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Abstract

Klotho is an anti-aging, single-pass transmembrane protein found mainly in the kidney.

Although aging is likely to be associated with DNA damage, the involvement of Klotho in

protecting cells from DNA damage is still unclear.

In this study, we examined DNA damage in human kidney cells and mouse kidney

tissue after ionizing radiation (IR). The depletion and overexpression of Klotho in human

kidney cells reduced and increased the cell survival rates after IR, respectively. The formation

of y-H2AX foci, representing DNA damage, was significantly elevated immediately after IR in

cells with Klotho depletion and decreased in cells overexpressing Klotho. These results were

confirmed in mouse renal tissues after IR. Quantification of DNA damage by a comet assay

revealed that the Klotho knockdown significantly increased the amount of DNA damage

immediately after IR, suggesting that Klotho protects chromosomal DNA from the induction of

damage, rather than facilitating DNA repair. Consistent with this notion, Klotho was detected in

both the nucleus and cytoplasm. In the nucleus, Klotho may serve to protect chromosomal DNA

from damage, leading to its anti-aging effects.
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Introduction

Alpha-Klotho (hereafter referred to as “Klotho”) is an anti-aging gene identified through

findings that mice with its genetic deficiency or mutations exhibit senescent phenotypes in a

variety of organs. For instance, arterial sclerosis, calcification, skin atrophy, neurodegeneration,

and other age-associated problems are observed in Klotho knock-out mice (k/-/~) (1). The anti-

aging function of Klotho is also supported by a report showing that Klotho overexpression

extends the mouse lifespan (2). The Klotho gene encodes a single-pass transmembrane protein,

and three isoforms have been detected: a full-length transmembrane form (~130 kDa), a

shortened soluble form (65 kDa), and a secreted form (65 kDa) found in blood and urine (3,4).

Klotho is predominantly detected in the renal tubules of the kidney, ependymal cells in the

choroid plexus, the parathyroid gland, and mature germ cells (5). Previous studies demonstrated

the interaction between Klotho and the receptor for fibroblast growth factor 23 (FGF23), a bone

metabolizing hormone involved in the regulation of phosphate metabolism (6,7).

Hyperphosphatemia was observed in Klotho knock-out mice and in aged patients with low

Klotho levels due to chronic kidney diseases (8). However, the detailed mechanism of the anti-

aging function of Klotho remains unexplained.

Aging seems to be closely related with DNA damage (9). Chromosomal DNA is

continuously attacked by both intrinsic and extrinsic damaging agents, such as chemicals and
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ionizing radiation (IR). Among the various classes of DNA damage, the double-strand break

(DSB) is a hallmark of radiation-induced DNA damage and is quite serious due to the difficulty

of its repair (10). Indeed, ionizing radiation has been shown to facilitate aging (11). Many

proteins are involved in the protection of cells from DNA damage (12,13), and most function in

DNA damage repair, such as y-H2AX, a phosphorylated form of histone H2AX. y-H2AX foci

formed at DNA damage sites are well-known markers of the early steps of cellular responses to

DSBs and facilitate DNA repair (14,15). The involvement of Klotho in protecting cells from

DNA damage, however, remains unclear.

In this study, we found that the numbers of y-H2AX foci after X-ray irradiation

increased by the depletion and decreased by the overexpression of Klotho in human kidney 2

(HK-2) cells. Consistently, the amount of DNA damage induced by ionizing radiation was

increased by the depletion of Klotho. Moreover, the cell viability after X-ray irradiation was

reduced in Klotho knockdown cells. These findings were confirmed in vivo, using mice with the

knockdown or overexpression of Klotho. Together, these results suggest that Klotho serves to

protect DNA from radiation-induced damage.
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Materials and methods

Cell culture, plasmids, siRNAs, and ionizing radiation

Human renal proximal tubular epithelial (HK-2) cells (RRID: CVCL _0302) were purchased

from American Type Culture Collection (ATCC) and cultured in RPMI-1640 medium

(FUJIFILM Wako Pure Chemical Corporation), containing 10% fetal bovine serum (Gibco) and

1% penicillin/streptomycin (Life Technologies Corporation). Inducible Klotho expression in

human kidney epithelial 293 cells was generated using the Flp-In™T-REx™ system, according

to the manufacturer’s protocol (Thermo Fisher Scientific) (RRID: CVCL _U421). These cells

were cultured in DMEM (high glucose), containing 10% tetracycline-free FBS (Gibco), 5 pg/ml

blasticidin S (Gibco), and 100 pug/ml hygromycin (Invitrogen). Since even without tetracycline

treatment, the level of Klotho protein produced by leaky expression was approximately three-

fold higher in these Klotho-expressing 293 cells than that in HK-2 cells, the experiments in this

study were performed in the absence of tetracycline. All cells were incubated at 37°C in a

humidified 5% (vol/vol) CO, incubator. For knockdown experiments, we purchased siRNAs

(Silencer Select Pre-designed siRNA Products s2251420 and s17915; referred to as siKL-#1 and

siKL-#2 in the text, respectively), s15590 (siFGF23), s5165 (siFGR), and Negative Control #2

(siNT in the text), from Life Technologies Japan Ltd. Cell transfections were performed with
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Lipofectamine RNAIMAX (Invitrogen), according to the manufacturer’s instructions. lonizing

irradiation treatments were performed using an X-ray generator (CP-160, Faxitron Bioptics) at

the indicated doses.

Western blotting

Cell fractionation experiments were performed with NE-PER™ Nuclear Extraction Reagents or

a Subcellular Protein Fractionation Kit for Cultured Cells (Thermo Fisher Scientific). Western

blot analyses were performed as described previously (6, 16, 17). Primary antibodies were rat

monoclonal anti-human Klotho antibody (1:330; KM2076, TransGenic Inc.), mouse anti-f-actin

(Sigma-Aldrich), mouse anti-vinculin (BC039174, Proteintech), rabbit anti-histone H3 (Abcam),

mouse anti-lamin B1 (Santa Cruz), rat anti-FGF23 (#283511, Bio-Techne), and rabbit anti-

FGFR (Cell Signaling). Photography was performed with a ChemiDoc MP Imaging System

(Bio-Rad) and the Image Lab software (Bio-Rad).

Cell Viability

On the day before transfection, 0.75 x 10* cells were seeded in 60 mm dishes, and then

transfected with siRNAs on the next day. Afterwards, the cells were irradiated with 3 Gy or 5

Gy of X-rays. At four days after irradiation, cells were harvested and counted by a CellDrop

Automated Cell Counter (DeNovix).
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Immunofluorescence Staining

Immunofluorescence staining was performed as described previously (18). Briefly, cells were

fixed in 4% paraformaldehyde in PBS for 10 minutes at room temperature, and then

permeabilized with 0.5% Triton X-100 in PBS for 10 minutes at room temperature. The cells

were incubated for 30 minutes at 37°C with a mouse monoclonal anti-phospho-histone H2AX

antibody (1:40,000; Upstate), in PBS containing 1% bovine serum albumin (BSA). The

secondary antibody was Cy3-conjugated goat anti-mouse antibody (1:1,000; Invitrogen). Cells

were mounted using Vectashield containing DAPI (Vector Laboratories) and observed with a

BZ-X710 microscope (Keyence) or an Axio Imager Z2 microscope (Carl Zeiss) equipped with

the Metafer4 software (MetaSystems).

Comet Assay

After exposure to 15 Gy of ionizing radiation, the samples were immediately cooled on ice

and the neutral comet content was assessed with a Single Cell Gel Electrophoresis Assay

(Trevigen). Cells were stained with SYBR GOLD and observed with a BZ-X710 microscope

(Keyence), and the images were analyzed by the ImageJ software (National Institutes of Health),

using the OpenComet plugin. For each condition, 406 cells were counted.

Mouse kidney tissues and histology
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Eight-week-old male transgenic mice were kindly provided by Dr. Hiroko Segawa and Dr.

Kenichi Miyamoto (Tokushima University Graduate School). Six-week-old male a-Klotho

KO/Jcl mice were purchased from CLEA Japan, Inc. These mice were kept in an environment

with ad lib drinking water and housed in a temperature- and light-controlled room at the

Laboratory Animal Center of Hiroshima University. The mice were anesthetized with a mixture

of medetomidine (Kyoritsu Seiyaku), midazolam (Sand), and butorphanol (Meiji Seika Pharma).

In each mouse, a skin incision was made on the right side, lateral to the spine, and the intestines

were laterally retracted to expose the right kidney. During irradiation, the mouse body was

protected with lead plates and adjusted so that only the right kidney was irradiated. An X-ray

generator (MBR-1520R-3, Hitachi Power Solutions) was used for irradiation, and the mice were

exposed to 2 Gy of X-ray irradiation. Thirty minutes afterwards, the kidneys were removed, and

the tissues were observed. Immunohistochemical staining was performed according to common

protocols. The primary antibodies were rabbit monoclonal anti-phospho-histone H2AX

antibody (1:500; Cell Signaling Technology), and rat monoclonal anti-human Klotho antibody

(1:330; KM2076, TransGenic Inc.). The InmPRESS HRP Horse Anti-Rabbit IgG Polymer Kit

(undiluted; MP-7401-15, Vector Laboratories) and ImmPRESS HRP Anti-rat IgG (mouse

absorbed) Polymer Kit (MP-7444, undiluted; Vector Laboratories) were used to detect the

primary antibodies. Signal intensities were quantified in 5 randomly selected fields at x200
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magnification for each sample, using ImageJ (National Institutes of Health).

Statistical analysis

Results are expressed as the mean + standard deviation. Statistical analyses were performed

using three different software packages: Microsoft Excel for Mac (Version 16.63.1), Kaleida

Graph (Version 4.5.1), and Prism 8 for OS X (Version 8.4.3). Comparisons between two groups

were analyzed by the student’s t-test. Values of P < 0.05 were considered statistically

significant.

Code of ethics

Animal experiments were conducted in agreement with National Institutes of Health guidelines

on the use of laboratory animals. The institutional animal care and use committee of Hiroshima

University approved all experimental protocols (Permit No. 2022-210, A19-5). All efforts were

made to mitigate the animals’ distress and pain.

Results

Klotho expression-dependent cell viability after ionizing radiation

To investigate whether Klotho plays a role in protecting cells from DNA damage, we first

examined the effects of Klotho depletion on cell viability after ionizing irradiation (IR). The

depletion of endogenous Klotho using two siRNAs in HK-2 cells, derived from human renal

proximal tubular epithelium, was confirmed by immunoblotting analyses using anti-Klotho
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antibodies (Fig. 1A). While siKL-#1 efficiently decreased the level of the endogenous Klotho

protein, siKL-#2 repressed it by less than fifty percent. Under these conditions, siKL-treated

cells were irradiated with 3 or 5 Gy of X-rays, and cell viabilities were examined 4 days later.

The survival rates of cells after ionizing radiation were significantly reduced by the depletion of

Klotho using siKL-#1, as compared with cells transfected with siNT or siKL-#2 (Fig. 1B). The

cell survival rate was lower in siKL-#2-transfected cells than in siNT-transfected cells.

To confirm the involvement of Klotho in this process, we generated human embryonic

kidney cells, 293 cells, stably overexpressing GFP-fused Klotho (Fig. 1C). The level of Klotho

protein was approximately three-fold higher in these Klotho-expressing 293 cells than that in

HK-2 cells. We examined the effect of Klotho overexpression on the cell viability after X-ray

irradiation. The survival rate of Klotho overexpressing cells was significantly higher than that of

the parental cells (Fig. 1D). Taken together, these findings suggest that Klotho plays a role in

protecting cells from IR.

Reduction of IR-induced DNA damage by Klotho

To investigate whether Klotho increases cell viability after IR by protecting cells from IR-

induced DNA damage, we examined the effect of Klotho depletion on y-H2AX focus formation,

a DNA damage marker, after IR. An immunofluorescence staining analysis was performed to

detect yv-H2AX foci in siKL-treated cells exposed to 2 Gy of X-ray radiation. The numbers of y-

10
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H2AX foci were significantly increased after IR in HK2 cells transfected with siNT, siKL-#1 or

siKL-#2 (Fig. 2A, B). Among them, siKL-#1-transfected cells showed significantly higher

numbers of y-H2AX foci at 0.5 and 2 hours after IR, as compared to those in siNT- or siKL-#2-

transfected cells. However, there were no significant differences between these cells in terms of

the numbers of y-H2AX foci at 8 and 24 hours after IR. In contrast, the numbers of y-H2AX foci

at 0.5 hours, but not at later points, after X-ray irradiation in Klotho-overexpressing cells were

lower than those in parental cells (Fig. 2C, D). Since one y-H2AX focus corresponds to one

DSB, the higher numbers of y-H2AX foci at early time points after DNA damage induction

suggest that more DNA damage occurs by the same radiation dose, rather than by slower DNA

repair. Therefore, Klotho is probably involved in suppressing the induction of DNA damage by

X-rays, rather than DNA repair, in HK2 cells.

To examine the amounts of DSBs induced by IR in Klotho-deficient cells, we

performed a neutral comet assay, which is a method to detect DSBs. The tail moment was

evaluated immediately after exposure to 15 Gy of ionizing radiation. The tail moment of cells

transfected with siKL-#1 was significantly longer as compared to those of siNT- or siKL-#2-

transfected cells (P < 0.001) (Fig. 2E, F). The tail moment of cells transfected was siKL-#2 after

IR was longer than that of siNT- transfected cells, but there was no significant difference. This

could be due to the lower efficiency of Klotho depletion by siKL-#2 than that by siKL-#1.

11
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These findings strongly suggest that Klotho protects chromosomal DNA from the induction of

DSBs by IR.

Klotho is an imperative factor of the FGF receptor 1 (FGFR1) complex, and membrane-

associated Klotho forms this complex with the co-receptor for fibroblast growth factor 23

(FGF23) and functions in phosphate metabolism (1). Therefore, we next tested the possibility

that Klotho is involved in the phosphorylation of H2AX after IR through the FGF system. To

address this, we analyzed the y-H2AX focus formation in FGFR1- or FGF23-depleted HK-2

cells after X-ray irradiation. Unlike the case of the Klotho knockdown, an increased number of

v-H2AX foci was not observed (Sup. Fig. 1), implying that Klotho plays a role in DNA damage

responses independently of the FGFR1 complex.

Nuclear localization of Klotho in human kidney cells

Although Klotho has been recognized as a single-pass transmembrane protein, our findings

suggested the role of Klotho in the cell nucleus to protect DNA. To examine the subcellular

localization of Klotho in HK-2 cells, we performed an immunoblotting analysis of nuclear and

cytoplasmic extracts using anti-Klotho antibodies. Although the signal intensity was lower as

compared to that in the cytoplasm, Klotho was detected in the nuclear fractions (Fig. 3A). To

examine the localization of Klotho in more detail, we performed a subcellular fractionation

analysis. We separated HK-2 cells into five fractions: cytoplasmic, membrane-associated,

12
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nuclear soluble, chromatin-bound, and cytoskeleton. As a result, Klotho was detected in all

fractions. Interestingly, the level of Klotho in the chromatin-bound fraction was higher than that

in the nuclear soluble fraction (Fig. 3B). These findings support the notion that Klotho functions

in the human renal cell nucleus to protect DNA from IR.

Klotho protects the kidney from ionizing radiation in vivo

Finally, to confirm the involvement of Klotho in the protection of chromosomal DNA in vivo,

we examined the effect of the genetic ablation of the Klotho gene on the formation of y-H2AX

foci after X-ray irradiation in the mouse kidney (Fig. 4A-C). We performed an immunoblotting

analysis of y-H2AX in the kidneys of Klotho homozygous and heterozygous knockout mice, at

0.5 hours after ionizing irradiation. As a result, the y-H2AX levels were significantly higher in

the Klotho homozygous knockout mice as compared to those in the heterogeneous knockout and

wild-type mice, suggesting that Klotho is required to reduce the radiation-induced DNA damage

in vivo (Fig. 4D-F).

We next performed an immunohistochemistry analysis of the y-H2AX levels in

kidneys from irradiated wild-type and Klotho transgenic mice. The y-H2AX levels after 2 Gy of

irradiation were lower in the kidneys from Klotho transgenic mice than in those from wild-type

mice (Sup. Fig. 2). These results are consistent with the findings obtained from the in vitro

experiments using human cells, in that Klotho plays a role in protecting chromosomal DNA

13
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from radiation-induced damage.

Discussion

In this study, we showed that the depletion of Klotho, a transmembrane protein with an anti-

aging function, led to reduced cell viability and increased DNA damage after subjecting human

kidney cells to ionizing radiation in vitro. Interestingly, the amount of DSBs after IR was

increased by the depletion of Klotho. Consistent with these findings, Klotho was detected in the

chromatin-bound fraction in human kidney cells. The role of Klotho in DNA protection in vivo

was confirmed in Klotho KO and transgenic mice. These results support our hypothesis that

Klotho functions to protect DNA in human cells.

Klotho has been recognized as an “aging-suppressor” (3). A well-known function of

Klotho is to reduce the blood phosphate level associated with the acceleration of aging, by

increasing phosphate excretion through the formation of a co-receptor with FGF23 (7). Using a

comet assay, we showed that the amount of radiation-induced DSBs detected just after IR was

increased in the Klotho-depleted cells, while the kinetics of DSB repair and the reduction of the

numbers of y-H2AX were not affected. Many proteins are involved in the various aspects of

DNA repair processes (19). For example, Dsup suppresses X-ray-induced DNA DSBs and

single strand breaks (SSBs) by binding directly to DNA (20). Therefore, Klotho may have a

similar function to Dsup in protecting chromosomal DNA from extrinsic DNA damaging

14
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factors, such as IR. However, the mechanisms by which Klotho protects chromosomal DNA

from IR-induced damage remain to be clarified.

Klotho- or FGF23-deficient mice exhibit early aging and are rescued, although not

completely, from the aging-like phenotypes by nutrient phosphate limitation (21).

Hyperphosphatemia accelerates vascular calcification and is known as an atypical risk factor for

cardiovascular disease (CVD) mortality in end stage renal disease (ESRD) (22). In this study,

however, no significant changes in the formation of y-H2AX foci after IR were observed under

the knockout conditions of FGFR or its ligand FGF23 (Sup. Fig. 1A) (6). Therefore, FGFR and

FGF23 may not be involved in the DNA protection by Klotho. Still, we could not exclude the

possibility that the hyperphosphatemia caused by the depletion of the Klotho-FGF system may

contribute to the induction of DNA damage in vivo. Klotho is also known to induce the FoxO

forkhead transcription factors through the inhibition of the IGF-1 signaling pathway. The FoxO

forkhead transcription factors induce the expression of manganese superoxide dismutase in

response to oxidative stress (23). Since IR is a type of strong oxidative stress, Klotho may

protect cells from DNA damage through its various functions, in a similar manner to anti-

oxidative stress factors.

Klotho exists as a co-receptor for FGF23 at the plasma membrane and is also cleaved

and secreted into the blood. In this study, however, we detected the presence of Klotho in

15
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almost all cell fractions, including the chromatin fraction. The mechanisms of Klotho traffic into

the cell nucleus, for association with chromatin to protect DNA, remain to be clarified, and the

important question of how Klotho, expressed only in kidney and brain, protects mice and

humans from aging awaits an answer.
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Figure Legends

Fig. 1 Effects of Klotho depletion or overexpression on cell viability after IR

(A) Expression of Klotho protein in HK-2 cells, with or without Klotho knockdown. (siNT:

Negative control, siKL-#1: s225120, siKL-#2: s17915). B-actin was used as a loading
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control. Band intensities were analyzed and normalized to B-actin by densitometry.

(B) Viability of irradiated HK-2 cells, with or without Klotho knockdown. Data are shown as

mean + SE of three independent experiments. *P < 0.05, **P < 0.01 (t-test).

(C) Protein levels of Klotho in Flp-In™ T-Rex 293 cells expressing GFP-tagged Klotho.

(D) Cell viability of Flp-In™ T-Rex 293 cells expressing GFP-tagged Klotho after IR. Data are

shown as mean + SE of three independent experiments. *P < 0.05 (t-test).

Fig. 2 Requirement of Klotho in the reduction of IR-induced DNA damage

(A) Representative images of y-H2AX foci in HK-2 cells at 0.5 hours after IR.

Immunofluorescence staining was performed using anti-y-H2AX antibodies. Scale bar: 10

pm. y-H2AX: red, DAPI (DNA): blue.

(B) Number of y-H2AX foci in HK-2 cells at 0.5, 2.0, 8.0 and 24 hours after 1 Gy of IR.

(C) Representative images of y-H2AX foci in parental and KL-GFP-expressing 293 cells at 0.5

hours. Immunofluorescence staining was performed using anti-y-H2AX antibodies. Scale

bar: 10 um. y-H2AX: red, DAPI (DNA): blue.

(D) Numbers of y-H2AX foci in parental or KL-GFP-expressing 293 cells at 0.5, 2.0, 8.0 and 24

hours after 1 Gy of IR. Data are shown as mean + SE of three independent experiments. **P

<0.01 (t-test).

(E) Representative comet assay images of HK-2 cells with or without X-ray exposure. DNA
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was stained by SYBR GOLD.

(F) The tail moments of HK-2 cells detected by a neutral comet assay after 15 Gy of IR. After

IR, the cells were immediately placed on ice, and then 406 cells were analyzed in each

experiment. Data are shown as mean + SE of three independent experiments. **P < 0.01,

*ExP <(0.001 (t-test).

Fig. 3 Intracellular localization of Klotho

(A) HK-2 cells were fractionated using a NE-PER™ Nuclear and cytoplasmic extraction Kkit.

Histone H3 was used as a nuclear indicator and GAPDH as a cytoplasmic indicator. Band

intensities were analyzed and normalized to B-actin by densitometry.

(B) HK-2 cells were fractionated using a subcellular protein fractionation kit. Vinculin was the

indicator of the cytoplasmic and membrane fractions. Histone H3 was the indicator of the

chromatin fraction. Lamin B1 was used as an indicator of the nuclear cytoskeleton.

Fig. 4 v-H2AX in Klotho knockout and transgenic mice after IR

(A) Klotho immunohistochemical staining of kidney tissues of wild-type (+/+), hetero- (k//+) or

homo- (ki/kl) Klotho knockout mice irradiated by 2 Gy of X-rays. Scale bar: 100 um.

(B) Klotho expression in wild-type (+/+), hetero- (k//+), and homo- (k//kl) Klotho knockout

mice was quantified by an immunoblotting analysis using anti-Klotho antibodies. The

extracts of kidney tissue from the three types of mice were analyzed (n= 3).
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(C) Quantification of the Klotho expression shown in (B). The amounts of Klotho were

normalized to GAPDH. **P < 0.01 (t-test), (n= 3).

(D) y-H2AX immunohistochemical staining of y-H2AX kidney tissues of wild-type (+/+),

hetero- (k//+) or homo- (ki/kl) Klotho knockout mice after 2 Gy irradiation. Scale bar: 50

pum.

(E) Immunoblotting analysis of y-H2AX using kidney tissue extracts from wild-type (+/+),

hetero- (kl/+) or homo- (ki/kl) Klotho knockout mice after 2 Gy irradiation, using anti-y-

H2AX antibodies. Histone H3 was used as a loading control (n= 3).

(F) Quantification of the y-H2AX shown in (E). The amounts of Klotho were normalized to

histone H3. The three types of mice were analyzed (n= 3).
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Supplementary Data

Supplemental Fig.1

Effects of FGF23 or FGFR knockdown on irradiation-induced y-H2AX foci formation

(A) Numbers of y-H2AX foci in HK-2 cells expressing siFGF23 or siFGFR at 0.5 hours after 1 Gy of IR. Data are shown as
mean + SE of three independent experiments.

(B) Expression of FGF23 or FGFR protein in HK-2 cells with or without FGF23 or FGFR knockdown. (siNT: Negative

control, siFGF23: s15590, siFGFR: s5165). Band intensities were analyzed and normalized to vinculin by densitometry.
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Supplemental Fig.2

(A) y-H2AX immunohistochemical staining of kidney tissue of wild-type (WT) or Klotho transgenic (KI-Tg) mice after 2 Gy
irradiation. Scale bar: 100 pm.

(B) Quantification of the y-H2AX shown in (A). *P < 0.05 (t-test).

(C) Klotho immunohistochemical staining of kidney tissue of wild-type (WT) or Klotho transgenic (KI-Tg) mice after 2 Gy
irradiation. Scale bar: 100 pum.

(D) Quantification of the Klotho shown in (C). *P < 0.05 (t-test).
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