TR 5
0 WBHTHECHREHGHEELEETS

(2&%@@&

7

BN O R B O IR0 H
IR20IcX % LT 5B %E
JEAL TRV E IR
2LIRBZ LR TERN

(3) FpRAE

4 2L

3 FIRMIZFERHEERE (bipap)ihbE

2 EEICREGER I FERMBIERE (bipap) BILE
1

0

| orRrpwA

o

O =N Wk

1 A PR AEEIEE (bipap) RRE
B E KSR LB A TIRE S0 E

ALSFRS-R %I B 3l « #E5H &

B HBeltt BK

WER  Hf7 BEEBOIRY MR SRR FETe

K 0.81 0.53 0.86 0.74 0.68 0.77

227 -

0.59 0.62 0.64 0.81 0.83 0.82




M. AFgER R OFITIZCEI 2 —&F



HRBEROFTIZEATH5—RFK

AT T (BEERKERFREEFRHRR)
BE FRETEBRRERPERELRBRERED
Af] R (BALGBREREREZRDIER)
B ER BHEXRFRERESRHRE)

’*EEE
K% X AAL% REna | BE | O |HhE
Atsuta N, Watanabe H, Ito Natural history of spinal and
M, Banno H, Suzuki K, bulbar muscu?;r atrgphy
Katsuno M, Tanaka F, (SBMA): A study of 223 Brain in press 2006
Tamakoshi A, Sobue G .
Japanese patients
[Koyama S, Arawaka S, Alteration of familial ALS—
Chang—Hong R, Wada M, linked mutant SOD1
Kawanami T, Kurita K, Kato [solubility with disease Biochem
M, progression: Its modulation [Biophys Res in press 2006
Nagai M, Aoki M, Itoyama Y, [by the proteasome and Commun.
Sobue G, Chan PH, Kato T. [Hsp70.
Calcium sensing receptor
IHuang Y, Niwa JI, Sobue G, [ubiquitination and . .
Breitwieser GE degradation mediated by the J Biol Chem lin press 2006
E3 uboquitin ligase dorfin.
Pathogenesis, animal models
Katsuno M, Adachi H, Waza Jand therapeutics in Spinal .
M, and bulbar muscular atrophy Exp Neurol Jin press 2006
(SBMA).
Banno H, Adachi H, Katsuno |Mutant androgen receptor
M. Suzuki K. Atsuta N accumulation in spinal and
y ’ . bulbar muscular atrophy Ann Neurol (59 520-526 2006
Watanabe H, Tanaka F, Doyu | skin: A path .
M. Sobue G scrotal skin: A pathogenic
’ marker.
Matsumoto A, Okada Y,
Nakamichi M, Nakamura M, |Disease progression of J Neurosci
Toyama Y, Sobue G, Nagai [human SOD 1 (G93A) Res 83 119-133 2006
M, Aoki M, Itoyama Y, Okano [transgenic ALS model rats.
H
Pharmacological induction of
Katsuno M, Sang C, Adachi [heat—shock proteins Proc Natl
H, Minamiyvama M, Waza M, |alleviates polyglutamine— Acad Sci 102 16801-168062005
Tanaka F, Doyu M, Sobue G |mediated motor neuron USA
disease.
Underediting of GluR2
Kawahara Y, Sun H, Ito K, ::51:\2; amnz::erglr:lzlriiaat: e in [Neurosci
Hideyama T, Aoki M, Sobue % g 54 11-14 2006
sporadic ALS, does not Res

G, Tsuji S, Kwak S

occur in motor neurons in
ALS1 or SBMA.

-29 .



Terao SI, Miura N, Noda A,

Respiratory failure in a
patient with antecedent

Yoshida M, Hashizume Y, poliomyelitis: Amyotrophic SL‘:S:S:OI in press 2005
lkeda H, Sobue G lateral sclerosis or post— g
polio syndrome?

[Waza M, Adachi H, Katsuno [17-AAG, an Hsp90 inhibitor,
M, Minamiyama M, Sang C, |ameliorates polyglutamine— [Nature _
Tanaka F, Inukai A, Doyu M, |mediated motor neuron Medicine 1 1088-1095 12005
Sobue G degeneration.
Mori K, lijima M, Koike H,
Hattori N, Tanaka F, The wide spectrum of
Watanabe H, Katsuno M, clinical manifestations in .
Fujita A, Aiba I, Ogata A, Sjogren’s syndrome— Brain 128 2518-2534 12005
Saito T, Asakura K, Yoshida |associated neuropathy.
M, Hirayama M, Sobue G
Koike H, Hirayama M,
Yamamoto M, Ito H, Hattori
N, Umehara F, Arimura K,
lkeda S, Ando Y, Nakazato
M, Kaji R, Hayasaka K, Age associated axonal J Neuro
Nakagawa M, Sakoda S, features in HNPP with Neurosug 76 1109-1114 {2005
Matsumura 17p11.2 deletion in Japan. Psychiatry
K, Onodera O, Baba M,
Yasuda H, Saito T, Kira J,
Nakashima K, Oka N, Sobue
G.
Mabuchi N, Hirayama M, Progression and prognosis in J Neuro
Koike Y, Watanabe H, pure autonomic failure N .

. . . eurosug 76 947-952 2005
Kobayashi R, Hamada K, (PAF): comparison with Psvchiat
Sobue G multiple system atrophy. sychlatry
Iwasaki Y, Yoshida M, Widespread spinal cord Acta
Hattori M, Hashizume Y, involvement in corticobasal [Neuropathol {109 632638 2005
Sobue G degeneration. (Berl)
Jiang YM, Yamamoto M,
Kobayashi Y, Yoshihara T, Gene expression profile of
Liang Y, Terao S, Takeuchi inal pt proty
H, Ishigaki S, Katsuno M,  [5P'"@ d’.“° or "e“mﬂ? 'I" | [Ann Neurol |57 236-251 {2005
Adachi H, Niwa J, Tanaka F, spfra ic amyotrophic latera
Doyu M, Yoshida M, Sclerosts.
Hashizume Y, Sobue G
Adachi H, Katsuno M,
Minamiyama M, Waza M, Widespread nuclear and
Sang C, Nakagomi Y, cytoplasmic accumulation of Brain 128 659-670 2005

Kobayashi Y, Tanaka F,
Doyu M, Inukai A, Yoshida
M, Hashizume Y, Sobue G

mutant androgen receptor in
SBMA patients.

-30 -




IV AFFERSR DO TITTY - Bl



JBC Papers in Press. Published on March 2, 2006 as Manuscript M513552200
The latest version is at http://www.jbc.org/cgi/doi/10.1074/jbc.M513552200

CALCIUM SENSING RECEPTOR UBIQUITINATION AND DEGRADATION

MEDIATED BY THE E3 UBIQUITIN LIGASE DORFIN

Ying Huang?'3, Jun-ichi Niwa? Gen Sobue? and Gerda E. Breitwieser®*

From the *Department of Biology, Syracuse University, Syracuse, NY 13244; * Department of
Neurology, Nagoya University Graduate School of Medicine, Nagoya 466-8500, Japan; and
tWeis Center for Research, Geisinger Clinic, Danville PA 17822

*Address correspondence to: Gerda E. Breitwieser, Weis Center for Research, Geisinger
Clinic, 100 N. Academy Avenue, Danville, PA, 17822-2604. Phone: (570) 271-6675, Fax: (570)
271-5886; E-mail: gebreitwieser@geisinger.edu.

Running Title: Dorfin-mediated Calcium Sensing Receptor Degradation

Key words: Calcium sensing receptor, dorfin, ubiquitination, endoplasmic

reticulum-associated degradation pathway, proteasome, protein degradation

Calcium-sensing receptors (CaR)
contribute to regulation of systemic
calcium homeostasis by activation of Gq-
and Gi-linked signaling pathways in the
parathyroids, kidney,
Little is known about the mechanisms
regulating CaR
degradation. Screening of a human
kidney yeast two-hybrid library
identified the E3 ubiquitin ligase dorfin
as a binding partner for the intracellular
carboxyl terminus of CaR. Interaction
between CaR and dorfin was confirmed
by coimmunoprecipitation from HEK293
cells.

and intestine.

synthesis and

Ubiquitination of CaR was
observed the presence of the
proteasomal inhibitor MG132; mutation
of all putative intracellular loop and
carboxyl residues
abolished of CaR.
Coexpression with dorfin decreased the

in

terminal lysine

ubiquitination

amount of total CaR protein and
increased CaR ubiquitination, while a
dominant negative fragment of dorfin
had opposite effects. The AAA-ATPase
p97/valosin-containing protein (VCP)

associates with both CaR and dorfin in
HEK293 cells. Treatment with
tunicamycin, an inhibitor of N-linked
glycosylation, induced the appearance of
the unglycosylated 115 kD CaR form,
which was further increased by exposure
to MG132, or upon transfection with a

dorfin dominant mnegative construct,

suggesting that dorfin-mediated
proteasomal degradation of immature
CaR occurs from the endoplasmic
reticulum. Since endogenous CaR in
MDCK cells is also subject to
degradation from the endoplasmic
reticulum, dorfin-mediated

ubiquitination may contribute to a
general mechanism for CaR quality
control during biosynthesis.

The calcium sensing receptor (CaR)
contributes to maintenance of systemic
Ca? homeostasis, regulating parathyroid
hormone secretion, absorption/resorption
of Ca? by the intestine and kidney, and
CaR

GPCR

may also have effects in bone (1).
belongs to family C of the

Copyright 2006 by The American Society for Biochemistry and Molecular Biology, Inc.
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superfamily, having structural similarities

to metabotropic glutamate receptors,
GABAs receptors, and some putative
pheromone/taste receptors (1,2).

Common to all members of family C is a
large exiracellular domain of more than
600 amino acids containing the agonist
binding heptahelical
transmembrane domain, and a large

site, a

intracellular carboxyl terminal tail of more
than 200 amino acids (1,2). Members of
Family C, including CaR, function as
dimers, stabilized either by a disulfide
bond or non-covalent interactions (3,4,5).
The CaR extracellular domain contains
N-linked glycosylation sites (2,6,7), and is
stabilized by multiple intramolecular
disulfide bonds,
intermolecular disulfide bond between

as well as one

monomers in the dimer (8,9,10). Upon
agonist stimulation, CaR activates diverse
signaling pathways leading to changes in
hormone cell

secretion, proliferation,

@).

While considerable progress has been

differentiation and/or apoptosis
made in understanding the structure,
activation, and signaling of CaR, the
biosynthesis, trafficking, targeting and
turnover regulating CaR
remain largely unexplored.

mechanisms

To identify novel proteins that might
regulate trafficking and/or targeting of
CaR, the intracellular carboxyl terminus of
CaR was used as bait in a yeast two-hybrid
(Y2H) screen of a human kidney cDNA
library. One of the proteins identified in
the screen was the E3 ubiquitin ligase
dorfin (double-RING finger protein) (11).
Dorfin was originally cloned from human
spinal cord and is expressed in many
organs, including kidney, liver, intestine,
and the central nervous system (11).
Dorfin localizes to a region near the
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centrosome in an aggresome-like structure
in cultured cells (11).
system, dorfin ubiquitinates superoxide
dismutase-1 (12) and synphilin-1 (13), and
is a component of Lewy bodies observed
in other
(12,13,14).
Ubiquitination results in the attachment of

In the nervous

Parkinson’s and

neurodegenerative diseases
ubiquitin, a highly conserved 76-amino
acid polypeptide, to the g-amino group of
lysine residues of target proteins, and
requires the sequential actions of three
enzymes.  Final transfer of activated
ubiquitin to target proteins is coordinated
by the E3 ligase, which specifically
interacts with both E2-ubiquitin and the
target protein (15). Dorfin contains two
RING domains at its amino terminus,
which function as recruiting motifs for
specific E2s (11). The carboxyl terminus
of dorfin has no identifiable motifs, but
has been shown to confer specificity of
binding to synphilin-1 (13).  Dorfin
with vCp
(valosin-containing protein, also called
p97 or Cdc48 homologue) (14), an
AAA-ATPase proposed to have a role in

interacts directly

endoplasmic reticulum-associated protein
degradation (ERAD). VCP assists in
translocation of ubiquitinated proteins
from the ER and acts as a chaperone,
targeting ubiquitinated proteins to the
proteasome for degradation (16,17,18,19).

In this the
functional interactions between CaR and
dorfin in HEK293 cells, and demonstrate
that dorfin mediates CaR ubiquitination,
leading to degradation by the proteasome.
Both dorfin and CaR interact with VCP in
HEK293 cells, and a dominant negative
fragment of dorfin protects immature

report, we characterize

forms of CaR from degradation. Finally,
endogenous CaR in MDCK cells is also



subject to ER-associated degradation,
suggesting a common mechanism may
quality both
exogenously and endogenously expressed

regulate control  of
CaR. These results suggest that dorfin
misfolded

non-functional CaR at the endoplasmic

may recognize or
reticulum, leading to ubiquitination and

proteasomal degradation.

EXPERIMENTAL PROCEDURES
Materials. Human kidney cDNA library
and all the materials for the Y2H screen
were purchased from Clontech. HEK293
and MDCK cells were from the American
Culture Collection and used
30.
Restriction enzymes were from New
England Biolabs and Promega. The
EGFP-dorfin plasmid (dorfin chimera with
EGFP at amino terminus) and rabbit

Tissue

through lab passage number

polyclonal antibody against dorfin (D-30)
The
HA-ubiquitin plasmid was generously
provided by Dr. Richard JH Wojcikiewicz
(SUNY Upstate Medical
Syracuse, NY). Monoclonal antibodies

were generated as described (11).

University,

were from various sources (anti-Flag M2
and anti-actin antibodies, Sigma; anti-HA
antibody, Roche Diagnostics; anti-VCP
antibody, Research Diagnostics; anti-GFP
Rabbit
polyclonal antibody against CaR (LRG)
was generated as described (20).
Anti-phospho-ERK1/2 (p42/44) polyclonal
antibody was

antibody, Molecular Probes).

from Cell Signaling

Technology. ECL anti-mouse and
anti-rabbit, horseradish
peroxidase-conjugated secondary
antibodies ~ were  purchased from
Amersham. MGI132 and tunicamycin

were purchased from Sigma.

Plasmid construction. CaR with an amino
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terminal Flag epitope (Flag-CaR) was
generated as described (21). CaR
carboxyl terminal (CaR-CT) fragments in
the Y2H bait vector pGBKI7 were
prepared by PCR using primers containing
Ndel and Sall sites, using Flag-CaR as
template. PCR products were digested
with Ndel/Sall, and subcloned
Ndel/Sall-digested pGBKT?7.
carboxyl terminal fragments in the Y2H
PACT2 were prepared
similarly, using Ncol and Xhol sites. The

into
Dorfin

prey vector

dominant negative construct of dorfin was
generated as a chimera with EGFP at the
carboxyl terminus (DCT-EGFP).  The
DCT fragment containing dorfin residues
561-838 was prepared by PCR using
primers containing BglIl and Sall sites.
The PCR product was digested with
Bglll/Sall and subcloned
Bglll/Sall-digested =~ PEGFP-N1
(Clontech). Another version of dominant

into
vector

negative dorfin (DCT-c-myc) was prepared
similarly by PCR the DCT fragment using
primers containing Xbal and HindlIII sites.
The PCR product was digested with
Xbal/HindIIl and  subcloned into
Xbal/HindIII-digested pcDNA3.1A(-)
vector (Clontech). Another construct of
(DNT-EGFP) containing the
N-terminal RING-finger domains of dorfin

dorfin

from residue 1-367 was prepared by PCR
using primers containing Sacl and Kpnl

sites. The PCR product was digested

with Sacl/Kpnl and subcloned into
Sacl/Kpnl-digested pEGFP-N1 vector
(Clontech). Point mutations  were

generated by a modified inverse PCR
All PCR
reactions used Pfu DNA polymerase
(Stratagene). All constructs were verified
by dideoxy-DNA sequencing (DNA
Sequencing Facility, Cornell University,
Ithaca, NY).

mutagenesis method (22).

Sequences of primers



provided upon request.

Y2H assay screening. Gald4-based Y2H
library screening was performed by yeast

in the
(Clontech).
Yeast Saccharomyces cerevisine MATa strain

mating as recommended

manufacturer’s instructions

AH109 was transformed with bait plasmid
containing CaR-CT (aa 866-1078) and
incubated with yeast Saccharomyces
MATa Y187
pretransformed with human kidney cDNA
library (Clontech) in 2xYPDA/Kan at 30°C
for 24 hours. The mixture was plated on
SD/-Ade/-His/-Leu/-Trp plates to screen
for ADE2* and HIS3* clones. Plates were
incubated at 30 °C until colonies appeared.
Colonies were restreaked on
SD/-Ade/-His/-Leu/-Trp + X-a-gal plates to
screen for MELI* clones. Clones that
activated three reporter genes, ADE2, HIS3
and MEL1, were considered positive and
identified by purifying plasmids and
sequencing inserts.

cerevisiae strain

Directed Y2H studies were performed by
cotransformation using the lithium acetate
method (23).
CaR-CT fragments and prey plasmids

Bait plasmids containing

containing dorfin carboxyl terminal
fragments were cotransformed into AH109
and plated on SD/-Ade/-His/-Leu/-Trp +
X-a-gal plates. An interaction was
considered positive when three reporter
genes (ADE2, HIS3 and MEL1) were

activated.

Cell culture and transfection. HEK293 and
MDCK cells were grown in high glucose
medium

Dulbecco’s modified FEagle’s

(DMEM), supplemented with 10%
heat-inactivated fetal calf serum, 50
units/ml  penicillin, and 50 pg/ml

streptomycin (37 °C, 5% CO.). HEK293
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cells were transiently transfected with
Novafector (Venn Nova LLC, Pompano,
FL)
instructions;

according to  manufacturer’s

experiments were done
seventy-two hours after transfection. For
inhibitor studies, cells were treated with
MGI132 and/or tunicamycin (solubilized in
DMSO) for twelve hours prior to lysis.
Comparable levels of DMSO had no effect

on measured parameters.

SDS-PAGE and western blotting.
Transfected HEK293 cells or MDCK cells
were washed with PBS-EDTA and lysed on

.ice with PBS containing 5 mM EDTA, 0.5%

Triton X-100, 10 mM iodoacetamide, plus
protease inhibitor mixture (Roche Applied
Science). Cell lysates were agitated for 30
min at 4°C and cleared by centrifugation.
Supernatants were mixed with loading
buffer (12 M urea, 4% SDS, 0.01%
bromophenol blue, 100 mM
p-mercaptoethanol in 200 mM Tris) and
separated on 4-15% SDS-polyacrylamide
(Bio-Rad)
nitrocellulose

transfer to

(Bio-Rad).
Membranes were incubated with primary
antibodies (GFF, 1:500; LRG, 1:1000; HA,
1:1000; actin, 1:1000; D-30, 1:3000; or VCP,
1:1000) overnight at 4°C. Membranes
were incubated with secondary antibody

gels before

membranes

coupled to horseradish peroxidase (1:5000)
at room temperature for one hour.
Proteins were visualized by enhanced
(Super West Pico
Substrate, Pierce).
Assay of ERK1/2 phosphorylation was as
previously described (21). When the
same blot was probed for the presence of

chemiluminescence
Chemiluminescent

nitrocellulose
membranes were stripped in Restore
Western Blot Stripping Buffer (Pierce) and
probed with a second primary antibody.

coprecipitated  proteins,



Immunoprecipitation. Transfected HEK293
cells were washed with PBS and lysed as
described. After
samples were agitated for 30 min at 4°C

sonication on ice,

and incubated with 10 pl protein
G-agarose (Invitrogen) to minimize
nonspecific binding. Samples were

centrifuged and supernatants incubated
with antibody for 3 hrs at 4°C. 15 pl
protein G-agarose was then added, and
rotated (4°Q).
Precipitates were incubated in loading
buffer for 30 min at (25°C), and run on

SDS-polyacrylamide gels as described.

samples overnight

To detect specific ubiquitination, a
two-step immunoprecipitation =~ was
performed. After the first

immunoprecipitation as described, pellets
were washed three times with lysis buffer
and incubated with 1% SDS/PBS for 30
minutes (25°C) to disrupt non-covalent
interactions. Samples were centrifuged
and supernatants were diluted with lysis
buffer,  followed

immunoprecipitation.

by a  second
The
precipitates were incubated in loading
buffer separated

SDS-polyacrylamide gels as described.

resultant

and on

Densitometry and statistics. Blots were
digitized using an Epson Expression 800
Photo and quantified by
densitometry using AlphaFEaseFC
StandAlone Software (San Leandro, CA).
Results were mean + S.D. of at least three

scanner

independent experiments; graphs were
Plot  2000.
Student’s t-test (two comparisons) was

generated using Sigma

performed, p < 0.05 was considered
significant.

RESULTS
Y2H screen identifies the E3 ubiguitin ligase
The

dorfin as a CaR-binding protein.
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cytoplasmic carboxyl terminus of CaR (CT,
residues 866-1078) was used as bait to
screen a human kidney cDNA library
(Figure 1A).
by activation of three reporter genes,
ADE2, HIS3, and MEL1. Blast searches of
the NCBI database with positive clones
identified in the screen yielded a fragment

Positive clones were selected

corresponding to the carboxyl terminus
(residues 561-838) of the E3 ubiquitin
ligase dorfin (double-RING finger protein),
an 838 amino acid protein (Figure 1B) (11).

To localize the dorfin interaction site on
the
truncations of the CaR carboxyl terminus
(in pGBKT?), illustrated in Figure 1A,
the carboxyl
terminus of dorfin (residues 561-838) (in

CaR carboxyl various

terminus,

were screened against
PACT2) after cotransformation in the
AH109 strain. The full CaR-CT (residues
866-1078) with
confirming the results of the initial screen.
Truncations of the carboxyl end of CaR-CT
were well tolerated, displaying positive
Only the
smallest fragment, containing residues
866-886, did not interact with dorfin.
Truncations from the amino terminus of

interacted dorfin,

interactions with dorfin.

the CaR-CT narrowed the region for
interaction with dorfin to residues 880-900
(Figure 1A).

Complementary directed Y2H screens
were performed to localize the CaR-CT
interaction site on the carboxyl terminus of
561-838). Any
truncations from the carboxyl terminus of
dorfin inhibited interactions with CaR-CT,
while interaction with CaR-CT was

dorfin  (residues

retained upon removal of up to 100
residues from the amino terminus of the
The
minimal fragment of the dorfin carboxyl

dorfin fragment (residues 561-660).



terminus required for interaction with
CaR-CT contains residues from 660-838
(Figure 1B).

Coimmunoprecipitation of CaR and dorfin
from HEK293 cells confirms their interaction.
Human CaR having an amino terminal
Flag epitope (Flag-CaR) was transfected
into HEK293 cells, and Flag-CaR was
with
antibody. The immunoprecipitate was
separated on a 4-15% SDS-PAGE reducing
gel, blotted to nitrocellulose and probed
with antibody  D-30.
Endogenous dorfin was observed as a
doublet with weight
approximately 100 kD in the presence

immunoprecipitated anti-Flag

anti-dorfin
molecular

(lane 1) but not in the absence (lane 2) of
transfected Flag-CaR (Figure 2A, top
panel). The two lower panels in Figure 2
illustrate the expression of endogenous
dorfin (probed with anti-dorfin antibody
D-30) or Flag-CaR (probed with anti-CaR
LRG antibody) in cell lysates. These
results confirm the interaction of full
length CaR and dorfin in HEK293 cells.

To confirm that the dorfin fragment
identified in the Y2H studies is required
for the interaction of dorfin and CaR in
mammalian cells, Flag-CaR and full length
dorfin (EGFP-dorfin) or dorfin truncations
(DNT-EGFP or DCT-EGFP) were tested for

coimmunoprecipitation from HEK293 cells.

DNT-EGFP contains the amino terminal
RING-finger domains of dorfin from
residue 1-367; DCT-EGFP contains the
carboxyl terminal domain of dorfin from
residue 561-838. Anti-Flag antibody was
used to immunoprecipitate Flag-CaR, and
blots were probed with anti-GFP antibody
to detect dorfin species. EGFP-dorfin
(130 kDa) and DCT-EGFP (60 kDa)
coprecipitated with Flag-CaR (Figure 2B,
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top panel), but DNT-EGFP (68 kDa) did
not. Middle and bottom panels of Figure
2B illustrate expression of the indicated
constructs in cell lysates when probed
with anti-GFP (middle) or anti-CaR LRG
(bottom) antibodies. These
confirm that the domain of dorfin

mediating the interaction with CaR in

results

yeast, i.e.,, the carboxyl terminus, is also
required for the interaction of dorfin with
CaR in mammalian cells.

CaR is ubiquitinated. Interaction between
CaR and dorfin suggests that CaR may be
ubiquitinated. To test this possibility,
Flag-CaR and amino terminal HA-tagged
ubiquitin (HA-Ub) were cotransfected into
HEK293 cells, and a two-step, denaturing
protocol was used to immunoprecipitate
Flag-CaR. Briefly, anti-Flag antibody was
used to immunoprecipitate CaR, followed
by treatment of the pellet with 1%
SDS/PBS

interactions

to  disrupt non-covalent
between CaR and
associated proteins. The supernatant was
diluted with lysis buffer and subjected to a
second round of immunoprecipitation
with anti-Flag antibody. The western blot
was probed with anti-HA antibody to
detect ubiquitinated species.

Ubiquitination of CaR was observed in the

its

presence of the proteasomal inhibitor
MG132, appearing in the range from 150
kD than 250 kD, while
ubiquitination was barely detectable in the
absence of MG132 (Figure 3A, upper panel,
lanes 1-2). MGI132 increased the amount
of CaR protein (Figure 3A, lower panel,

to more

lanes 1-2), suggesting that ubiquitination
followed by proteasomal degradation

contributes to regulation of CaR.

Ubiquitin ligases covalently conjugate
ubiquitin to lysine residues of target



To confirm that CaR
ubiquitinated, we mutated intracellular

proteins. is
There are
nine lysine residues within the CaR
carboxyl terminus (residues 863, 882, 897,
917, 931, 963, 965, 984 and 1002) and seven
lysine residues within the three
intracellular loops (residues 636, 644, 709,
717, 793, 796 and 805). When each lysine
residue

lysine residues to arginine.

was mutated to arginine
individually, the resulting mutants were
still (data not

shown). Since single point mutations did

heavily ubiquitinated

not abolish ubiquitination, CaR must be
ubiquitinated at more than one lysine
residue. All sixteen lysine residues were
therefore mutated to arginine
simultaneously, and ubiquitination of the
mutant, termed Flag-CaR(0K), determined
in the absence or presence of MG132
(Figure 3A, upper panel, lanes 3-4).
Flag-CaR(0K) was not ubiquitinated to a
significant extent even in the presence of
MG132. In addition, the amount of
Flag-CaR(0K) was not significantly
changed upon addition of MG132 (100% in
the absence versus 107.6 + 10.7% in the
presence of MGI132) (Figure 3A, lower
panel, lanes 3-4), while wild type Flag-CaR
was sensitive to MG132 treatment (100% in
the absence versus 148.4 : 4.7% in the
presence of MGI132) (Figure 3A, lower
panel, lanes 1-2). Both Flag-CaR and
Flag-CaR(0K) achieved

glycosylation

mature
consistent with plasma
membrane localization (Figure 3A, lower
panel) (6,7), and had a comparable ability
stimulate ERK1/2 phosphorylation
upon exposure of cells to 5 mM Ca*
(Figure 3B). The absence of Flag-CaR(0K)
ubiquitination is not the result of an
inability to associate with dorfin, since
with  anti-Flag

Flag-CaR

to

immunoprecipitation

antibody of either or

Flag-CaR(0K) results in coprecipitation of
comparable levels of endogenous dorfin

- (Figure 3C, top panel). Also illustrated in
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Figure 3C is the presence of endogenous
dorfin (middle panel) or transfected
Flag-CaR (bottom panel) in cell lysates.
These confirm that CaR
ubiquitinated at multiple lysine residues
and degraded by the proteasome.

results is

Dorfin mediates CaR ubiquitination. Dorfin
is an E3 ubiquitin ligase and interacts with
CaR, and therefore likely mediates CaR
ubiquitination. To test this possibility,
Flag-CaR and HA-Ub ¢DNAs were
cotransfected into HEK293 cells, without
or with EGFP-dorfin cDNA. Anti-Flag
antibody was used to immunoprecipitate
CaR; western blots were probed with
anti-HA antibody to detect ubiquitinated
species. In the absence of dorfin, a low
level of CaR ubiquitination was detected;
cotransfection with dorfin dramatically
increased CaR ubiquitination (Figure 4A).
HEK293 cells express endogenous dorfin
(data not shown, but see eg. Figure 2A or
3C), and thus basal CaR ubiquitination (in
the absence of cotransfected dorfin) might
be catalyzed by endogenous dorfin. To
test this possibility, we used DCT-EGFP as
a dominant negative to interfere with
ubiquitination mediated by endogenous
dorfin. This construct cannot catalyze
ubiquitination of substrates, since it does
not contain the amino terminal RING
which
interaction with ubiquitin-conjugating
enzymes (11). Cotransfection of HEK293
cells with - Flag-CaR, HA-Ub and
DCT-EGFP resulted in a reduction in CaR
ubiquitination, with
ubiquitination mediated by endogenous
dorfin (-DCT) (Figure 4B). These results
suggest that the E3 ubiquitin ligase dorfin

domains are essential for

compared



mediates ubiquitination of CaR.

Dorfin regulates the amount of CaR protein in
HEK293 cells.
ubiquitination,

Since dorfin mediates CaR

it must contribute to
regulation of total cellular CaR protein.
Flag-CaR cDNA was transfected into
HEK293 cells with increasing amounts of
EGFP-dorfin ¢<DNA (Figure 5A). Total
cDNA was kept constant with pcDNA3.1.
The expression of CaR and dorfin were
characterized by immunoblotting lysates
from HEK293 cells with either anti-CaR
LRG antibody (Figure 5A, top blot) or
anti-GFP antibody (Figure 5A, bottom
blot). Actin was used as a loading control
(Figure 5A, middle blot). When dorfin
was increased, the amount of CaR
decreased in a dose-dependent manner
(Figure 5A). The graph in Figure 5A
shows averaged results for 3 independent
experiments, and demonstrates a
significant decrease in CaR protein as

dorfin protein is increased.

When CaR cDNA was transfected into
HEK293 cells with increasing amounts of
the dominant negative DCT-EGFP cDNA,
CaR protein in cell lysates increased as a
function of DCT protein (Figure 5B, top
blot). The graph illustrates averaged
results from 3 independent experiments
(Figure 5B). To confirm that EGFP made
no contributions to the observed responses,
a DCT construct containing a carboxyl
terminal c-myc epitope was also generated.
DCT-c-myc CaR  against
dorfin-mediated degradation in a manner
to DCT-EGFP (data not
the
competed with

protected

comparable

shown), indicating that dorfin

fragment specifically
endogenous dorfin to protect against CaR
degradation. These results suggest that
dorfin CaR

endogenous regulates
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degradation.

To test if dorfin mediates degradation of
CaR in a proteasome-dependent manner,
the effect of the proteasomal inhibitor
MG132 CaR
degradation was examined. When cells
cotransfected ~ with  Flag-CaR  and
EGFP-dorfin were treated with MG132,
the dorfin-dependent decrease of CaR

on dorfin-mediated

protein level was abrogated (Figure 5C),
suggesting that a proteasome-dependent
mechanism underlies dorfin-mediated

degradation of CaR.

VCP interacts with both CaR and dorfin.
Dorfin interacts directly with VCP, an
AAA-ATPase proposed to have a role in
endoplasmic reticulum-associated
degradation (ERAD) of proteins (14). In
HEK293 cells transiently transfected with
Flag-CaR, antibody
endogenous immunoprecipitated

an
vCP
both Flag-CaR and endogenous dorfin
(Figure 6, lane 1). In the absence of
Flag-CaR, the anti-VCP antibody pulled
down endogenous dorfin (Figure 6, lane 2),

against

as has previously been shown (14).
blots 6
endogenous expression of VCP and dorfin,
as well

Lower of Figure indicate

as Flag-CaR in lysates of
transfected cells. Since both dorfin and
CaR can interact with VCP, it is likely that
dorfin-mediated  ubiquitination  and
degradation of CaR is occurring at the ER
via a VCP-facilitated ERAD pathway.

All forms of CaR are degraded via the
proteasome. If CaR interacts with dorfin
and VCP at the ER, it is possible that
misfolded or unfolded, immature CaR is
targeted for proteasomal degradation by
dorfin. To test this possibility, we

examined the effects of tunicamycin, an



