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The klotho mouse shows multiple phenotypes resembling human aging caused by the mutation of a single gene.
This mutation is caused by the insertion of ectopic DNA into the regulatory region of the a-klotho gene. The a-klotho
gene encodes a type I membrane protein that is expressed predominantly in the kidney and brain. As a result of a defect
in a-klotho gene expression, the klotho mouse exhibits multiple age-associated disorders, such as arteriosclerosis, os-
teoporosis, pulmonary emphysema and short life span. However, the mechanism by which the a-klotho gene product
suppresses the aging phenomena has not been identified. Analysis of the pathophysiology of klotho mice is expected to
give clues not only to understanding the mechanisms of individual diseases associated with aging but also the molecular
mechanisms during human aging. We previously reported that the aberrant activation of u-calpain is caused by the -
klotho mutation, and such change leads to degradation of cytoskeletal elements. Similar phenomena were observed in
normal aged mice. Such deterioration may trigger tissue abnormalities in k/otho mice and aged mice, but klotho protein
may suppress these processes. We will summarize the function of a-klotho protein based on our research on the relation-
ship between proteolysis and age-related disorders and the recent advanced researches.
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1. FL&IC

klotho <~ 7 Z3FamnE < (K9, HHERE
RERE(LE Wo 2t N OZLERICEBI L = 2%
BIERZRT.VIDITADLHELIFED o
klotho LW\ S 12572 1 DDEET O Fifi Tl
NTNnD Z EIFIEHEITHKIES, o-klotho BIAT
Y DOWEEZE RIS 5 Z & T, BILLRDERITHED &
BONTHEZMRTL2-D0EERAEANE SN
LI ENMMFEEINS. EFE, EZICDAR#ED
B <, Fibroblast growth factor ° 71 )L > 7 L F
T RIVEDHEERZN LY >0V LARGH
EOBHR ENRESINDLDITRD, oklotho ¥
PN E ORI S MNTIRDDDH B, Y

ONHIUIINETIZ, aklotho ¥ /N7 E D3
BN X U IRE R BT & > N B oy fiBE 3 cal-
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KRFIL, HAKEELE 1298422 > RI YA SIOT
FKELEZDDEFLMIRRLEZHDTHS.

pain 23 B ICIEMTTHET B Z & &R L, Y a-klotho
& INDENY 2N B RFR ORI RD S 2 &
ZHSMITLTBY, kiotho ¥ 7 AN HRENRS
A HENDIRRE E Y N B R & DR
ZHFNTNWD. AFETIE, oklotho ¥ > /N7 HIZK
% calpain O P4 il T B A & 5 A8 O BE ELIC BY 9~ 5
FER RS>, a-klotho Z R LU =i B (LBFZE N DHELD
MAE PO, EIED klotho % ™7 ZATRIEN 5 S
M TEHBIZ DWW TR L2,

2. klotho ¥ X

1997 FFIZHME S DT I — T2k o T, H—#E5
FRIBICEDEZERE NELEREET 2EETE
B ZANHME I NE. D ZORKE ST klotho
EmAINEZENS, ZOXYT A klotho ¥ 77
A EMENTWS. klotho ™7 A%, 5 HRAAUKIC
& % a-klotho i fx T D _LFIZB T B kBT D
AL D aklotho ¥ >N\ EZRIBLIZIT A
TH 5.V klotho %7 X 3FMmMN 810l L E<, %
DI NF DI HHERESLEIRE(L S WS K O7%
t N OBLERICEBI L =2 EERERT (Ta-
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Table 1. Phenotypic Characteristics of Klotho Mice

short lifespan arteriosclerosis

infertility osteoporosis
growth retardation ectopic calcification
weight loss cerebellar Purkinje cell decrease
spinal curvature growth-hormone deficiency
hypokinesis reduction in serum parathyroid

hormone level
gait abnormality elevation of serum calcium level
skin atrophy elevation of serum phoshate level

atrophy of genital organs elevation of serum 1,25(0OH),D;
and thymus level

pulmonary amphysema elevation of serum FGF23 level

ble 1). DV 25 UZHRIZIFEED, a-klotho & WD Tz
S 1 DDBEMLETO FRTHIEETN TS Z &3k
WICHIREN, ORI —FBOREELEEZ S
N, & NEBILOETIEE L TORREMEDHIRGS
NTws, s OERIZHEZ A o-klotho ¥ >
NI BEZREIEHZETHIETS.VERE, o
klotho # > /X7 H O@BEFHE < 7 X T AR
TAXDBEMMPKIOXILEET DI ENHMETN
TWw3.9 b b® aklotho &5 712 BT % SNPs
(single nucleotide polymorphisms) DIFZEN G, B
EFRNEMORS CHEBIREE, W%, MR
JEDQBBRRICEET 2 I ENEHBEINTSH
0,57 b hEAIZBT D a-klotho s T D EEM
HHLSNZEINDDH B.

3. a-klotho ¥ > N7 EICRAT DI NFETOHERE

a-klotho JE1Z T3 C A i (1T 5 B 3 fE BBl & BT o
A B E K & RF D 4> FEK) 130kDa @ T RS >
NIEZI—RLTWS. D ERD o-klotho 4 >/\
77’8 1% ADAM (a disintegrin and metalloproteinase)
10 ® ADAM17 EWwo =7 o5 7 —FEicksd 70
Y27 %23 T, 130kDa & 68 kDa ® N K]
WiH DAl LT d ZENRESINTBD, 53k
By NI BIIITARE FOIMESLHERIRIZH
WTHRH SN TWS, %19 o-klotho & 5T D F 1L
BIRME, MO, SRR, o —ER IR
L TW5 Y ERIT Y 2T a-klotho LT D
BRENB SNV BREENENS Z &b,
S EERIOW S OEREE AT 52HDEEZ BN
%,

Table 1 123 K DT klotho X ™7 A IfiEH D E
#3>D (VD), U (Pi), h)Li L (Ca)

FEMNEFAERNT AR TE W, D O RSSO G IK
BIZEBZICEE L Twas EEZ NS, &I, Ih
5 DOR#ITHBIT D a-klotho & > )X 7 8 D E| A3 A
KNTHE SN TWS, aklotho & > /X7 &3k
fRIEFE D —FETdH % p-glucosidase AR 2 H T
52DDRAAL ORI ND VD ZNETIC
B-glucosidase i 1R TN TR WA, B-glucuroni-
dase & WD B DOHE S RIEENTTNRN S RINT
W22 ZOWERIEEN NI T LT v )
TRPVS O N &G BB SH O 3 RIZERD 0 F ¥ 3V H
RRICEETLHIENRBRINTNS. D £, o
klotho % >N 7 & Na*, KT-ATPase Ol ficd N #i
BEICHEET 2 2 eI N, Nat-Ca2t (k%
FIA U7z Ca2t Bk il N DB 5 ARSI T
%, W L Z AT, klotho %7 A D VD IME TLIE
PRI VD, TH % 1,25(0H),D; DIEEA S, W
B AR < A TiE 1,25 (OH),D; IBEN EH T2
E, FXHT AT 70 —RNy Z7HEREIZXKD 1,25
(OH),D; O & FklE # 1o-hydroxylase 1% 4 23 #li il &
N5, klotho X 7 ATIEZ DT 14— R)\Nw 7tk
MENTWRNWED THS. 19 X 5|2, Fibroblast
growth factor (FGF) 23 R{E~ ™ X & klotho Y77 A
DEBB ORI/ S, FGF23 & a-klotho % > )N
278 OBRMIFFE SN, FGF23 @ FGF ZAKAD
& &1 a-klotho & >NV EINMETH 2 Z ENH
BN, 161D FGF23 13 FGF 25K 2/ L TB g
BT 5 Pi QBRI HIH & lo-hydroxylase 75 M4
HIEH 279 /=%, FGF23 RIBY I A H & Pi, &
VD Ififif & 72 %. klotho ¥ ™7 A & FGF23 RiE~X ™
2% VD KRR THET 2 EERUNKET . &K
I, & MZBWT aklotho iEinT DL RNF M
B G IRIEEIEICR 595 2 E s I . 19
4. klotho X7 AILHTE59 L INTEDE(
o-klotho & > /)X 7 B DHEREFRIT DA D T 7' 01—
FELT, EESIL, okiotho Bl TOERLBS
SINTEL NIV TOE & RN R L 72, R
FEROHE LT 4 i~ o 2O &S DIEE % >
J\%Z & @ SDS-PAGE /X% — > % Fig. 1 IZ/;RL 7z,
By A R A& klotho ¥ ™ A & g4 % &
coomassie brilliant blue A TH I TEZ S DEWN
MNSDNDEE TR N, TIN50y N
BEUIINIY RRTFHF—LIZLDXRTF RTH
fbl, BEMEIRETY I /B> —7 Y-tk
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Fig. 1. Different Pattern of Proteins in Several Tissues of
Wild and Klotho Mice

The microsomal proteins from several tissues of 4-week-old male mice
were subjected to SDS-PAGE and stained with Coomassie Blue. Lane W,
wild mice; lane K, klotho mice; lane (M), molecular mass markers. The
closed triangles indicate the proteins that decrease with the klotho mice.
Open triangles indicate the proteins that increase with the klotho mice. The
proteins of a and b (about 250-300 kDa) were subjected to in-gel lysylen-
dopeptidase digestion and the sequences of the resulting peptides were deter-
mined by a combination of Edman degradation and mass spectrometry. A
database search of protein sequences revealed that these proteins were S1I -
spectrin (a) and o1l -spectrin (b).

DLz, ZORER, klotho ™7 A THEADL T
Wil & B D% 280kDa O N7 B ol -
spectrin THh 5 Z &, kiotho X7 A DR T4 L
TW/=#300kDa D% > /N7 813 B1I -spectrin TH
BT ENGMOE. INIT, PiRERWEY LAY
70y MNMEWMNS, klotho <™ A Difi & Bl
BT D all -spectrin % B1I -spectrin & - 7= fl g &
¥eRH >IN EOWANIARIZK D Z ENGn-o T
4 38R D klotho ¥ 7 A TIXB IR DML AN S5 A
IRAEP R DIRG, HEDOREND NI EZ2HEL
ZENS,Y IO LIMEEKRRY >IN ED S
FRISHAR DB EZ I > TRID, BEEOHERK
EBBTENEZLNS.

5. klotho ¥ ) RC&TD Y L IN7ERROTUE

oIl -spectrin 1 calpain GHIfE ICEET D IV
7 LMK TF 1 cysteine protease) 12X o THMHE N,
%) 140 kDa &#9 150 kDa D53 fREM 2= EL 5 Z &
MHAISNTWNWDS, 19 Z 2T, calpain IZUIWrEN T
A4 U % KBl 512 Fs B Pk 2 E® U, klotho
XA BT D oIl -spectrin D4 fiRld calpain 12 &

TR

calpain XM fld B &2 EMBENDRR L2 x5 >IN D
B OIS L, & D5 f# K apoptosis
% necrosis 732 & DML ZE AL T 2 2V FIVRZED
SlERLEBDIENZHMEINTNS 202 %
7z, EERNICBT DEE A I AR B RO REEAN O 5
ARSI NTND, 2629 BELEEIT B W THLER S E 112
FEH L T 5 calpain (213 2 fli D isozyme NFEEL,
in vitro TOIEMEACITHEIR AL > 7 ABEE D uM
L X)L D p-calpain & mM L N) D m-calpain 2 [X
HEND. ZH5D calpain OIFTE(LHEREIZ DN T
IEWE AR ENLNA, N KD HEHIZ
K OVEMERIZ /2 2 B A 5 TN %, 263032

all -spectrin D /M RAIA B N7z 4 BE~ T A DE
iz BT % calpain DIEHAGIZ DWW TN /Z 4
klotho < ™7 A Tl p-calpain 23 1FIE 52 &1 IE R
725 TWiz [Fig. 2(A)].® —7, m-calpain DyEME
MR EAERB NN /-, @HE calpain Of
B T2ED 12%1CEE0, —#@EohL>
LA F 2 OMFINANDFEAIZ K DR S NS0,
klotho < 77 21281} % p-calpain OIFHALIZMMRD T
HHEIIRETH S, £, @ OIEEMIT KT
HY, MMNICERFE T S calpastatin 12 & > THE®
MICARE LS N, BWERIEHEENEZ S Rndk D
WZIHAICHITE S 1T WS, calpastatin |ZFNH G0N
calpain DRE L7825 Z L THRABHEYE /25
ZEMS, calpain IR NENERET Y > )N
BTHZHEZEZLNTINDS, 263 FBKENT &I,
klotho < ™7 2 O &g T3 calpastatin 2334 L TW
7= [Fig. 2(A)]. klotho <7 21 BT 5 calpastatin
mRNA OFEHEIIEML TR ENS, Y cal-
pain DR S772iEMEALIZ & o T calpastatin 235221
SRS T calpain Z flHl TEIaWREETH 2 & &
AHN5.

a-klotho # > )X\ 78 & u-calpain D& MH:AL DR 5
X OBHREICT 272012, BRENHENBLEIOHE W
BEDOY T A ENTOLEIY Y A2 LT [Fig.
2(B)]. FREABRITRAICBITHLRERIIENI 458
MR S BISE N, 3 HEEE T3S R BB AR S X
HITEY, BROAKMEDBHEI NN, 2-3
BEEOY T AT DN THRNRER, RELRIYTA
Tl 2 E#EE N S p-calpain DML & calpastatin
OPWPNIEE D, 3k E TITIE 4 Bl & FREEE
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Fig. 2. Changes of u-Calpain, m-Calpain and Calpastatin in
the Klotho Mice Kidney (A), Dependency of Calpain, Cal-
pastatin and oIl -Spectrin on Klotho Protein (B)

Western blots of kidney cytosolic and microsomal fractions of 2-, 3- and
4-week-old male mice. The pre-u-calpain and pre-m-calpain are inactive
forms. The post-u-calpain and post-m-calpain are active forms. Arrowheads
indicate the positions of the corresponding molecules. Lanes W, wild; lanes
H, hetero; lanes K, klotho (homo).

breakdown " - — .
product > 3

T all-spectrin D3 EMNHETT 2 T Mo Tz,
—7F, NTOAERIYZIIBT S aklotho & > )\
JEORBEBIIHFAEMTIZADK 1/2EETH >
7=. D& & p-calpain |3 klotho X7 ZD#) 1/2 18
EIEMEL L TH D, calpastatin B ER <7 2 KD
AL TV, ATOERITTAZIFEAERER
KEMEREI/INI &Y a-klotho & > /N7 B D
DTS TIEMERY u-calpain 23 EHIL TW /= Z &1,
a-klotho % > /)X 7 B D F T & & p-calpain DI L
DS NMEERFRZEZRLTVWD., DED, o
klotho % > /X 77 B 1Z1% u-calpain DIEME(L Z H&I 3
LBMENHBHIELEEZRBTLHHDOTHS.

LI AT, klotho X7 ZADIMEREDER & L
TIMENEMICBT 5 —#EE (NO) DA
PEENRESNTND ¥ £k, 75 /UK
Z W T aklotho ¥ >N\ B & BFEICHER S &
% & NO BEEDEEI U klotho < ™7 A O Ifl & B /%
BHEINDEND ZEBIMBEINTINDS. 0 I 51T,
NO 1Z1Z calpain % > )\ 7 B R 2 P H 3 250 5
NHDZENMEINTBHO, ¥ o-klotho ¥ > /X7
B2 X % calpain {E AL OHIHIIZ NO 238859 % Z
EHEZHND.

6. u-calpain JFELDIRZFFFE M

BIRLADERE TIIES B> TWH0H, 4l

4-week 8-week
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Fig. 3. Organ-specific Differences in Calpastatin, u-Calpain,
and oIl -Spectrin between Wild (lane W) and Klotho (lane
K) Mice

Western blots of organ extracts of 4- and 8-week-old male mice.

M5 FHMITIT W 8 £ T D&l 12 BV % u-cal-
pain D{EMEICT DN TN Y ZOFER, SDS-
PAGE T spectrin O 43 fif % 588 7= ifi T & ik & [Al 4%
OB G NER N (Fig. 3). klotho ™7 X1 4
FEEEN S MK ERORENBEREINDS I &
5,3 p-calpain DIEMHACNER 72> TWE T &N
EZzions, LnL, HiTiE aklotho a1 3%
FHLTWERWZ ENS iR OEENEZ 5N 5.
—7, WEMFETIZ2< B idBRINT, u-cal-
pain @ FEIEMHEITE R & MICRRENRBELRLTH
L2 ENGMolz. b bOEEBREETIE klotho
XA HLNDIERDBESNTHD, 40 20D
£ DI BFE TIE a-klotho EAin T D FBAX FAED
BN TS EYEFIMET v bOERTIE o
klotho &z T DF LT & & BT calpastatin 738
HI BT &, I EEIREWE RN W < Dl
INTNW5,

UM TUE 4 B ER I B W TIEHEITT9 W u-calpain D
EHAES BB I Nz, ZOBIME AL > TIEM T
JUHE L 8 MR TIRT B AITTEMEL L Tz (Fig. 3).
klotho < ™7 Z\Z\E 7 it Wil iR 1272 2 & 22581200
AETHATLUED T —ANAEND. ZORRE
2D W TOIERICBU S p-calpain JEMEL & W D B A
MEEZDE, FHemgw 8 EE TREEITIEMLL,
calpastatin & oIl -spectrin D3 ENTAEE 5 & WD #E
REAMLIZIEHIZT DO U DENES. LR TD u-cal-
pain OIEMEALIE, @HIREE(L (CHIKIE) & imED
ETICHWTEZ D Z &M, Bligelior—2 &
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FEREL- T, o Catt BE LR ECEI > TE
BEEIND2RMBRIGTHDEEZENS. LD
S, O UI=EREL/: EDBEEN S.O0AEAN
BLBEEZEMET S ETEHERRKTHD., £z,
calpain DIEMAL ZHET HEANR EITLD.OAE
DFHIIIGHTESREE D EZE A 5N 5.

7. BRE(bE p-calpain OEME(L

EH 513 klotho I 22 ZLETINEMEL T
T 52 &ITk D, BPLEMITEEL ZEED
NTHEEZHONCTSZEZEHNELTVWS., £
T, klotho %7 A THIE X N /= a-klotho & > )N
7EOWEP>ERERKET S p-calpain 24954 2N
DB RRDITEB RN AR OB HESL
TWb ) #Et L7 (Fig. 4).3 C5TBL/6 X7 A D 4
Hp & 29 Azt L& 25, 29 ABRMTIE o-
klotho & > /)N 7 B O FEBIW A &, u-calpain DiE P
{t,, calpastatin D2, oIl -spectrin D73 RN ER
SN, BRELYTRAD klotho ¥ ™7 A L [FkkDIE
MZzERTZENHSNERD 2.

8. &HHVYIC

a-klotho B FOFRNS 10 £, IV T LR
U >, VD U & OBIE AR 5 MITE N, a-klotho
NV BEOWIRIERITHESRL TERZ., Lo,
a-klotho % > /)N 7 E D EDHERE, &b & DBEfRIZD
WTIE, GO Z TTWRWL, HL 7Ry BHMN
SHREMTHRINS Z & T, aklotho EinT
DO D EMBROEKGNHSMICIN TN Z

month
29-month

1
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pre-p-calpain » b&.
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Fig. 4. Changes in the Kidney of Aged Normal Mice
Western blots of 1-month-old and 29-month-old C57BL/6 mice. Ar-
rowheads indicate the positions of the corresponding molecules.

LML Tn5.

AT LI OB Y EERIT, TEIRERSE O FE i
BT B HEEATESH KO TEWEEE L ETO
N, RHAEREEFERY > Y —ERBVEERD
KRz Z T Tithbh .
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