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A novel gene, klotho (kl), which is involved in the
evelopment of a syndrome resembling human aging

n mice, was recently identified. The kl gene encodes
single-pass membrane protein whose extracellular
omain carries homology to b-glucosidases. There
lso exists a splice variant of kl mRNA which en-
odes a putative secreted protein in both human and
ouse. In this study, to characterize the physiolog-

cal roles of Klotho protein, we established three
onoclonal antibodies (mAbs) against the recombi-
ant human Klotho protein. The mAbs are named
M2076 (rat IgG2a), KM2119 (rat IgG2b), and KM2365

mouse IgG1). In Western blots, KM2076 and KM2119
pecifically recognized a 130 kDa Klotho protein in
he mouse and human kidney membrane fractions.
o detect the human Klotho protein, the sandwich-

ype ELISA system with KM2076 and KM2365 was
stablished. Using the ELISA system, we detected
he human Klotho protein as low as 20 ng/ml in the
upernatant of Chinese hamster ovary cells (CHO
ells), introduced the human klotho gene. KM2076
nd KM2119 specifically gave a positive staining by
mmunohistochemical staining in paraffin or frozen
ections of the kidneys from wild-type mice but not
n those from kl mice. Strong staining was observed
specially in cortical renal tubules of the mouse kid-
ey, where expression of klotho transcripts over-

aps. KM2076 also showed a similar reaction pattern
n the paraffin sections of rat and human kidneys.

Abbreviations used: mAb, monoclonal antibody; PBS, phosphate-
uffered saline; ELISA, enzyme-linked immunosorbent assay; RT-
CR, polymerase chain reaction with reverse transcription; ABTS,
,29-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid).

1 To whom correspondence should be addressed. Fax: 81-75-753-
683. E-mail: nabemr@lmls.med.kyoto-u.ac.jp.
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seful analytical, pathological, and diagnostic tools
o disclose the role of Klotho protein in the suppres-
ion of a syndrome resembling human aging. © 2000

cademic Press

A novel mouse model for human aging was recently
stablished and the gene responsible for it was identi-
ed (1). A decrease in the expression of a novel gene
lotho (kl) in mice, leads to a syndrome resembling
uman aging. These mice, klotho mice, exhibited mul-
iple disorders, such as arteriosclerosis, osteoporosis,
kin atrophy, pulmonary emphysema, short life-span
nd infertility. The kl gene encodes a novel single pass-
embrane protein (1,014 a.a.) consists of an
-terminal signal sequence, a putative extracellular
omain with two internal repeats (hKL1 and hKL2), a
ingle membrane-spanning region, and a short intra-
ellular domain. These internal repeats share the se-
uence similarity to the b-glucosidase enzymes (2, 3).
he human homologue of the kl gene encoding a mem-
rane protein (1,012 a.a.) was also isolated (4). From
he cDNA analysis, it was found that there exists a
plice variant of kl mRNA which encodes a putative
ecreted protein (human: 549 a.a., mouse: 550 a.a.)
acking the second internal repeat of the extracellular
omain (hKL2), the transmembrane domain and the
ntracellular domain (4, 5). Expression of the mouse kl
ene was detected only in kidney and brain by North-
rn blot analysis. But the lower expression was ob-
erved in the pituitary gland, placenta, skeletal mus-
le, urinary bladder, aorta, pancreas, testis, ovary,
olon and thyroid gland by RT-PCR (1). On the other
0006-291X/00 $35.00
Copyright © 2000 by Academic Press
All rights of reproduction in any form reserved.



hand, the human kl gene transcript was expressed
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redominantly in the kidney, placenta, prostate and
mall intestine (4).
Recent studies showed that the pathophysiological sig-

ificance of the Klotho protein in some rat models for
uman diseases such as (a) spontaneously hypertensive
at, (b) deoxycorticosterone acetate-salt hypertensive rat,
c) 5/6 nephrectomized rat, (d) non-insulin-dependent
iabetes mellitus rat models (6). The expression levels of
l mRNA in the kidney in these rat models were signifi-
antly lower than controls, indicating that the expression
f the kl gene in the kidney is regulated under sustained
irculatory stress such as a long-term hypertension, dia-
etes mellitus, and chronic failure.
In this study, we immunized rats and mice with the

uman recombinant Klotho protein and established
Abs to detect Klotho protein in the western blots,
LISA system and immunohistochemical staining.
hese mAbs will serve as useful analytical, pathologi-
al and diagnostic tools to disclose the role of Klotho
rotein in the suppression of a syndrome resembling
uman aging.

ATERIALS AND METHODS

Specimens. Paraffin-embedded blocks of human tissues were
indly provided by Dr. T. Kamei of Yamaguchi Prefectural Central
ospital (Yamaguchi, Japan). Freshly isolated tissues from mice and

ats were immediately fixed in 10% buffered formalin.

Expression of human recombinant Klotho protein. A SacII cDNA
ragment which encodes a part of hKL1 (amino acids 55–261) and a
DNA fragment (KpnI-ApaI) which encodes a part of hKL2 (amino
cids 801–954) were subcloned into a vector derived from pGHA2 (7).
he recombinant protein was expressed in Escherichia coli in inclu-
ion bodies and was purified from SDS-polyacrylamide gel.

Hybridoma production and purification of mAbs. Rat monoclonal
ntibody (mAb), KM2076, was established by immunizing rats with
part of hKL1 (amino acids 55–261), and that of KM2119 was

stablished by immunizing rats with a part of hKL2 (amino acids
01–954). KM2365 was established by immunizing mice with a syn-
hesized amino peptide (DDAKYMYYLKKFIMETLKAIKLDGV),
hich is a part of the human Klotho protein (8). The spleen cells were

used with mouse myeloma P3U1 cells, and the culture supernatants
f the hybridomas were screened by ELISA for their ability to rec-
gnize the human recombinant Klotho protein. Hybridoma cells were
ultured in RPMI growth medium, harvested by a brief centrifuga-
ion, and suspended in PBS. Four-week-old female BALB/c nude
ice (CLEA Co., Tokyo, Japan) were given i.p. injections of the
ybridoma cells. The mice were sacrificed 7 days later, and ascites
uid was collected. The mAbs were purified using protein
-Sepharose 4B gel beads (Zymed, San Francisco, CA).

Western blot analysis. Kidneys obtained either from human or
rom mice of 5-week-old wild-type or klotho mice were homogenized
n the homogenize buffer (20 mM Tris-HCl at pH 7.5, 0.25 M Sucrose,
mM EDTA, 10 mM EGTA, 10 mM 2-mercaptoethanol) by 6 passes

n a Tefronglass homogenizer. Each homogenate was centrifuged at
00,000 3 g at 4°C for 10 min. The supernatant was centrifuged
gain at 100,000 3 g at 4°C for 1 h. After the pellet was resuspended
n homogenize buffer, membrane proteins were extracted with 1%
riton X-100. Samples from mice kidneys (20 mg) or from human
idneys (100 mg) were boiled for 5 min, with 1:4 dilution of the
ample buffer containing 200 mM Tris-HCl (pH 6.8), 4% SDS, 100
598
amples were separated on SDS-PAGE gel (7.5–15% gradient) and
ransferred onto PVDF membranes. The membranes were blocked
ith 5% skim milk in PBS and were incubated with the culture

upernatant at 37°C for 1 h. They were washed and were incubated
ith peroxidase-conjugated anti-rat IgG antibody (Amersham) at
7°C for 1 h. For visualizing bands, the ECL Western blotting de-
ection system (Amersham) was used.

Biotinylation of antibodies. Biotinylation of KM2365 was per-
ormed with Antibody Biotinylation Kit (American Qualex, San
lemente, CA). Briefly, a purified KM2365 mAb (5 mg) was dissolved

n 0.6 ml of carbonate buffer concentrate. Six hundred microliters of
iotin solution (1 mg/ml) was added into the antibody solution and
ently shook for 1 h at room temperature. Unreacted biotin was
emoved by passing through G25 column. The biotinylated KM2365
as stabilized by adding BSA to a final concentration of 1% (w/v) and

tored at 4°C until use.

Sandwich ELISA for the detection of Klotho protein. Klotho pro-
ein level in the supernatant was determined with the sandwich
LISA as follows. Fifty microliters of KM2076 (10 mg/ml) in PBS was
dded into each well of the 96-well ELISA plate and incubated
vernight at 4°C, and the wells were washed with PBS for 3 times
nd flooded with 1% BSA-PBS for 1 h at room temperature. The
ecreted isoform of human Klotho protein was constitutively ex-
ressed using CHO cells (unpublished data) and the supernatant (40
l) was diluted and applied into each well and incubated overnight at
°C. The supernatants were then aspirated and the wells were
ashed with 0.05% Tween 20 in PBS for 5 times. Fifty microliters of
iotinylated KM2365 (10 mg/ml) in 1% BSA-PBS were added and
ncubated for 2 h at room temperature. After the wells were thor-
ughly washed with 0.05% Tween 20-PBS for 5 times, 50 ml of
vidin-biotin-peroxidase complex (Vectastain DAB kit: Vector Labo-
atories Inc., Burlingame, CA) were added and incubated for 1 h at
oom temperature. After washed with 0.05% Tween 20-PBS for 5
imes, 100 ml of ABTS solution with 0.1% H2O2 were applied for 10
in at room temperature, and the absorbance at 415 nm and 490 nm
as measured.

In situ hybridization. 35S-Labeled riboprobes were prepared from
he full-length cDNA for mouse klotho (1). Antisense and sense
35S]cRNAs were synthesized from linearlized plasmids in the pres-
nce of [35S]UTP (1289 Ci/mmol; New England Nuclear Corp; Boston,
A). In situ hybridization was performed as described previously (9).

n brief, sections were postfixed with 4% PFA-PBS for 15 min. After
ashing with PBS, sections were digested with 1 mg/ml proteinase K

37°C for 15 min) in PBS and again treated with 4% PFA-PBS (10
in). Sections were then sequentially washed with PBS, incubated
ith 0.2 N HCl (10 min), again washed with PBS, acetylated with
.25% acetic anhydride in the presence of triethanolamine (0.1 M, 10
in), dehydrated with increasing concentrations of ethanol, and air

ried. Hybridization with 35S-labeled complementary RNAs (cRNAs;
a. 5 3 107 cpm/ml) were performed in a humidified chamber in a
olution containing 50% formamide, 10% dextran sulfate, 13 Den-
ardt’s solution, 600 mM NaCl, 10 mM Tris-HCl (pH 7.6), 1 mM
DTA, 50 mM dithiothreitol, 0.25% sodium dodecyl sulfate, and 200
g/ml transfer RNA (18 h; 55°C).
After hybridization, sections were washed briefly with 53 SSC

203 SSC: 3 M NaCl, 0.3 M sodium citrate, pH 7.0) at 50°C, 50%
ormamide–23 SSC (50°C for 30 min), and 10 mM Tris-HCl (pH
.6)-500 mM-1 mM EDTA (TNE; 37°C; 10 min). Sections were then
reated with 10 mg/ml ribonuclease-A in TNE (37°C; 30 min). After
eing washed with TNE, sections were incubated once with 23 SSC
50°C; 20 min) and twice with 0.23 SSC (50°C; 20 min), dehydrated
ith increasing concentrations of ethanol, and air-dried. Slides were

hen placed on X-ray films (Fujifilm, Tokyo, Japan) and film autora-
iographs were obtained after overnight exposure. Slides were
ipped into NTB-2 (Eastman Kodak, New Haven, CT) and stored at
°C for specific times estimated from the intensity of the expression



on the X-ray film. After development, sections were counterstained
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ith hematoxylin and eosin and mounted.

Immunoperoxidase staining (paraffin sections). Paraffin sections
ere dewaxed in xylene, hydrated through graded alcohol solutions
nd washed with PBS. Endogenous peroxidase was blocked by im-
ersion in 0.3% (wt/vol) hydrogen peroxide in absolute methanol for

0 min at room temperature. The following steps were carried out
sing a Vectastain ABC kit. Briefly, after washed with PBS for 5
imes, nonspecific binding was blocked with VECTASTAIN RABBIT
ormal Serum for 20 min at room temperature. Then KM2076 (10
g/ml) were applied on sections and incubated for 1 h at room
emperature. Then sections were washed with PBS (5 times) and
ere incubated with anti RAT IgG. DAB substrate was diluted to the
alf and applied. Sections were incubated 2 to 4 min according to the
ime predetermined and the reaction was terminated by immersing
ections into deionized water for 5 min. Sections were counterstained
ither with hematoxylin or with methyl-green, and dehydrated with
ncrease concentration of ethanol solution and then with xylene and

ounted.

Immunoperoxidase staining (frozen sections). Mice were either
nesthetized with ether or killed by rapid cervical dislocation. Kid-
eys were removed, cut into slices in 4% paraformaldehyde (PFA)/
BS and further fixed in the same solution overnight at 4°C. They
ere rinsed sequentially with PBS containing 5 and 10% sucrose for
h and then with the same buffer containing 15% sucrose overnight
t 4°C. Tissues were placed in O.C.T. compound (Sakura Finetech-
ical Co., Ltd., Tokyo, Japan) and frozen with liquid nitrogen. Frozen
ections (6 mm thickness) were prepared and mounted on silane-
oated glass slides. To block the endogenous peroxidase, sections
ere first washed 3 times in cold 10% sucrose/PBS solution (5 min
ach) and then incubated in 0.3% H2O2 in methanol for 15 min at
oom temperature and rinsed off with PBS. Nonspecific binding was
locked by incubating sections with 10% nonimmune goat serum
Zymed Laboratories, Inc., CA) for 10 min at room temperature.
M2076 (2 mg/ml in 1% BSA/PBS) was applied on sections and they
ere incubated overnight at 4°C. After rinsed with cold 10% sucrose/
BS three times, sections were incubated with peroxidase-
onjugated anti body (goat anti-rat IgG(H 1 L) HRP, Chemicon
nternational Inc.) for 4 h at room temperature. After washed with
old 10% sucrose/PBS three times, DAB solution was diluted to the
alf and was applied for 1 min at room temperature as described in
he Vectastain DAB kit protocol. Sections were washed and stained
ith hematoxylin.

Fluorescence staining (frozen sections). Sections were prepared
s described in immunoperoxidase staining (frozen sections) except

FIG. 1. Immunoblot analysis of the Klotho protein in the kid-
eys. Immunoblot analysis of the Klotho protein in the kidneys of
ild (lane 1) and kl mice (lane 2) with (A) KM2076 and (B) KM2119.

mmunoblot analysis of the Klotho protein in the human kidneys
lane 1) with (C) KM2076 and (D) KM2119.
599
or using avertin (0.8 ml/head) as anesthetic. After washing out
.C.T. compound with PBS, nonspecific binding was blocked with
0% goat serum for 15 min. KM2119 (ascites, 1003 dilution with 3%
CS-PBS) incubation were done for 1 h followed by washing with
BS. Sections were incubated with Alexa Fluor 488 goat anti-rat
gG(H 1 L) conjugate (2003 dilution with 3% FCS-PBS, Molecular
robes, Inc., OR) for 30 min (dark) and washed with PBS. Samples
ere observed with a Leica TCS SP confocal laser scanning micro-

cope (absorbance 488 nm and emission 520 nm).

ESULTS AND DISCUSSION

Establishment of anti-human Klotho mAbs. Here,
e presented the establishment of a mAbs against
lotho protein. We immunized rats and mice with the

ecombinant human Klotho protein or a synthesized
mino peptide and obtained three mAbs (KM2076,
M2119 and KM2365) as described in Materials and
ethods (8). Matsumura et al. (4) reported that there

re two transcripts which apparently arise from alter-
ative splicing of kl mRNA. One transcript encodes a
ingle-pass membrane protein with internal repeats
hKL1, hKL2). The other transcript encodes only hKL1
omain corresponding to a secreted-form of Klotho pro-
ein. As the immunized antigen for KM2119 was a part
f hKL2 domain, this antibody does not recognize the
ecreted form. On the other hand, the immunized an-
igen for KM2076 and KM2365 was a part of hKL1,
hese mAbs could react with both the membrane and
he secreted form of Klotho protein.

Typical results of western blots were shown in Fig. 1.
M2076 specifically recognized a 130 kDa Klotho pro-

ein exists in the membrane fraction from the wild-type
ouse kidney, but not that from the kl mice (Fig. 1A).
M2076 also recognized specifically a 130 kDa Klotho
rotein in the membrane fraction of human kidney
Fig. 1C). KM2119 also recognized the 130 kDa Klotho
rotein in the membrane fraction from the wild-type
ouse kidney (Fig. 1B) and the human kidney (Fig.

D), but not that from the kl mice (Fig. 1B). Interest-
ngly, KM2119 additionally recognized a 60 kDa pro-
ein as well as a 130 kDa one in the wild-type mouse

FIG. 2. Standard curve of sandwich ELISA for the detection of
he Klotho protein.
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Fig. 1B) and the human (Fig. 1D) kidneys. It might be
ossible that a part of extracellular domain of Klotho
rotein was cleaved and the rest of Klotho protein near
L2 domain was recognized as 60 kDa protein.
Sandwich ELISA for the detection of Klotho. The

upernatant of CHO cells expressing human klotho
DNA was serially diluted, and the level of Klotho
rotein was determined with the sandwich ELISA. As
hown in Fig. 2, the value of A415 corresponded well to
he concentration of Klotho protein. Using the ELISA,
e concluded that the Klotho protein as low as the

oncentration of 10 to 20 ng/ml could be detected.
Localization of the klotho transcript and Klotho pro-

ein. Strong signals of klotho transcripts were ob-
erved on the cortical renal tubules of the wild-type

FIG. 4. Immunoperoxidase staining of kidneys with KM2076. Pa
M2076 and the secondary mAb were sequentially applied as descr
ut not KM2076 was applied. Sections were counterstained with he

FIG. 3. Expression of klotho mRNA and Klotho protein in the m
-week-old mouse. In situ hybridization was performed on sections
right-field image with the kidney from the wild-type mouse. Expres
n the renal tubules. (B) Bright-field image with the kidney from kl
rozen sections of kidneys isolated from (C) wild-type or (D) kl m
ematoxylin. (E and F) Immunoperoxidase staining of kidneys with
l mice were stained with KM2076. Sections were counterstained with
ith KM2119. Green signals represent signals from Klotho staining.

he bar under D represents 50 mm for C and D.
601
ouse kidney, but not those of the kl mouse (Fig. 3A,
). The interesting point is that not all the cells in the
ortical renal tubules express the mRNA. These sig-
als are specific for kl transcripts, because we did not
etect any signals with the kl sense probes (data not
hown). The pattern of localization of kl transcripts
as similar to that reported earlier (1).
To select mAbs available for the immunohistochem-

cal detection of Klotho protein, we first stained kid-
eys from wild-type and kl mice. Among mAbs tested,
M2076 specifically stained the cortical renal tubules
f wild-type mice kidney in both frozen (Fig. 3C) and
araffin sections (Fig. 3E) by immunoperoxidase stain-
ng. We concluded that the staining was specific for
lotho protein, because we did not detect any staining

fin sections of (A and B) rat or (C and D) human kidneys. (A and C)
d under Materials and Methods. (B and D) The secondary antibody
toxylin. Bar represents 100 mm.

se kidneys. (A and B) Expression of mRNA for kl in the kidney of
th 35S-labeled cRNA probes that was specific for mRNA for kl. (A)
n of kl mRNA was detected as the dense localization of black grains
ce. (C and D) Immunoperoxidase staining of kidneys with KM2076.
e were stained with KM2076. Sections were counterstained with
2076. Paraffin sections of kidneys isolated from (E) wild-type or (F)
ethyl-green. (G) Fluorescence staining of the wild-type mouse kidney

bars under B, F, and G represent 100 mm for A, B, E, F, and G, and
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on the cortical renal tubules of kl mice kidney (Figs. 3D
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nd 3F). KM2119 also specifically stained the cortical
enal tubules of wild-type mice kidney on frozen sec-
ions by fluorescence staining (Fig. 3G). The localiza-
ion of Klotho protein in the mouse kidney was similar
o that of kl transcripts. Using KM2076, we further
tained the paraffin sections of the rat (Figs. 4A and
B) and the human (Figs. 4C and 4D) kidneys. KM2076
lso gave specific staining on the cortical renal tubules
f rat (Fig. 4A) and human (Fig. 4C) kidneys.
In conclusion, among the monoclonal antibodies es-

ablished, KM2076 can be used to detect human Klotho
rotein for the Western blot analyses. Also KM2076
an be used to monitor the secreted form of human
lotho in ELISA system with the combination with
M2365. KM2119, which detects the KL2 part of
lotho, gave an additional 60 kDa band as well as 130
Da band in the samples from human and mouse kid-
eys in Western blot. For immunohistochemical anal-
sis, KM2076 gave a specific staining of Klotho in
ouse, rat, and human kidney sections. KM2119 also

ave a similar result in mouse kidney sections by using
uorescence staining. Besides the characterization
bove, we also have a preliminary data of the availabil-
ty of KM2076 and KM2119 for the immunoprecipita-
ion of Klotho protein.

These antibodies will be powerful tools for under-
tanding the function of Klotho.
602
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