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The cover shows a 7-week-old normal mouse (leff) and a klotho mouse, an
animal model that shows multiple phenotypes resembling human aging.
Klotho protein deficiency (top panel in Western blot) leads to the
overactivation of p-calpain (second and third panels), a decrease of
calpastatin (fourth panel), and the cleavage of all-spectrin (fifth panel),
which in turn result in growth retardation, inactivity, and premature death at
8-9 weeks. Similar phenomena are observed in normal aged mice. For
details see the article by Manya et al., pages 35503-35508.
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The klothe mouse is an animal model that prema-
turely shows phenotypes resembling human aging. Here
we report that in homozygotes for the klotho mutation
(k1~'"), ayrspectrin is highly cleaved, even before the
occurrence of aging symptoms such as calcification and
arteriosclerosis. Because ap-spectrin is susceptible to
proteolysis by calpain, we examined the activation of
calpain in I~ mice. m-Calpain was not activated, but
p-calpain was activated at an abnormally high level, and
an endogenous inhibitor of calpain, calpastatin, was sig-
nificantly decreased. Proteolysis of ay-spectrin in-
creased with decreasing level of Klotho protein. Similar
phenomena were observed in normal aged mice. Qur
results indicate that the abnormal activation of calpain
due to the decrease of Klotho protein leads to degrada-
tion of cytoskeletal elements such as ap-spectrin. Such
deterioration may trigger renal abnormalities in kI-/-
mice and aged mice, but Klotho protein may suppress
these processes.

The klotho (ki ') mouse shows multiple phenotypes resem-
bling human aging caused by the mutation of a single gene (1).
This mutation is caused by the inscrtion of ectopic DNA into
the regulatory region of the klotho gene. The klotho gene en-
codes a type I membrane protein that is expressed predomi-
nantly in the kidney and brain. The extracellular domain of
Klotho protein consists of two internal repeats that share se-
quence similarity to the S-glucosidases of both bacteria and
plants (1, 2). As a result of a defect in klotho gene expression,
the k™~ mouse exhibits multiple age-associated disorders,
such as arteriosclerosis, osteoporosis, gkin atrophy, pulmonary
emphysema, short life span, and infertility. However, the
mechanism by which the klotho gene product suppresses the
aging phenomena has not been identified. Analysis of the
pathophysiology of kI ~'~ mice is expected to give clues not only
to understanding the mechanisms of individual diseases asso-
ciated with aging but also the relationship between these
mechanisms during human aging.

Non-erythroid spectrin is a heterodimeric actin-binding pro-
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tein that consists of ay- and Bp-spectrin and is usually found on
the eytoplasmic side of the plasma membrane (3, 4). It is
thought to participate in the establishment and maintenance of
cell polarity, shape, and receptor distribution (5). Recently, it
was proposed that spectrin retained and stabilized various
proteins at specific regions on the cell surface (6-9). a;-Spec-
trin has been shown to be cleaved by calpain and/or caspase
during apoptosis and necrosis (10-13).

Calpain, a calclum-dependent cytosolic cysteine protease, is
involved in many physiological and pathological processes (14—
16}, Calpain mediates proteolysis of various cellular proteins,
including eytoskeletal proteins, and causes irreversible cell
damage (10-13, 17, 18). Thus, calpain overactivation may con-
tribute to the pathology of cerebral and cardiac ischemia, Alz-
heimer's disease, arthritis, and cataract formation (19, 20).
Calpain has been shown to be regulated by both calcium iun
and calpastatin (16). Two types of isozymic calpain, p-calpain
and m-calpain, are ubiquitously distributed in mammalian
cells. The former is activated by micromolar concentrations of
calcium and the latter is activated by millimelar concentrations
of calcium. Calpastatin is an endogenous inhibitor specific for
calpain, but is slowly degraded by calpain (21). Here, we report
the cleavage of ay-spectrin due to the continuous activation of
p-calpain in 21~ mice. Furthermore, we also observe similar
phenomena in normal aged mice.

EXPERIMENTAL PROCEDURES

Preparation of Mouse Tissue Extracts—Kidneys were obtained from
2- and 3-week-old kI*/*, kI*/~, and kI~'~ mice and from 4-week-old and
29-month-old C57BL/S mice. Brain, lung, heart, liver, and kidaey were
obtained from 4-week-old and 8-week-old kI*"* and kI~ mice. Tissue
samples were homogenized with ¢ velumes (weight/volume) of 10 mM
Tris-HCI, pH 7.4, 1 mM EDTA, 250 mM sucrose. After centrifugation at
900 = g for 10 min, the supernatant was snbjected to ultra centrifuga-
tion at 100,000 x g for 1 h. The supernatants and precipitates were
used as the cytosolic fraction and microsomal membrane fraction, re-
spectively. Protein concentration was determined by BCA assay
(Pierce). All experimental procedures using laboratory animals were
approved by the Animal Care and Use Committee of Tokyo Metropeli-
tan Institute of Gerontology. All efforts were made to minimize the
number of animals used and their suffering.

Amino Acid Sequercing of 280-kDa Pretein—Kidney microsomal
fraction {250 pg) from d-week-old 2™+ and &I/~ mice was subjected to
S5DS-PAGE under reducing conditions followed by staining with Coo-
massie Brilliant Blue R-250. A protein band of ~280 kDa was excised
and treated with 0.1 ug of Ackromobacter protease I (lysylendopepti-
dase) at 37 °C for 12 h in 0.1 M Tris-HC), pH 9.0, containing 0.1% SDS
and 1 mM EDTA (22). The peptides were separated on columns of
DEAE-5PW (1 ¥ 20 mm: Tosoh, Tokyo, Japan) and CAPCELL PAK C13
TG120 (1 % 100 mm; Shiseido, Tokyo, Japan). Solvent A was 0.085%
{v/v} trifluorcacetic acid in distilled water, and solvent B was 0.075%
(v/v} trifluoroacetic acid in 80% {v/v} acetonitrile. The peptides were
eluted at a flow rate of 30 plfmin using a linear gradient of 1-60%
solvent B. Selected peptides were subjected to Edman degradation
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using a Procise 494 cLC protein sequencer {Applied Biosystems, Foster
City. CA) and to matrix-assisted laser desorption ionization time-of-
flight mass spectrometry on a Reflex MALDIL-TOF (Bruker Daltonics,
Billerica, MA) in linear mode using 2-mercaptobenzothiazole as a
matrix.

Antibodics—Rabbit antibodies specific to the pre- and post-autelytic
forms of it-calpain (anti-pre-p and anti-post-g, reepectively) were raised
against synthetic peptides as described previously (23). Antibodies spe-
cific to the pre- and post-autolytic forms of m-calpain (anti-pre-m and
anti-post-m, respectively) were produced using synthetic peptides cor-
respanding to the N-terminal 21 residues (AGIAAKLAKDREAAEGLG-
SHE) of the intact form and the N-terminal 6 residues (KDREAA) of the
autolytic form, respectively. A cysteine residue was added to the C
terminus of each peptide so that the antigenic peptide could be conju-
gated to keyhole limpet hemocyanin. The entire amino acid sequence
and the autolytic cleavage site of human m-calpain were abtained from
previous reports (24, 25). Antibodies specific to the calpain-generated
N- and C-terminal fragments of «;-8pectrin (136 and 148 kDa, respec-
tively) were produced by the peptide antigens QRQEVY (anti-BDP-136)
and GAMPRD (anti-BDP-148), respectively (see Fig. 2). A cysteine
residue was added to the N terminus of QQQEVY peptide or was added
to the C terminus of GAMPRD peptide. The amino acid sequence and
the cleavage site in mouse o spectrin by calpain were as determined by
others previously (22, 26). An antibedy against demain IV of human
calpastatin was produced using a synthetic peptide corresponding to
residues 601-630 (AEHRDKLGERDDTIPPEYRHLLDDNGQDKP)
(27) with a cysteine residue added to the C terminus, Rabbits were
jmmunized with the antigenic peptide-keyhole limpet hemecyanin con-
jugates. Affinity purification of pelyclonal antibodies was carried out
using antigenic peptides immobilized on epoxy-activated Sepharose 68
(Amersham Biosciences, Buckinghamshire, UK). Anti-human-ay-spec-
trin polyclonal antibody C-20 from goat was purchased from Santa Cruz
Biotechnology (Santa Cruz, CA). Anti-Klotho moneclonal antibedy
(KM2076) from rat was a genevous gift from Kyowa Hakko Kogye Co.,
Ltd (28).

Western Blot Analysis—The cytosolic and microsomal fractions {15
ug each) were separated by SDS-PAGE (10 and 5% gel for cytosolic and
microsomal fractions, respectively), and proteins were transferred to a
polyvinylidene difluoride membrane. The membrane, after blocking in
phesphate-buffered saline containing 5% skim milk and 0.5% Tween 20,
was incubated with each antibody. Then the membrane was treated
with anti-goat (Santa Cruz Biotechnology), anti-mouse or anti-rabbit
{Amersham Biosciences) IgG conjugated with horseradish peroxidase.
Proteins bound to antibody were visualized with an ECL kit {Amer-
sham Biosciences).

Northera Blot Analysis—Total RNA was isolated from 4-week-old
kI** and kI~ mice kidney by the guanidinium thiceyanate method
using Isogen (Nippon Gene, Toyama, Japan). Total RNA (15 ug) was
electrophoresed through a 1% agarose-formaldehyde denaturing gel
and transferred to a nylon membrane, Hybond-N* {Amersham Bio-
sciencen), Northern blot analysis was performed using The Gene images
AlkPhos Direct (Amersham Biesciences) according to the manufactur-
er's instruction. Probe DNA fragments for mouse a;-spectrin, calpasta-
tin, and glyceraldehyde-3-phosphate dehydrogenase were prepared by
reverse transcriptase-PCR and nested PCR using total RNA from the
RI*"* mouse kidney. Quter primers of ¢y -spectrin were 5’-AACAGCA-
CAAACAAGGATTGGTGG-3 and 5'-TGCAGATCATGGGAGTCACCC-
AAT-3’; inner primers were 5~-GGTTTCGTGCCAGCTGCATA-3' and
5"-ACCCAATTTGCGCCTTGCGCT-3'. Quter primers of calpastatin were
§-TTTCGCTGCGTTTTCCCGGA-3' and 5'-TTCTCCTTGGGGGGAAC-
ACA-3'; inner primers are 5'-TTCACCGAAAAATGTCCCAGCCCGG-3’
and 5'-GGTCACTCCTGCAGACTGAGCTTTG-3'. Primers of glycerald-
ehyde-3-phosphate dehydrogenase were 5'-TGAAGGTCGGTGTGAAC-

" GGATTTGGC-3 and 5 -CATGTAGGCCATGAGGTCCACCAC-3'.

Histological Examination—Four-week-old and 3-week-old (A*/* and
k17'7) mice were examined. The kidneys were excised, fixed with 10%
formaldehyde, embedded in paraffin, sectioned in 4-pum slices and
stained with hematoxylin-eogin and von Kossa staining.

RESULTS

Decrease of ay-Spectrin in the Kidrey of k=~ Mice—To
determine whether mouse homozygotes of the klotho gene mu-
tation (k!~~) have a different pattern of proteins in the kidney,
we examined the kidney microsomal fractions from 4-week-old
mice by SDS-PAGE. A band of about 280 kDa was found to be
significantly weaker in 2I~'~ mice than in &** mice (Fig. 1A).
Similar results were obtained with five other ™/~ mice, The
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FiG. 1. Decreass of a;-spectrin in the kI~/"~ kidney before mor-
phological change. A, SDS-PAGE of kidney microsomal fractions of
4-week-old male mice, stained with Coomassie Blue. B, Western blot
analysis of gel assessed with anti-a;-spectrin (C-20) antibody. Lane 1,
ki*™*; lane 2, k™. Arrowheads indicate the position of ay-apectrin.
Open triangle in B indicates the position of the degraded product of
ap-spectrin, Molecular mass markers are indicated on the left. C-F,
histological examination of kidney sections. C, 4-week-old kI*'* mice,
hematoxylin-eosin., D, &7 mice, hematoxylin-eosin. E, 4-week-old
kI*'* mice, von Kossa staining. F, 2™~ mice, von Kosea staining.
Arrowhead in F indicates calcium (stained by von Kossa staining). Bar,
20 pm.

280-kDa protein band was subjected to in-gel lysylendopep-
tidase digestion (22), and the sequences of two of the result-
ing peptides were determined to be LQTASDESYK and
KHEAFETDFTVHK by a combination of Edman degradation
and mass spectrometry. A data base search of protein se-
quences revealed that these peptide sequences were homolo-
gous to those of human ay-spectrin (GenBank™ accession
number AAB41498).

A Western blot using an anti-ag-spectrin antibody (C-20)
confirmed that the 280-kDa protein ig a;-spectrin and that the
reactivity of the antibody was drastically decreased in k™'~
mice (Fig. 1B). The antibody also stained a 145-kDa band in
k™'~ mice, but this band was below the detectable level in
kI*'* mice (Fig. 1B). Because the anti-ap-spectrin antibody
recognizes the C terminus of w;-spectrin, it is likely that the
145-kDa band is a C-terminal fragment of eqe-spectrin, Al-
though the kidney of 4-week-old ™/~ mice was not morpho-
logically different from that of £/ mice, it did show & small
amount of calcification (Fig. 1, C-F).

Decrement of oy Spectrin and Calpastatin with Increased
Activation of p-Calpain—a;-Spectrin was previously shown to
be cleaved at a particular site by calpain (29), yielding 136- and
148-kDa fragments. To determine whether calpain is involved
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calpain
N 288 kDa | e
~ EVQAVECOEYYCANERUEADSK -
' 4 1Y
| 136 kDa | t 148kDa |
~OCQFNY GAMPRI-
anti-BOP-136 anti-BDP-148

Fic. 2. Design of synthetic peptides for antibodies to the 136-
and 14%-kDa fragments of ay-spectrin cleaved by ealpain. Anti-
genic peptides were designed to correspond the C-terminal sequence
(QQQEVY) of the 1356-kDa fragment and the N-terminal sequence
(GAMPRD)} of the 148-kDa fragment of «,-spectrin cleaved by ealpain.

in proteolysis of ay-spectrin in the kidney of k™~ mice, we
prepared specific antibodies to sequences on either side of the
cleavage site (Fig. 2). The anti-BDP-136 antibody, which was
preduced against a sequence (QQQEVY) in the C-terminal
region of BDIP-136, recognized only the 136-kDa fragment of
ap-spectrin. BDP-136 was detected only in 2™/~ mice (Fig. 34).
On the other hand, the anti-BDP-148 antibody, which was
produced against a sequence (GAMPRD) in the N-terminal
region of BDP-148, recognized not only the 148 kDa fragment
but also full-length ap-spectrin, BDP-148 was detected enly in
k™!~ mice (Fig. 3B). These results indicated that «Il-spectrin
was degraded by calpain in the kidney of & ~/~ mice.

To determine which of the calpain isozymes were activated in
the kI~ kidney, we made a Western blot of kidney cytosolic
fractions using antibodies against four types of calpain: the
inactive and active forms of p-calpain (pre- and post-u-calpain}
and the inactive and active forms of m-calpain (pre- and post-
m-calpain). Pre-p-calpain was detected in &*"* mice but not in
R~ mice (Fig. 3C). Post-p-calpain was detected in k1™~ mice
but not in &*"* mice (Fig. 3D). Pre-m-calpain was detected in
both ki*'* and ki~"~ mice with no significant difference be-
tween them (Fig. 3E). Post-m-calpain was barely detected in
either k"™ or ki~ mice (Fig. 9F). These results indicate that
p-calpain, but not m-calpain, was specifically activated in the
k1™~ kidney. Interestingly, calpastatin, which is an endoge-
nous inhibitor of calpain, was barely detected in k™'~ mice
(Fig. 3G). The triplet bands at about 122 kDa in Fig. 3G are
probably alternative splicing forms of calpastatin (30).

The expression levels of mRNAs of calpastatin (Fig. 3/} and
ay-spectrin (Fig, 31) were not different between k=~ and ki +/*
mice, which suggests that the decreases of calpastatin and
apr-spectrin in kI~ mice were due to increased degradation
rather than a down-regulation of transcription.

Activation of p-Calpain Depends on Klotho Protein Level—To
elucidate the relation between the amount of Kletho protein
and the degree of u-calpain activation, we examined the mouse
heterozygotes for the klotho mutation (A*'~). The expression
level of Klotho protein in 2-week-old &%/~ mice (Fig. 44, lane
2), was approximately half that in 2-week-old kI*'* mice (lane
). A similar relation was found in 3-week-old mice (Ianes 5 and
4, respectively). The levels of expression of pre-p-calpain, post-
p-calpain, and calpastatin in 2-week-old kI*'~ mice (lane 2)
were intermediate between those of kI*'* mice (lune 1) and
those of 2™~ mice (une 3). Similar results were obtained in
3-week-cld mice (lanes 8, 4, and 6, respectively). These results
showed that the expression level of Klotho protein affected the
activation of p-calpain and the amount of calpastatin (Fig. 4B).

To elucidate the process of calpain activation, calpastatin
decrement, and aq-spectrin proteolysis, we examined mice that
were less than 4 weeks old. In k™'~ mice, pre-u-calpain and
calpastatin were present at low levels at 2 weeks (Fig. 44, lane
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Fic. 3. Changes of o -spectrin, g-calpain, and calpastatin in
the kI~ kidney. A and B, Western blots of kidney microsomal frac-
tions of 4-week-old male mice using antibodies, A, anti-BDP- 138 anti-
body. B, anti-BDP-148 antibady. C-G, Western blots of kidney cytoselic
fractions of 4-week-old male mice using antibodies, C. anti-pre-p-cal-
pain antibody: D, anti-post-p-calpain antibody: E, anti-pre-ni-calpain
antibody; F, anti-post-m-~calpain antibody; G, anti-calpastatin antibody.
H-J_ Northern blet analyses of 4-week-old mice kidney. If, «-spectrin.
I, calpastatin. J, glyceraldehyde-3-phosphate dehydrogenase. Lanes 1,
EIt'* lanes 2, kI, Arrowheads indicate the positions of the corre-
sponding molecules. Molecular mass markers or ribnsuinal RNA bands
are indicated on the leff.

3) but were undetectable at 3 weeks (lane §), while the amount
of cleaved aq-spectrin was rmuch higher at 3 weeks (lane 6) and
4 weeks than at 2 weeks ({ane 3). In 2- and 3-week-old ki*/~
mice (lares 2 and 5), the amount of cleaved e-spectrin was
much higher at 3 weeks {(lane 5) than at 2 weeks (lane 2), while
the levels of pre-p-calpain and calpastatin at 3 weeks were
slightly less than those at 2 weeks. These findings suggest that:
1) pre-p-calpain and calpastatin were originally expressed in
k™'~ mouse kidney and that p-calpain was gradually activated
and calpastatin was gradually decreased during development,
and 2) ap-spectrin was hardly cleaved in the presence of cal-
pastatin, but intensive cleavage of aj-spectrin was cbserved
after the complete disappearance of calpastatin (Fig. 4B). No
calcification was observed in 3-week-old /™~ mice (data not
shown), indicating that degradation of ap-spectrin in the kid-
ney of kI ™'~ mice preceded the occurrence of any tissue damage.

Organ-specific Calpain Activation—The susceptibility and
degree of proteolysis due to the klotho mutation varied among
different organs. Changes in the lung of 4-week-old #~/~ mice
(Fig. 5) were similar to those observed in the kidney. The
intensity of intact eg-spectrin drastically decreased and lower
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FiG. 4. Dependence of calpain, calpastatin, and «,,-spectrin on
Klotho protein. A, Western blots of kidney cytosolic and microsomal
fractions of 2- and 3-week-old male mice using anti-Klothoe antibody and
other antibodies described in Fig. 3. Lanes 1 and 4, kI lanes 2 and 5,
k1*"; lunes 3 and 8, RI™'", Arrowheads indicate the positions of each
molecule. B, intensities of bands in A were measured by densitometric
acanning using a densitometer and NIH Image 1.61/ppe software.
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Fic. 5. Organ-specific differences in calpastatin, calpain, and
ay-spectrin between kI*'* and kI™'~ mice. Western blots of organ
extracts of 4- and 8-week-old male mice with antibodies. Lanes W, kI+™;
lanes H, kl™'~,

molecular weight bands newly appeared. In addition, post-u-
calpain, but not pre-p-calpain, was detected, suggesting that
significant proteolysis occurred in the lung. It may be relevant
to that the first observation of the pulmonary emphysematous
changes occurs at 4 weeks of age in 2™/~ mice (31). In the
heart, partial activation of calpain was observed at 4 weeks,
and only post-p-calpain was detected at 8 weeks. However,
ap~spectrin was not cleaved in the heart. These results suggest
that the heart has a sufficient amount of calpastatin to prevent
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Fic. 6. Changes in the kidney of aged normal mice. Western
blots of 4-week-old (Iere I) and 29-month-old (lanz 2) C5TBL/G mice.
Antibodies are described in the legend to Fig. 4. Arrowheads indicate
the positions of the corresponding molecules.

ap-spectrin degradation. On the other hand, no ep-spectrin
degradation or calpain activation was observed in the brain or
liver at 8 weeks.

Calpain Activation in Aged Normal Mice—Changes similar
to those observed in A~ mice oceurred in aged normal
(C57BL/6) mice. As normal mice aged from 4 weeks to 29
months, the expression of Klotho protein decreased, the acti-
vation of p~calpain increased, the level of calpastatin consider-
ably decreased, and the degradation of ag-spectrin increased
(Fig. 6). Similar changes were observed in five other mice,

DISCUSSION

Our results show that the aberrant activation of p-calpain
and the decrease of calpastatin in the kidney are caused by the
klothe mutation, and such changes lead to the cleavage of
arr-spectrin. These phenomena are well correlated with the
expression level of Klotho protein. Our results also show that
similar changes in p-calpain, calpastatin, and ep-spectrin oc-
cur in normal aged mice, The abnormal activation of p-calpain
in the kidney occurs at an early age: in k=" mice, changes in
p-calpain activation and aj-spectrin degradation started to
occur one to 2 weeks before the appearance of abnormal phe-
notypes, and in A*'~ mice, p-calpain was gradually activated
as they aged, even though these mice have a normal phenotypic
appearance,

Our finding that u-calpain, but not m-calpain, was activated
in the kidney of 2/ ™'~ mice suggests that the concentration of
intracellular calcium ions in these mice is in the micromolar
range. Normally calpain is activated temporarily and calpain-
catalyzed proteolysis leads to modulation rather than destrue-
tion of the substrate proteins, Therefore, continuous activation
of p-calpain is unusual and elucidation of the mechanism is
essential to understanding its pathophysiological role. One pos-
sible mechanism is that p-calpain overactivation causes a de-
ficiency of calpastatin, and another is that a decrease in cal-
pastatin causes an increase in p-calpain activation. Since the
tr%r}scription levels of calpastatin are the same in k™"~ and
k1l mice, the latter possibility is unlikely, but we cannot com-
pletely rule it out. p-Calpain activity, in addition to being
regulated by the calcium ion concentration, is usually also
regulated by the binding of calpastatin (16). Thus, a deficiency
of calpastatin may induce the overdestruction of substrates
such as a-spectrin by calpain. The mechanism by which
Klotho protein might regulate p-calpain activity and calpasta-
tin level in the kidney is unknown. However, it is possible that
this regulation is mediated by nitric oxide (NQ). NO has been
shown to inhibit calpain-mediated proteolysis (32), and sys-
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temic NO synthesis is decreased in k™'~ mice (33, 34). Fur-
thermore, adenovirus-mediated klothe gene delivery increased
NO production and restored vascular endothelial dysfunction
(35). It is noteworthy that calpain overactivation in k'~ mice
is not caused by ischemia due to arteriosclerosis, while ische-
mia would cause overactivation of calpain (13). A previous
study revealed that, in ™/~ mice, arteriosclerosis first ap-
peared around 4 weeks after birth and progressed gradually
with age (1), However, in the lung and kidney in =~ mice,
arteriosclerosis could not be the cause of overactivation of
p~calpain, because the latter ocourred as early as 2~8 wecks.

The degree of proteolysis and of activation of calpain caused
by the klotho mutation varied among different organs. Both
aq-spectrin degradation and calpain activation were observed
in the kidney and lung as early as 2--3 weeks. Spectrin was not
cleaved in the heart even at 8 weeks, while overactivation of
calpain was observed. The time course of activation of calpain
in the heart seemed to be proceeded slower than in the lung
and kidney. However, it is impossible to examine this pessibil-
ity, becanse k™" mice die at ~8-9 weeks (1). On the other
hand, no ey-spectrin degradation or calpain activation was
observed in the brain or liver at 8 weeka. In addition, an organ’s
susceptibility to the klothe mutation did not necessarily corre-
spond to its expression of klothe mRNA. Taken together, these
results suggest that Klothe protein or its metabolites may
function as a humoral factor. In support of this hypothesis, both
mice and human have a secretory form of Klotho protein (28,
36, 37), and the exogenous klotho gene expressed in the brain
and testis could improve systemic aging phenotypes in kf /"
mice (1, 38). It is important to identify and characterize a
target molecule (receptor) that is responsive to Klotho protein
or its metabolites. Thus, it may be that the factor most respen-
sible for an organ’s sensitivity to the klotho mutation is the
density of such a receptor,

QOur finding that normal aged mice show changes similar to
those in kI ™~ mice suggests that the decrease of Klotho protein
is closely related to aging processes. Recent studies revealed
that the expression of klotho gene was gradually reduced in the
rat kidney during long term hypertension (39} and that cal-
pastatin was gently degraded also in the kidney of hyperten-
sive rats (40). Furthermore, humans with chronic renal failure
commonly develop multiple complications resembling pheno-
types observed in k1~ mice (41-45), and the expression of
klotho mRNA and the production of Klotho protein were se-
verely reduced in these patients (46). Taken together, these
results suggest that Klothe protein in the kidney protects the
progress of age-related renal disorders.

Based on the above results, we propose that tissue deterio-
ration during aging is caused by a decrease of Klotho protein,
which leads to a decrease of calpastatin and activation of p-cal-
pain, which leads to a degradaticn of eytoskeletal components
such as spectrin. The magnitude of each of these effects corre-
lates with the amount of Klotho expression. A decrease of
calpastatin accelerates the activation of p-calpain and vice
versa. Such deterioration may trigger tissue abnormalities in
k=~ mice and aged mice, but Klotho protein may suppress
these processes, while the detailed mechanism is not clear yet.
Very recently Yoshida et al. (47) reported that calcium and
phosphorus homeostasis could be regulated through Klotho
function via the action of 1,25-dihydroxyvitamin I due to the
impaired regulation of la-hydroxylase gene expression. This
deterioration in the vitamin Dy endocrine system may partici-
pate in many of the phenotypes in 4/ ~/~ mice via toxicity due to
increased levels of calcium, phosphorus, and 1,25-dihydroxyvi-
tamin D. It should be noted that when serum concentrations of
calcium, phosphorus, and 1,25-dihydroxyvitamin I} are re-
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stored to normal levels, many of phenotypes are improved
despite Klotho protein deficiency.! Thus, Klotho protein may be
a regulator of calcium homeostasis via the vitamin D, endo-
crine system. Alternatively, based on the homology to -gluco-
sidase (1, 2), Klotho protein may finction as a glycosidase-like
enzyme and modily the glycan meieties of ton channels. Since it
is known that glycosylation appears important for the function
of fon channels (48-50), the change of glycosylation may affect
caleium homeostasis. In any case, the abnormal activation of
calpain due to the decrease of Klotho protein leads to degrada-
tion of eytoskeletal elements such as ajp-spectrin is likely to be
integral to the pathogenic sequence in /™'~ mice and recapit-
ulates effects seen in normal aging. Future studies are needed
to determine the definitive role of Klotho protein in the regu-
lation of caleium metabolism as well as of intrace]llular calcium
concentration. Such studies will also lead to a better under-
stand of age-related renal abnormalities and to prevent renal
diseases in the future.
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HER A ¢ T 173-0015 H ARG X A< HT 35-2
Tel: 03-3964-3241; fax: 03-3579-4776

E-mail :manya@imig.or.jp

Wa, ZOTYACRONSEZBANEN kotho &\
Sl alk—20RETOTHTHEBEIN TSI LI
WIZHSEEL, £, b MO kotho ETFHIT SNPs
{single nucleotide polymorphisms) A5 D2MHMRDH D,
FHEORE TN GMOESICHETS I EMEHES
NELE?, b FOELIIEWTS dotho BT DS
ABleaMizEdtooHsd, DI o, koholl
(P OEEERITY 5 T St K DB RUVERIZE SIS
OIS ERET L0 OATRMANMHELND S
ENRIEa NG,

K. ¥ 51X KlothoT ™7 A DTS . KlothoT 77
A CIIBRE RO DECIET S HEAE 2 00 — 50 T & Dcalpain
DORERIEMIENEZ > TH D, spectrin FDEIFF
BESELLNOBEINTWSIEEHGMIILEY. &
ST, HIELT T AT H Kiotho O H OB PIZMHES T
FIREDIEMEEAEE T2 2 5 BHS ML KothoTEHH
DRBEAIZ LD calpain KIS B DEEAMERIZED
B EROEB &L > TWSAREREERLEY,

AR TiT, Klotho B FI B M calpain DIEHEHIHIZB S L
TWwaENH3HAHEDOIT, KothoBIET & E{L 0B
iz oW TERS,

2. kiothosREEF & Klotho EAK
Kiotho< 77 A VL klotho {5 TF-O EFICB U S5 1B E

10



Fig. 1. Decrease of o -spectrin in the &/* kidney.
(A) SDS-PAGE of kidney microsomal fractions of 4-
week-0ld male mice, stained with Coomassic Blue. (B)
Western blot analysis of gel assessed with anti-c -spectrin
{C-20) antibody. Lane 1, kP*; lane 2, k", Arrowhcads
indicate the position of @ -spectrin, Open triangle in b
indicates the position of the degraded product of @ -
spectrin. Molecular mass markers are indicated on the
left.

FOHARRERIZE > Thothof 5T ORBAS L
LROATHIY. £ FOSEREERIIEMLIEE
ARBAMERT I EMS ELRETAEMEL TRIE
{LRMRIAWSND L 51245 /2. KlothoEE T3 B-
glucosidase EHFHE RS TH 2 DD B AL IDSRRE
N BEEYRSIBHELTRIALTWSY, kothe
BRETORBIVRGE. HOIREE. BIFRM, L
ND—HIEBLTWS, THT I AT kethoBETD
REAMTERENPECSHAV—RLABWIENS,
Klotho ERHII MR E L THETDS ZENTR-ENT
3,

3. kiotho RETFNDER & a,-spectrin DK
Klotho R I HOMIEE D FHM 0 250D R

QT 7a—F &L T, EHSIL, MothoRIETFOERIC
LBEABLANTOEIZDWTHEN BT 2 RS
Ioe TORE, AEBOBFERTY 2 EFEERY
TIAKMERELIEE TS, RO 280kDa DEH
BRI IATELCHPLTVS L EERWEILE
(Fig. 1A) COBAHET I /B — VI ARUVER
ST E D HE Lo spectiinTH D Z L EHSMITL
Too S, Mo gspecttin AEEANTIZ RS T
Oy bEToETH. BT 7 AKETH o -spectrin
DK & FRFIZ#150kDa D A EAF IR E N D
I &N hofe (Fig. 1B}, TOEAHAR aspectrin @
AP EEAON, X7 ZADOHR TR opspectrin O
SRNELSTUEL TS b LIS DL E
(48R D7 ADBEREBRREICBNT, KL
THEORB. MEDREN LWL EFREINIE
NS, kYD AIZEW S ag-spectrin O3 ERIZHER D18
FEFCEL->TEIO HREOERFEL>TWAIL
MEMENT .

a,-spectrintd FEFR MERBspectrin DML FTH Y . B
specttin ENFOZREEZ KL THEET S, spectrin ki
EMRORBITT 2 F A% L850 L THIAF KR TN
THHBOMTEEARELTASHTED, RO
TEES DRMERR & TN LN ORI FES S3ERMER
RMEITERHSISNDSY, spectrin DHfE L L TII—K&HIZ
AROEAPHADOKRFIIFRET L EEANTNEA
D, B, spectrin (ZIZHIFR R M O £k 4 12 B R % HIRRAL
DEAIPSEAT. FTNE OMROLEHRIIEE IR
EHBMENHD _EMNEHINTNBHY,

4. KiothoREFDIR & p-calpain OREEME(L
«-spectrin 3 calpain ARRRICHFET DAL U AK
frtfcysteine protease) IZL > TAR I NS I &AA SN
TWd, FOSBERICE - TH140kDa & #5150kDa D
SREMEECS T ENBEEINTHNI I EMNED,
KT R 28T B a-spectrin D5 ARIZ calpain AB & L

calpain

N 288 kDa

a1l

-EVQAVQQOQOEVYGAMPRDEADSK-

¥

136 kDa
~QQQEVY

i

b

148kDa
GAMPRD-

¢

| ant-BDP-136  anti-BDP-148

Fig. 2. Design of synthetic peptides for antibodies to the 136 kDa and 148 kDa fragments of

a,-spectrin cleaved

by calpain. Antigenic peptides were designed to correspond the C-terminal sequence (QQQEVY) of the 136 kDa fragment
and the N-terminal sequence (GAMPRD) of the 148 kDa fragment of a_-spectrin cleaved by calpain,

Q2 —
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TSR, aspectrin b0 calpain 12 & » T YT
HAWHOT I/ ERANEEENTNWLOT?. X
3, calpainiC L O P SR THE L BT F REFH O#i -
BABRSOT7 2 /EBEEAERRNICERT DA
{Fig. 2) 2L, ZOREKERMWED 2 AT T
Oy kG, kP70 A HT Da,-spectring} A id calpain
IZE3 ZENHBAL M (Fig.3A,B),

calpaini3 o, -spectrinF DRBIRH B R E B U OHREH
O BERAGOSBRRGIZHE L, TO4REIEH
apoptosis > necrosis A E ORIRE L BN TS L VA
FOBESREAS I EMNEHHEINTHL Y, &K
= AEERRIIBIT D4 A RERPHEEACH SR
EANTVLE AN SO THRENICRELT
V135 calpain iZ 13 2 D isozyme MEFEL . in vito TDHE
PHEITRER AL 20 LBIES UM L )L Du-calpain &
mM LA @D m-calpain iTK B ENS, 45D calpain
OIEHLBIKIZ DO TIRALETRHLANE LA, NA R
OHBHELEIZI D EERIZ AL BRI TS

2426}
o

Fig. 3. Changes of q, sPectrtn u-calpain
and calpastatln in the 'k kidney. (A and B)
Western blots of kidney microsomal fractions of 4-
week-old male mice using antibodies. A, Anti-BDP-
136 antibody. B, Anti-BDP-148 antibody, (C-G}
Western blots of kidney cytosolic fractions of 4-
week-old male mice using antibodies, C, Anti-pre-
u-calpain antibody, D, Anti-post-p-calpain antibody,
E, Anti-pre-m-calpain antibody, F, Anti-post-m-
calpain antibody, G, Anti-calpastatin antibody, (H-
J) Northern blot analyses of 4-week-o0ld mice kid-
ney. H, Calpastatin. I, o -Spectrin. J, G3PDH.
Lane 1, kM*; lane 2, k!" Arrowheads indicate the
positions of the corresponding molecules. Molecu-
lar mass markers or ribosomal RNA bands are indi-
cated on the Jeft,

2T, kR ADHERIZHT S calpain DIELE(KIC
DWTH~/ (Fig. 3C-F), TORR, o -spectrin D5 H
MEZ T 4HIO kM 72 XD T pecalpain
MFIEERBIESERIZ Lo Thwa I &M oh &l
fro —F. m-calpain DIEHENIIT L A EBH I ieho
7z M E calpain DIEELIE D T2 A 1~2%BIZ8ED.
—BHDNIN T LA A ORRANADTAICL D 3B
ENTHEN.SEOCRTTRES N -p-calpain® RER
HEHERRLS <ZERTH S, T BROEELE—
BRI TH 0. MEENICTHTET S calpastatin 1T L » TES
MIARERE S N ARSI ENEZ S WL SITH
AWM NT V5, calpastatin i3 F 31 E & 21 calpain
ERHERDIETARANCEAERAELDZIENG,
calpainiz S B NEMMEIEQB THS EEASNT
B, BIRRWI ST, kTR (4HR) OWR
Tidcalpastatin O {¥$ 5 b EH X N7 (Fig. 3G), calpastatin
O kht calpain DREAIE LI LD DAL DM,
calpastatin %{{§% ¢ % T & Maalpain Bt L D7 &1k
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Fig. 4. Dependency of calpain, calpastatin and o,
spectrin on Klotho protein. (A) Westera blots of kidney
cytosolic and microsomal fractions of 2- and 3-week-old
male mice using anti-Klotho antibody and other
antibodies described in Fig. 3. Lancs 1 and 4, ki**; lanes
2and 5, kP lanes 3 and 6, k. Armrowheads indicate the
positions of cach molecule, (B) Intensities of bands in A
were measured by densitometric scanning using a
densitometer and NIH Image 1.61/ppc software,

4-week-old

D00, ERETHIR>EDELEERITTHIRL
M. calpastatin mRNA ORBRIZIT - & kI AN
MTEMRRSNLLI &S, calpaindD B A EHLID
& o Tealpastatin 40K & LR ENFIH TERLVLIRET
BoHEEISNS,

5. Klotho AR & u-calpain ;EHE{LOMRE

Klotho B 5T AT p-calpain OEMHEIZHLEL TWE
CEEIDEREIZT S0 REFEN I UM OEN
BEHOTVAEATOERYTTR (k) EROTH
HfixfTof (Fig.d). kTR HBII22<OERA
HAMZ4ARES@/RINE L5040, 3ERET
AR Ekr ERBIM O, WHOGKRES LS <#
BHaIhhW, 2~3HNOTT A DNTHE~AER,
ki TOATIE2 AWM S p-calpain DEMLE
calpastatin ORD AT D, 3B E TIZII4ER & AR
% & Tu-calpain DG PE{k, calpastatin D%, a,-spectrin
OENEITT D ERAShE T, —F, BT
DA BIT B Klotho A A ORBIRIT I T 7 RDKIYY
2BETHo . 20L& pcalpainid ki T A0
SREOHETIEMHAEL TSN, calpastatin it k2
AEDEALTWE, 20X IIT. Kloho EEHA DML
2> TEME p-calpain A ML TWi o &b,
Klotho ERIFIORB B & p-calpain OIEHEICIZES M
LHMRMENB D Z EHRE S, DED, Klotho B H
FIZiE p-calpain DIEH(LENHT HBEMNHBLIT
Hd,

8-week-old
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calpastatin l:

™ e R

e Be,

— @ aef
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Fig. 5. Organ-specific differences in calpastatin, calpain, and ,-spectrin batween &#" and k¥ mice. West-
em blots of organ extracts of 4- and B-week-0ld male mice with antibodies. Lane W, &F*; lane H, &7~
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Fig. 8. Changes in the kidney of aged normal mice.
Woestern blots of 4-weck-old (lane 1) and 29-month-old
{lane 2) C37BL/6 mice. Antibodies are described in Fig.
4. Arrowheads indicate the positions of the correspond-
ing molecules.

F/z. calpastatin 28544 U TWHO Shlid o -spectrin D53
MITIEALEREHTHS T, calpastatin D KRFEIZ}
MARETAIEOL Mo, R IATOARLED
B 5 i 1k S B I3 oo -spectrin D73 AEAHETT L 72 4 AR DARE
WEENRBI EMNSY pcalpain DIEFE{LATKF T T R
Bk A R OEREZ - THSalERNEZ 0N
D, kM TDARBFEALEFEMETOSTIIREL
HFaBLbLEWI EMSh>TnIMNY, 2o
calpastatin DM TRHTES M B LN,

EIAT. Kiotho? Y AOMERFOBERE L TME
MEARIZHBITS—MELH (NO) OELRENESE
ENTWAE®, Ejx, 77/ 71 ZEBNWTKlotho
B ERAEICREE 45 ENOESEMMINL Kotho
TR HEMENEND LS ZEbBEENT
WEW, X517, NOII calpain DE N H R % HIH
DR HDLENEEENTH O, Klotho EEHIT
K Bcalpain{GE L DMEHINOMNEGT DL HHAS
s,

6. p-calpain Z{H{EDRBHRM

a specttinD R MEPHBTRDOP > LRHRTH 1D
T, CZETRWRTORFIIDOTIERTEL, T
. GORBTHEEILON? AT IZOERERICD
WTRMARTHE (Fig. 5), 4 RS BT Y2 2R
LB MIEBWTHIRE MEROH SRR I NI, &
“CTUAR A MRS SHARORESBRREEhD
EMHEENTE DY, pcalpain@EMEEAEE LT
LHIEMEAONS, —Ji. MEBTIRE< £{LiZE

—85-
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Hanhhodk, LRTEB4BABTIETEITEE < p-calpain
AERELTHD., SHETIIR2IIEREL TWR
M. calpastatin 135> TH YD, aspecrin bARINT
Wigho/, ZOXDIT, kYA BITE p-calpain
OREGHECRIBREFRENRSH SN KR &Iz
WIBRNABERTHAZ Mo BlITR A= &
I Kotho IHET DM TORBIBEDH s W &,
5, Klotho HHE AW E L THRL., Klotho BEBH
HREMOMBRIIEZARDL I LRLOREFEETA I %
THELTWS,

EZABT, BRE klotho RnFOMRIZOWT,. b F
DR T Klotho T 7 A RS N B ERAGRE
ENTHHBY, FOLHILBHE TR bothoRIETF O
BB THEDSNTHAHIE® BNES v FOEET
{2 Kotho BT O SE L F & & % 1T calpastatin A3l 4
HTE¥ LB EREELHRNO S DhgEhTy
B, CNSOQAHMN S, Klotho BB AT R O RAELEE
IEAL TWHETEEE L ¥ A 5., KlothoE (1T H O i
EELEOHHEEAD ETHRICBIT S MENEE L
BErdhbahicn,

7. H#AE(L p-calpain DiEMH(L

S EKlothow I AR ZLETFNE & LTHRITY
BT EICED. EEPELICHM LI KRGS FREE
HSMMITHZ&EHBELTWS, #I7T. KlothoT
DATHEBEEN - Klotho HFHRORPERRET S p-
calpainZ T T HHEO TR DOTLES SA R R E(LDE
21285 L TSR L 2 (Fig. 6). CSTBLET Y A
O4ERENHEHEL &5, 29 AR TidKlotho
BHUOREH D&, p-calpain DiE ML, calpastatin O
li%. a spectrin D}MAEWI TN, GRELTIZD
Kiotho? O A LRSI ERTZ EMNEEMELS
7.

8. KlothoEhNirD A

calpain DIEHELVIBENGHMIZEZ D &,
Klotho= 7 2 OMBAMTRARNAN D LBENE
RLUTWBZ EMTFAEND, Kothow D AILEWTE
HABEOE RN s ) VERRMREITETIE
REBRESEFIIBMINS Z &00, ERichifdo
I DLE) OBEENBOHITIZS S Z &R E W,
KothdRIETDERIZE o THANGIATAF AT R
ICREEEETIEMNRINTWS, B, Klotho= ™7
ATHEMHNES 2 CDGRIHERICIREN S5 L
MHEINY A DLFRAF AT AREOERE
EZONTVW3, £i, kotho BIET- O EILRESELL
AN ODLEAFRAY XA OHFICH YR ERART,
FADRRES Y, BIHURIR TH D i B IR S, L
L.ltihl o ABERERL O bTWENNSESL D
LEF HARAL D LABE EHOMECRRNELTE
ADDREMNEHTHS D, Klotho< 7 AT D calpain®
EEICHEOREBHRENSZ M0, KotholZ
AN T NEEENIFET S 2 A FEEN
%o BAE. Klotho T F1 I3 B-glucosidase IZ i tE Nt &



Mutation of klotho gene

l

Decrease of Klotho protein

kiotho ~
/

Abnormal regulation of calcium homeostasis

: activation
y—calpaln
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,;m:c:w . o
a;-spectrin
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= Ceil death

Fig. 7. Klotho protein deficiency leads to overactivation of p-calpain. The aberrant activation of g-calpain
and the decrease of calpastatin in the kidney are caused by the kiotho mutation, and such changes lead to the

cleavage of o, -spectrin.
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9. 53

Klotho i BB/ calpain R H N T ARAF RS LR
OREICEES TS EMEFEMIIRSNIEIZE S
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BEOHEOCSERMBIMBHTER., LML, Klothe
EAHOREMET S &, fotfu-calpain S iE1E{L$ 3
OM 2 HEHVIR FOEHSMELOYFHRIBIZEDLD
Kb T<500h T EHLRE L THEOKLIR
BREOWOMRARTHZ. Zhs 0BENSBROMREL>
TEHOEMILBZEEZHHLTNS,

E10::Da

1. Kurc-o0, M., Matsumura, Y., Aizawa, H., Kawaguchi, H.,
Suga, T., Utsugi, T., Ohyama, Y., Kurabayashi, M., Kaname,
T., Kume, E., Iwasaki, H., lida, A., Shiraki-lida, T.,
Nishikawa, S., Nagai, R. & Nabeshima, Y. I. Mutation of
the mouse klotho gene leads to a syndrome resembling
ageing. Nature 390, 45-51 1997,

2. Arking, D. E,, Kicbsova, A., Macek, M., S1., Macek, M.,

15

Jr., Arking, A., Mian, I. 8, Fried, L., Hamosh, A, Dey, S.,
MclIntosh, I. & Dietz, H. C. Association of human aging
with a functional variant of klotho. Proc. Natl. Acad. Sci. U
S A 99, 856-8561 2002,

3 .Manya, H., Inomata, M., Fujimori, T., Dohmae, N., Sato,
Y., Takio, K., Nabeshima, Y. & Endo, T. Klotha protein
deficiency leads to overactivation of u-calpain. J. Biol.
Chem. 277, 35503-35508 2002,

4. Grabnitz, F., Sciss, M., Rucknagel, K. P. & Staudenbauer,
W. L. Structure of the beta-glucosidase gene bglA of
Clostridium thermocellum. Sequence analysis reveals a
superfamily of cellulases and B-glycosidases including
human lactase/phlorizin hydrolase. Eur. J. Biochem. 200,
301-309 1991.

5. Winkelmann, J. C. & Forget, B. G. Erythroid and
noncrythroid spectrins, Blood 81, 3173-3185 1993.

6. Goodman, S. R., Zimmer, W, E., Clark, M. B., Zagon, 1. §,,
Barker, 1. E. & Bloom, M. L. Brain spectrin: of mice and
men. Brain Res. Bull, 36, 593-606 1995,

7. De Matteis, M. A. & Morrow, J. 8. Spectrin tethers and
mesh in the biosynthetic pathway. J. Cell Sci. 113 (Pt 13),
2331-2343 2000.

8. Beck, K. A. & Nelson, W. 1. The spectrin-based membrane
skeleton as a membrane protein-sorting machine. Am. J.
Physiol. 270, C1263-1270 1996.

9. Hammarlund, M., Davis, W. §. & Jorgensen, E. M.
Mutations in beta-spectrin disrupt axon outgrowth and
sarcomere structure, J. Cell Biol, 149, 931-942 2000,



