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Background: The mechanism by which polymorphisms in the anti-aging protein klotho lead to increased disease risk is
unknown.
Results: In vitro, klotho-VS decreases homodimerization and increases heterodimerization with and activation of FGFR1c.
Conclusion: Altered dimerization explains klotho-VS association with increased disease risk.
Significance: Understanding how the VS variant leads to changes in klotho function will elucidate the role klotho plays in
disease and lifespan.
Klotho (KL) is an age-regulating protein named after the
Greek goddess who spins the thread of life. Mice deficient in KL
are normal throughout development, but rapidly degenerate
and display a variety of aging-associated abnormalities that
eventually lead to decreased life expectancy. While multiple
genetic association studies have identified KL polymorphisms
linked with changes in disease risk, there is a paucity of concrete
mechanistic data to explain how these amino acid substitutions
alter KL protein function. The KLVS polymorphism is suggested
to lead to changes in protein trafficking although the mechanism is unclear. Our studies have sought to further investigate
the functional differences in the KLVS variant that result in
increased risk of many age-related diseases. Our findings suggest that the F352V and C370S substitutions lead to alterations
in processing as seen by differences in shedding and half-life.
Their co-expression in KLVS results in a phenotype resembling
wild-type, but despite this intragenic complementation there
are still changes in homodimerization and interactions with
FGFR1c. Taken together, these studies suggest that KLVS leads
to altered homodimerization that indirectly leads to changes in
processing and FGFR1c interactions. These findings help elucidate the functional differences that result from the VS polymorphism, which will help clarify how alterations in KL function can
lead to human disease and affect cognition and lifespan.

␣-Klotho (KL)2 was first discovered in an attempt to overexpress a sodium proton exchange pump that led to the interrup-
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tion of the KL promoter. The resulting mice mature normally
until 3 weeks of age, at which time they develop a severe aging
phenotype that includes osteoporosis, atherosclerosis, hypoglycemia, and cognitive decline (1). Our group has shown that
KL levels are down-regulated in the brains of mammals as they
age (2), likely due to the methylation of its promoter (3). Conversely, mice overexpressing KL have an increase in lifespan of
20 and 30% in female and male mice, respectively (4). These
mice are more resistant to oxidative stress and are protected
against renal injury in a model of glomerulonephritis (5, 6).
KL is a type 1 transmembrane protein expressed predominantly in the distal tubules of the kidney, choroid plexus, and
pituitary glands (1). Most of the transmembrane form of the
protein is localized extracellularly. It contains two weakly
homologous domains, KL1 and KL2, that share homology with
family I glycosidases. The transmembrane form can be shed
from the cell surface by ADAMs 10 and 17 (7) and the shed form
is detected in both serum and cerebrospinal fluid (CSF) (8).
While its homologous family member ␤-klotho is reported to
function solely as an FGF (fibroblast growth factor) co-receptor
(9 –11), the functions attributed to KL are more diverse. Most
of our information about the function of KL comes from studies
in mouse where KL inhibits insulin/IGF1, wnt, TNF-␣, and
TGF␤ signaling and serves as the obligate co-receptor to transduce FGF23 signaling. KL also functions to alter ion channel
function through its sialidase activity (4, 12–19).
Beyond the mouse, human KL polymorphisms have been
identified that reveal even slight changes in KL can impact both
longevity and disease risk (14 –20, 26, 39 – 49). Perhaps the
most studied of the polymorphisms is KLVS. The KLVS variant
consists of 6 single nucleotide polymorphisms (SNPs) that are
always found together. Three SNPs lie in introns and do not
alter splicing and another SNP at nucleotide 1155 causes no
change in amino acid designation. However, two SNPs result in
amino acid substitutions, namely F352V and C370S, which
could alter protein function. Multiple studies show that
humans heterozygous for the KLVS allele have an increased
chance of survival over the age of 75 (20 –22). One study also
found a reduced representation of KLVS homozygotes after
this age (22). Further characterization of the variant revealed
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protective effects of heterozygosity after 81, despite reduced
frequency of heterozygotes in the population before this age
(21). In independent studies, the KLVS variant has also been
linked to an increased risk of cardiovascular disease (CVD) and
metabolic syndrome with a similar pattern of advantageous
KLVS heterozygosity and increased disease risk associated with
homozygosity (21, 23–25). This could be explained by the
KLVS regulation of factors that independently increase risk of
these diseases such as HDL-cholesterol and systolic blood pressure (21). There are also age-dependent increases in bone mineral density in both male and female heterozygotes, but
whether there is a homozygote disadvantage could not be
determined due to the low frequency of that genotype (26, 27).
Contrary to the other effects, heterozygosity for KLVS
increases the risk of BRCA1 associated breast and ovarian cancer and decreases the risk in homozygous patients from an Ashkenazi Jewish population, but not in a larger cohort of European
ancestry (28, 29).
Despite many genetic association studies on the KLVS allele,
there is limited information on the molecular mechanism
behind the KLVS association with altered longevity and risk of
disease. Given the increased risk of disease development and
complex association with longevity, a thorough understanding
of the mechanistic difference associated with KLVS is important in understanding the role of KL in humans. To understand
how changes in KL could affect human longevity and disease
risk, we generated plasmid constructs of transmembrane KL
with individual (V for F352V, and S for C370S) substitutions
and one containing the double substitution (VS, F352V/C370S)
as observed in humans to examine how KL dimerization, halflife, shedding, and FGF co-receptor function are altered by the
presence of the KLVS polymorphism.

EXPERIMENTAL PROCEDURES
Materials—Unless otherwise stated, all chemicals were
obtained from Sigma Aldrich.
Construction of Plasmids—Full-length KL, KL tagged at its C
terminus with GFP or V5 in pcDNA3.1 plasmids were constructed as previously described (7). To construct polymorphic
variants containing F352V, C370S, or both, site-directed
mutagenesis was performed per the manufacturer’s instructions (Agilent Technologies Inc., Santa Clara, CA) using the
following sense and antisense primers (Integrated DNA Technologies): KL C370S: 5⬘-AGGTGGGTCCAAAGCTAAGAGCAAAAAAGTC-3⬘ and 5⬘-GACTTTTTTGCTCTTAGCTTTGGACCCACCT-3⬘; KL F352V: 5⬘-TCTCAGATTCAGTAACATCAGGCAGAATAGA-3⬘ and 5⬘-TCTATTCTGCCTGATGTTACTGAATCTGAGA-3⬘.
Mouse FGF receptor (FGFR1c) plasmid with a V5 tag was a
gift from Dr. Makoto Kuro-o, University of Texas Southwestern, Dallas, TX.
Cell Culture and Transfection—HEK 293 cells were maintained in DMEM (Mediatech Inc., Manassas, VA) supplemented with 10% fetal bovine serum (Atlanta Biologicals, Lawrenceville, GA) and 5% penicillin-streptomycin (Mediatech
Inc.) at 37 °C in 5% CO2. Cells were transfected with a total of
0.5 g of DNA per ml of medium. Total DNA was consistent
across all experimental conditions with pcDNA3.1 empty vecDECEMBER 20, 2013 • VOLUME 288 • NUMBER 51

tor (Invitrogen, Grand Island, NY) used as a control in experiments with multiple plasmid transfections. Cells were transfected using Attractene per manufacturer’s instructions
(Qiagen, Valecina, CA).
KL Shedding Assay—Cells were transfected with full-length
wild type KL (KLWT) or KL containing either one or both of the
mutations. Twenty-four hours after transfection, cells were
washed with Dulbecco’s phosphate-buffered saline (DPBS)
(Mediatech Inc.) and incubated in serum-free DMEM for 24 h.
Medium was collected, debris was removed by centrifugation,
and bovine serum albumin (BSA) was added to adjust to a final
protein concentration of 10 g/ml. Cold (4 °C) trichloroacetic
acid (TCA) was added to a final concentration of 25%. The
mixture was incubated at ⫺20 °C for 5 min and then at 4 °C
overnight. After incubation, the samples were centrifuged at
16,000 ⫻ g, and the supernatant was removed. The resulting
pellet was washed three times with ice-cold acetone with 5-min
centrifugations. The pellet was dried at 98 °C for 5 min and then
dissolved in 2⫻ Laemmli sample buffer. Half of the TCA-precipitated protein resolubilized in Laemmli buffer was loaded
onto 10% acrylamide SDS-PAGE gels. After the media collection, cells are washed twice with DPBS and lysed in RIPA buffer
(150 mM NaCl, 1% Triton X-100, 0.5% deoxycholate, 0.1% SDS,
50 mM Tris pH 7.5) containing complete protease inhibitor
mixture (Roche, Mannheim GE). The cell lysate was centrifuged at 16,000 ⫻ g for 15 min, and the supernatant was collected for 10% acrylamide SDS-PAGE.
Half-life Assay—HEK 293 cells were transfected as described
above. Twenty-four hours later, cells were washed twice with
DPBS and incubated with a 1 mM solution of cell permeable
NHS-SS-Biotin (Pierce) containing 0.1% DMSO for 30 min at
room temperature. Afterward, biotinylation was quenched by
washing the cells twice with serum-free DMEM. Cells were
returned to DMEM containing serum and incubated at 37 °C
for the indicated time points. At each time point, the medium
was aspirated from the cells and cell lysates were collected as
described above. After collection and centrifugation, the BCA
Protein Assay (Pierce) was used to determine the protein concentration of the samples. Then 100 g of protein from each
sample were incubated at 4 °C with neutravidin beads (Thermo
Scientific, Rockford IL) overnight to pull-down all biotinylated
proteins. The bound protein was then eluted from the beads by
incubating in 2⫻ Laemmli sample buffer and separated on 10%
acrylamide SDS-PAGE.
Blue Native-PAGE—Blue Native gel electrophoresis was performed to separate proteins without denaturation. The Invitrogen NativePAGE Novex 4 –16% Bis-Tris Gel system was used in
accordance to the manufacturer’s protocol for the outlined
experiments. Briefly, HEK 293 cells transfected as described
above were solubilized in NativePAGE sample buffer containing 1% digitonin and complete protease inhibitor without
EDTA (Roche) at 4 °C. After determining protein concentration, an equal amount of protein from each sample was prepared for separation by mixing with 5% Coomassie G-250
(Invitrogen, Grand Island, NY) to reach a final concentration of
1% Coomassie G-250. Pre-chilled anode and cathode buffers
(dark blue and light blue) were used to run the gel. The dark
blue cathode buffer was used until the dye front had moved
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through 1/3 of the gel and then was exchanged for the light blue
cathode buffer until the completion of the run. After separation, the proteins were transferred onto an Immobilon 0.4 M
PVDF membrane (Millipore, Billerica MA). To fix the proteins,
the resulting PVDF membranes were incubated in 8% acetic
acid and then the membranes were destained with methanol.
Concomitantly, the same samples were run in reducing conditions on 10% acrylamide SDS-PAGE gels to compare total
expression of the transfected proteins. Afterward, both membranes were processed for Western blotting as described below.
Co-Immunoprecipitation—HEK 293 cells were co-transfected with combinations of KLWT and KLVS containing a V5
or GFP tag or with combinations of FGFR1c-V5 and EV,
KLWT-GFP or KLVS-GFP. Other HEK 293 cells were transfected with V5 or GFP-tagged KLWT or KLVS alone. Twentyfour hours after transfection, cells were washed twice with icecold DPBS and collected in IP lysis buffer (1% Triton X-100,
0.01 M Tris-HCl, 0.01 M EDTA, 0.05 M NaCl, 0.05 M NaF, pH 7.2)
containing protease inhibitors. After protein concentration was
measured by BCA as described above, 100 g of protein was
loaded onto pre-washed V5-conjugated Sepharose beads
(Sigma) and incubated overnight at 4 °C. An identical set of
lysates containing equal protein were incubated with anti-GFP
(Roche) for 1 h at 4 °C before adding pre-washed protein A/G
beads (Pierce) and incubating overnight at 4 °C. Another set of
samples for the experiments using FGFR1c-V5 were also prepared and incubated with mouse IgG (mIgG) for 1 h at 4 °C
before adding pre-washed protein A/G beads (Pierce) and incubating overnight at 4 °C. After incubation, beads were washed
and processed for SDS-PAGE as described below.
FGF23 Assay—HEK 293 cells were transfected with EV,
KLWT or KLVS. Twenty-four hours after transfection, cells
were incubated in serum-free medium for 2 h and then either
bFGF (basic fibroblast growth factor) or FGF23 (R&D Systems,
Minneapolis, MN) was added to the wells to reach a concentration of 100 ng/ml or 10 ng/ml, respectively. The cells were incubated for 15 min at 37 °C and then were immediately washed in
DPBS and lysed in RIPA containing protease and phosphatase
inhibitors (Roche, Mannheim GE). After lysis, samples were
prepared for SDS-PAGE as described previously.
Western Blotting—Samples prepared as described were separated on 10% Tris-glycine gels. After SDS-PAGE, proteins
were transferred onto nitrocellulose membranes (Millipore,
Billerica MA). Membranes were blocked in 5% nonfat milk
(Carnation, Wilkes-Barre PA) prior to incubation overnight in
primary antibody dissolved in TBS-T containing 3% BSA. For
detection of KL, the rat monoclonal antibody KM2076 (Cosmo
Bio Co., Ltd., Japan) was used at a dilution of 1:2000. Mouse
anti-␤-tubulin (1:10,000) (Invitrogen, Grand Island, NY) was
used as a loading control. FGFR1C-V5 was detected using a
mouse monoclonal antibody against the V5 tag (1:5000)(Sigma)
and phosphorylated ERK (1:10,000) and total ERK (1:1000)
were detected using antibodies obtained from Sigma Aldrich
and Cell Signaling Technologies, respectively. Appropriate
HRP-conjugated secondary antibodies were obtained from
KPL and were used at a dilution of 1:10,000. Detection was
accomplished using Immobilon Chemiluminescent reagent
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FIGURE 1. Schematic representation of KL. The KL protein is generated from
5 exons that make up the full-length protein. It is a type I transmembrane
protein with a short intracellular region. Shown are the relative locations of
the known domains (KL1 and KL2) as well as known cleavage site of ADAM
10/17 (arrow). Magnification of exon 2 depicts the approximate location of
the six single nucleotide polymorphisms (SNP) that encode for the KLVS variant, including 3 SNPs not translated into protein located in the intron surrounding exon 2, two SNPs encoding for amino acid substitutions at phenylalanine 352 and cysteine 370 (in bold letters), and one SNP located at
nucleotide 1155 in exon 2 that does not change the amino acid sequence. The
figure was modified from Arking et al. (22).

(Millipore, Billerica MA). Quantitation of densitometry was
performed using ImageJ software.
Statistical Analysis—Statistical analyses were performed
with Graphpad Prism software version 5.0. Before further analysis, data sets were analyzed for significant outliers using the
Grubbs Outlier Test. Data sets containing 3 or more groups
were analyzed using 1-way ANOVA. Post-hoc Dunnet tests
were performed when significance of p ⬍ 0.05 was achieved.
Data sets containing only two groups were analyzed by Student’s t-tests. Half-life data were analyzed by using the extra
sum-of-squares F test to compare lines of best fit generated
from a one-phase decay model. Data were considered significant when a global comparison of Y0, K, and plateau resulted in
a rejection of the null hypothesis with a p ⬍ 0.05.

RESULTS
Shedding Is Altered in KL Variants—Expression of the VS
polymorphism in a construct consisting of the KL1 portion of
the extracellular domain revealed differential secretion (22).
However, the effect of the two amino acid substitutions on
shedding of full-length KL (Fig. 1) has not been investigated.
Since the full-length 135 kDa transmembrane protein is
detected in cells, and the 130-kDa shed protein including both
the KL1 and KL2 domains is measured in both blood and CSF,
these forms of the protein are likely to be the most physiologically relevant to investigate (8). To assess whether there are
differences in the shedding of the transmembrane form, HEK
293 cells were transfected with transmembrane wild-type KL
(WT), or KL constructs containing the V, S or VS variants.
Shedding was measured by collecting conditioned serum-free
medium and lysates from the cells over a 24-h period. To correct for differences in KL construct expression, shedding was
expressed as a ratio of extracellular (medium) to intracellular
(lysate) KL levels. Compared with WT, the V variant leads to a
4.6-fold decrease in the amount of KL shed into the extracellular space (Fig. 2), which is similar to the difference reported
previously (22). Conversely, neither the S nor VS variant
showed a significant difference in shedding from wild-type (Fig.
VOLUME 288 • NUMBER 51 • DECEMBER 20, 2013
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FIGURE 2. KLV dramatically decreases shedding. Shedding was examined
by transfecting HEK 293 cells with wild-type (WT) KL or KL containing one or
both of the amino acid substitutions in KLVS (V, S, or VS). Shedding differences
were measured by Western blot as change in the extracellar:intracellular KL
protein ratio. A, representative blot showing KL expression and ␤-tubulin
loading control in the lysate (intracellular), and KL levels in the (B) medium. C,
quantification of band intensity was measured across multiple independent
experiments. Graph represents the mean fold change of extracellular:intracellular KL (error bars are ⫾ S.E.; n ⫽ 5; *, p ⬍ 0.05, ANOVA).

2). Although the V variant alone results in a drastic reduction in
shedding, the presence of the S variant appears to correct the
phenotype. This result suggests that there is intragenic complementation of the variants where co-expression of the S variant
with the V variant corrects for the phenotype conferred by the
V variant.
Half Life of KL Variants—Altered secretion could be the
result of changes in turnover of KL protein. To investigate this
possibility we assessed variant half-life using biotinylation to
measure changes in protein degradation (30). Briefly, the proteins of HEK 293 cells transfected with KLWT or the variants
were biotinylated, the reaction was quenched, and lysates were
collected at time points from 30 min to 6 h (Fig. 3). Biotinylated
proteins were isolated using neutravidin beads and changes in
biotinylated KL were measured by Western blotting to assess
the amount of KL remaining as compared with the amount seen
DECEMBER 20, 2013 • VOLUME 288 • NUMBER 51

FIGURE 3. KLV decreases protein half-life. HEK 293 cells transfected with
wild-type (WT) KL or KL containing one or two of the amino acid substitutions
in KLVS (V, S, or VS) were tested for changes in half-life of KL. Cells were
biotinylated and half-life was assessed as amount of KL left 0.5, 1, 2, 4, or 6 h
after biotinylation was quenched, and cells were placed back at 37 °C. A, representative Western blot of lysates pulled down with neutravidin beads after
biotinylation and probed for presence of KL protein. B, graph depicts half-life
of KL variants represented by percent KL remaining over time (h) (error bars
are ⫾ S.E.; n ⫽ 5). Half-life values of variants measured by non-linear regression model of one-phase decay were as follows: KLWT- 1.33 h, KLV-0.66 h,
KLS-2.03 h, and KLVS-2.53 h. The non-linear regression of KLV was found to
significantly differ from KLWT by using the extra sum-of-squares F test (n ⫽ 5,
p ⬍ 0.05).

at time 0. There was a decrease in the half-life of the V variant
(t ⁄ ⫽ 0.6554, r2 ⫽ .8245), compared with WT (t ⁄ ⫽ 1.325, r2 ⫽
0.7065, p ⬍ 0.05), but no differences in S (t ⁄ ⫽ 2.036, r2 ⫽
0.6021) or VS (t ⁄ ⫽ 2.572, r2 ⫽ .6862) found by comparing
non-linear regression models for one-phase decay through an
extra sum-of-squares F test (Fig. 3). These observations coincide with our previous results, further implicating the role of
intragenic complementation: while the V variant leads to a
decrease in half-life, the expression of the S variant attenuates
the phenotype when expressed together in the VS variant.
Altered Dimerization of KL Variants—Dimerization can
affect processing of proteins (31, 32) and can be important in
internalization of transmembrane proteins (33, 34). Since KL
forms dimers (7, 8) and dimerization is important for the activity of many ␤-glycosidases, the effect of the KL variants on
dimerization was investigated using Blue Native PAGE. Cells
were transfected with KLWT or the variants and proteins were
12
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FIGURE 4. KL variants alter the levels of both monomeric and dimeric KL
in cells. HEK 293 cells transfected with wild-type (WT) KL or variants (V, S, or
VS) were assessed for differences in dimerization using Blue Native PAGE. A,
Western blot illustrating differences seen in monomers and dimers of KL
using the Blue Native-PAGE method. The single arrow points to KL monomers
and double arrows indicate KL dimers. B, Western blot showing total KL
amounts in denaturing and reducing conditions. C, bar graph depicting fold
change across multiple experiments in monomer and dimer formation in the
KL variants compared with wild-type normalized to total KL levels (error bars
are ⫾ S.E.; n ⫽ 3, #, p ⫽ 0.06, *, p ⬍ 0.05, ANOVA). KLV leads to increases in
dimeric KL and decreases in monomeric KL while both KLS and KLVS show the
opposite effect leading to increased monomeric and decreased dimeric KL.

separated on Blue Native PAGE gels or in denaturing conditions by SDS-PAGE to compare the amount of KL found in
dimeric and monomeric forms to total amount of KL expressed.
While the amount of monomeric KLV was decreased compared
with KLWT, dimerization was increased with this variant (p ⬍
0.05, Fig. 4, A–C). On the other hand, both KLS (p ⫽ 0.06, Fig. 4,
A–C) and KLVS (p ⬍ 0.05 Fig. 4, A–C) led to a decrease in
the dimeric form and KLVS led to a significant increase in the
monomeric form (p ⬍ 0.05, Fig. 4, A and B). Similar to the
effects of the variants in the other experiments, the effect of
the KLV variant is attenuated by co-expression with the KLS
variant. However, for the first time we found a distinct effect of
the VS variant compared with WT. When VS is overexpressed,
more monomeric and less dimeric KL is found.
Because the genome-wide association studies (GWAS) on
the KLVS variant suggest that there is a difference between
heterozygous and homozygous carriers, the effect of the KLVS
variant was further investigated through co-immunoprecipitation. Cells were co-transfected with combinations of KLWT
and KLVS containing either a V5 or GFP tag (Fig. 5). Lysates
were collected and the interaction of KLWT and KLVS were
assessed by co-immunoprecipitation. A GFP antibody was used
to pull down GFP-tagged KL and V5 conjugated beads were
used to pull down V5-tagged KL. Alternatively, separate lysates
were transfected with GFP- or V5-tagged KLWT or KLVS alone
and were pulled down with the opposite antibody (KLV5 pulled
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down with GFP antibody and vice versa) in order to assess
whether there was any nonspecific pull-down because of antibody cross-reactivity. After pull-down, samples were separated
by SDS-PAGE and the amount of interaction partner was determined by Western blotting. By this method, we could ascertain
differences in levels of dimerization between KLWT and KLVS
either to themselves or each other. The presence of a glycosylated form of KL previously discussed by Imura et al. can be
seen in some of the KL blots (8). Results show that when compared with levels of homodimerization of KLWT, dimerization
of KLWT to KLVS and of KLVS to KLVS are reduced irrespective of the antibody used to pull down the interaction partners
(p ⬍ 0.05) (Fig. 5, A–D). KLVS dimerization to KLVS was
reduced compared with wild type confirming the results from
Fig. 5. The control immunoprecipitation also shows that these
results are not due to pull-down of the opposite tag by nonspecific antibody interactions (Fig. 5, E and F). Interestingly, these
results expand the Blue Native findings to suggest that regardless of binding partner, WT or VS, KLVS dimerizes less efficiently than WT.
Changes in Role of KL as FGF Co-Receptor—Changes in KL
ability to self-dimerize may impact its function alone or in combination with other binding partners. We used KL function as a
co-receptor with FGFR1c to transduce FGF23 signals (35–38)
as a model to determine whether the altered dimerization
capacity of KLVS could affect protein-protein interactions.
HEK 293 cells were co-transfected with KLWT or KLVS-GFP
and EV or FGFR1c-V5. Lysates were collected and the interaction of KL and FGFR1c was assessed by co-immunoprecipitation. A GFP antibody was used to pull down KLWT or VS and a
V5 antibody was used to pull down FGFR1c. After pull-down,
the amount of co-receptor was assessed by separating the
immunoprecipitated proteins on SDS-PAGE followed by
Western blotting for the interaction partner. Immunoprecipitation with either member of the complex showed a decrease in
interaction between KLWT and FGFR1c compared with KLVS
and FGFR1c (p ⬍ 0.05) (Fig. 6, A–D). Immunoprecipitation
with non-immune mouse IgG (mIgG) showed this was not due
to nonspecific antibody interactions (data not shown). These
data suggest that either the VS variant is a better binding partner for FGFR1 or that the KL monomer is needed to function as
a FGFR co-receptor.
Increased FGFR interaction would be predicted to impact
FGF23 signal transduction. To assess whether KLVS affects
FGF signaling, HEK 293 cells were transfected with KLWT or
KLVS. After transfection, recombinant FGF23 was added to
media overlaying cells. The resulting lysates were separated by
SDS-PAGE and analyzed for the levels of phosphorylated
(pERK) and total ERK (tERK), a kinase that is activated downstream of FGF23 receptor binding. Similar to the increase in
binding of KLVS to FGFR1c, there is also a significant increase
in ERK activation as measured by pERK/tERK expression
(p ⬍ 0.01) (Fig. 7, A and B). Together these data indicate that
while trafficking of the VS variant may be distinct from the
wild-type, the most profound alteration of this polymorphism would be in enhancing FGFR heterodimerization and
thus FGF23 signaling.
VOLUME 288 • NUMBER 51 • DECEMBER 20, 2013
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FIGURE 5. KL homodimerization is altered by the presence of the VS variant. HEK 293 cells were co-transfected with combinations of wild-type and/or VS
KL containing either a V5 or GFP tag. Resulting lysates were assessed for differences in dimerization using co-immunoprecipitation (A) Western blot for GFP
shows KLGFP pulled down by interactions with co-expressed KLV5 variant through use of V5 beads. Non-precipitated lysate is shown as a control. B, bar graph
depicting fold changes across multiple experiments in amount of GFP-tagged KL immunoprecipitated by V5 beads normalized to non-precipitated lysate.
(Error bars are ⫾ S.E.; n ⫽ 3, *, p ⬍ 0.05, ANOVA). C, representative Western blot showing changes in pull-down of V5-tagged KL when associated with
GFP-tagged KL. Non-precipitated lysate is shown as a control. D, bar graph depicting fold changes in amount of V5-tagged KL immunoprecipitated by GFP
beads normalized to non-precipitated lysate (error bars are ⫾ S.E.; n ⫽ 3, *, p ⬍ 0.05, ANOVA). To assess whether there was any nonspecific pull-down between
the tags used for co-immunoprecipitation, HEK 293 cells were transfected with either KL-GFP or KL-V5. E, resulting KL-V5 lysates were pulled down with GFP
antibody and then were probed by Western blotting for presence of KL-V5 in the pull-down. No nonspecific pull-down of KL-V5 was seen. Non-precipitated
KL-V5 lysate is shown as control. F, resulting KL-GFP lysates were pulled down with V5 antibody and then were probed by Western blotting for presence of
KL-GFP in the pull-down. No nonspecific pull-down of KL-GFP was seen. Non-precipitated KL-GFP lysate is shown as control. The presence of KLVS in KL dimers
leads to an overall decrease in dimerization even if KLWT is present in the dimer.

DISCUSSION
In mice, KL deficiency results in a profound phenotype that
shortens lifespan and dramatically impacts the normal function
of nearly every organ system. To determine whether KL affects
human lifespan and disease development, studies have focused
on identifying polymorphisms that correlate with alterations in
disease risk. Polymorphisms were identified in both coding and
noncoding regions of the KL gene using either GWAS or by
case studies identifying patients with unique mutations. One
such case study identified the H193R polymorphism in a
13-year-old girl who presented with severe soft tissue and vascular calcifications and abnormalities in mineral homeostasis.
The H193R polymorphism causes a decrease in the affinity of
KL for FGF23 and FGFR1c (39). Although not a polymorphism,
in a second case study KL was overexpressed due to a chromosomal translocation causing hyperphosphatemic rickets and
DECEMBER 20, 2013 • VOLUME 288 • NUMBER 51

hyperparathyroidism (40). Although these dramatic changes in
KL function are the result of rare occurrences, it is clear that
extreme alteration of KL function is inconsistent with normal
healthy life. GWAS have revealed more common alterations in
KL that do not cause overt and disabling disease but do affect
disease risk. Two of these variants, G395A in the promoter
region and C1818T in exon 4 of KL, are associated with
increased risk of cardiovascular disease, priapism, nephropathy, osteoarthritis, diabetes, and increased bone mineral density (41– 49). Multiple studies have also shown an association of
KLVS with both longevity and disease risk. Although some do
not report an association with VS, the disparity between these
studies may be due to a number of differences including heterogeneity of the diseases and studied populations as well as different examined endpoints (25, 50 –52). Overall the effects of
these variants on disease risk suggest that further in-depth
JOURNAL OF BIOLOGICAL CHEMISTRY
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FIGURE 6. KLVS enhances interaction with FGFR1c. HEK 293 cells transiently transfected with FGFR1c-V5 (FGFR) and either empty vector (EV), wild type (WT),
or mutant (VS) KL with (C-D) or without (A-B) a GFP tag. A, Western blot showing samples that were pulled down with V5 beads to isolate FGFR1c-V5 and probed
for KL presence. Ten percent of IP was probed for FGFR-V5 presence to show equal immunoprecipitation. B, bar graph depicting fold change across multiple
experiments in immunoprecipitation of KL normalized to IgG (error bars are ⫾ S.E.; n ⫽ 3, *, p ⬍ 0.05). C, Western blot of representative samples that were pulled
down with GFP beads to isolate KL and probed for FGFR1c-V5 presence. Ten percent of IP was probed for KL presence to show equal immunoprecipitation
(* marks nonspecific band seen in EV transfection). D, bar graph depicting fold change across multiple experiments in immunoprecipitation of FGFR1c-V5
normalized to IgG (error bars are ⫾ S.E.; n ⫽ 3, *, p ⬍ 0.05, **, p ⬍ 0.01).

examination of their actions may lead to a better understanding
of KL function in humans.
Most of the GWAS studies examining the KLVS are focused
on disease risk and do not attempt to examine mechanisms
behind these risk changes. Consistent with our findings of
altered shedding, the first study to examine mechanism indicated that the VS polymorphism does change the function of
the protein (22). To do so, Arking et al. transfected the KL1
domain into HeLa cells and examined protein secretion. KLV
led to a decrease in secretion while the expression of KLS and
the combination of both substitutions led to an increase in
secretion. This study also showed that the F352V substitution
alone lead to a decrease in the enzymatic activity of KL1
through measuring the activity of a KL paralog with a corresponding amino acid substitution (22). However, the use of the
KL1 domain alone is non physiologic as KL1 is only detected at
the mRNA level and has been identified as a target for nonsense-mediated mRNA decay by NCBI (reference sequence:
NM_153683.2).3 A second study examining KLVS mechanism
also showed that the full-length KLV variant alone did not have
the same growth inhibitory effect as KLWT in breast cancer
cells (28).
We sought to confirm and expand upon the earlier studies to
better understand the mechanism by which KLVS confers disease risk. To do so we generated full-length, transmembrane KL
constructs containing the amino acid substitutions alone (V or
S) and together (VS), as the full-length construct is the most
3

Database, N. N. NM_153683.2. National Center for Biotechnology Information, U.S. National Library of Medicine 8600 Rockville Pike, Bethesda MD,
20894.
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physiologically relevant form. Our initial assumption was that
each individual substitution would contribute unique changes
that were magnified or diminished when put together. As such,
the F352V and C370S substitutions were anticipated to allow us
to isolate the unique contribution of each substitution alone.
Our results revealed that KLV did lead to alterations in shedding similar to that of KL1 (Fig. 2), which could be explained by
the decreased half-life of the V variant (Fig. 3). Despite these
changes in the individual variants, the F352V and C370S substitutions alone are not physiologically relevant because the
changes observed individually are affected by intragenic complementation when the substitutions are together in the VS, as
was also observed by Arking et al. (22). This suggests that the
presence of the S variant is capable of correcting for the changes
in processing the V variant causes.
Prior to our work, no functional changes have been described
as unique to the KLVS isoform. In attempting to provide an
answer as to why the KLVS would change protein function
sufficient to alter disease risk we examined dimerization and
FGF23 signaling. Dimerization is often necessary for proper
trafficking and function of transmembrane proteins (31).
Because KL is known to form dimers or higher oligomers in the
blood and CSF (7, 8) it is plausible that the VS variant may lead
to differences in dimerization, which could explain the alterations in function. This hypothesis was confirmed by the
results in this study that show KLV leads to decreased monomers and increased dimers, while KLS and KLVS have
increased monomers and decreased dimers (Fig. 5). This
decreased homodimerization could be due to the loss of the
cysteine at amino acid 370. Cysteines are known to be important for the formation of disulfide bonds, which are critical in
VOLUME 288 • NUMBER 51 • DECEMBER 20, 2013
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FIGURE 7. KLVS enhances FGF23 signal transduction. HEK 293 cells transiently transfected with KLWT or KLVS were treated with FGF23 to activate
FGFR1c signaling. A, representative Western blot showing differences in ERK
phosphorylation compared with total expression of ERK after transfection of
KLWT or KLVS. B, bar graph depicting fold change across multiple independent experiments in ERK phosphorylation normalized to total ERK expression
(error bars are ⫾ S.E.; n ⫽ 3, *, p ⬍ 0.05).

proper folding of proteins (54) and can play crucial roles in
dimerization (55–58). In fact, the cysteine at amino acid 370 is
predicted to form an intramolecular disulfide bond as determined by software designed to predict disulfide connectivity,
DiANNA (59). The S substitution counteracts KLV’s increase
in dimerization, which leads to a correction of KLV aberrant
shedding and half-life, but despite the normal processing of the
VS variant, its dimerization is significantly different from that
of KLWT. Co-immunoprecipitation studies analyzing the
dimerization of KL to itself in the presence and absence of the
VS variant suggest that this difference persists even when one
molecule of KLWT is present in the dimer (Fig. 5). Thus the
differences in disease risk seen between heterozygous and
homozygous expressers of KLVS are not due to variances in
dimerization. Interestingly, the presence of the higher glycosylated form of KL can be seen in the samples immunoprecipitated with V5 as well as in the lysate of the blot probed for V5.
The increased presence of the more glycosylated form could be
due to a difference in the recognition of glycosylated KL by the
various antibodies. Overall these findings suggest that despite
the correction of processing, the KLVS variant may still have
altered function through altered protein-protein interactions.
DECEMBER 20, 2013 • VOLUME 288 • NUMBER 51

KL interaction with FGFR as a co-receptor for FGF23 binding is the most well studied KL protein-protein interactions and
is critical in proper kidney function (60, 61). The KL activity as
an FGF co-receptor is vital to many of the hallmark functions
of KL as suggested by the similarities of the KL⫺/⫺ and
FGF23⫺/⫺ mice (35) and drastic changes in KL ability to bind
to FGFR can lead to devastating illness (H193R) (39). Thus, we
decided to determine whether KLVS would alter interaction
with FGFR1c and thus affect its subsequent FGF23 signaling
cascade. The increased level of monomers observed with KLVS
is associated with increased binding of KLVS and FGFR1c (Fig.
7). These results suggest that when KL is a homodimer, it is less
accessible to FGFR1c resulting in fewer interactions between
the two proteins. The decrease in dimerization seen with KLVS
frees up more KL monomer that can then complex with
FGFR1c leading to an increase in the number of interactions
(Fig. 7). In line with the changes in binding, we found that KLVS
also leads to an increase in downstream ERK activation. It is
possible that the increase in FGF23 signaling which can lead to
detrimental health effects such as hypophosphatemia, aberrant
vitamin D metabolism, impaired growth and rickets/osteomalacia (62) is, at least, partially responsible for the increased disease risk found in homozygous carriers of KLVS. Hypophosphatemia, for example, has been linked to both cardiovascular
disease and metabolic syndrome (53), which have both been
associated with KLVS homozygosity (21, 23–25). However, our
results do not explain why patients heterozygous for this polymorphism are often protected from disease, which could be due
to a possible difference in the amount of change in FGF23 signaling or due to another yet undiscovered alteration in KL signaling caused by the VS polymorphism.
The opposite effects of KL homodimerization and FGFR1c
binding (i.e. KL-FGFR1c heterodimerization) suggest that
alternate dimerization states of KL may be important for different functions of the protein. While our results suggest the
monomeric form of the protein may be critical for its transmembrane effects, the dimeric form may be necessary for
proper circulatory functions of KL. This is suggested by evidence that the shed form of KL is often reported as a dimer or
higher order oligomer (7, 8). It is also possible that KL dimerization regulates its transmembrane location therefore leading to
the differences in FGF23 signaling. If dimerization is a signal for
KL internalization and subsequent degradation, it could
explain the increased dimerization and decreased half-life of
KLV, which could lead to less KL on the plasma membrane
where it is important for both shedding and FGFR1c co-receptor activities. This is a possible explanation for why KLVS has
different effects on KL-KL dimerization compared with
KL-FGFR1c interactions. Further studies could use the changes
in dimerization of KLVS and other variants to determine which
functions of KL may require dimerization and how dimerization may play a role in KL internalization.
In humans the KLVS polymorphism is the result of a collection of 6 SNPs that always occur together. Our study focused on
the two SNPs that alter amino acids. We show alterations in
shedding and trafficking but the effects are small overall and
intragenic complementation may further minimize these
effects in vivo. Despite the ability of intragenic complementaJOURNAL OF BIOLOGICAL CHEMISTRY
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tion to allow proper trafficking of the VS variant, we have identified for the first time, KLVS specific changes in KL function
namely differences in the protein-protein interactions as illustrated by the dimerization and FGFR1c interaction and signaling experiments. Although we have identified clear KLVS
changes, it is likewise possible that the four other SNPs contribute to disease risk in ways we have not appreciated. As the SNPs
are near the intron/exon borders, splicing or splicing efficiency
could be affected by the SNPs. A small decrease in proper splicing coupled to dimerization or other protein binding changes
could compound to create a bigger problem than presently
appreciated. Further studies are ongoing to determine other
functions of KL that could be altered by the VS variant.
Acknowledgments—We thank Dr. Hal Dietz, Johns Hopkins University School of Medicine and Dr. Makoto Kuro-o, University of Texas
Southwestern for providing constructs used in these studies. Also, we
thank Dr. Christina Khodr for reading the manuscript and Dr. Howard Cabral for assistance in statistical analysis.

12.

13.

14.

15.

16.

17.

REFERENCES
1. Kuro-o, M., Matsumura, Y., Aizawa, H., Kawaguchi, H., Suga, T., Utsugi,
T., Ohyama, Y., Kurabayashi, M., Kaname, T., Kume, E., Iwasaki, H., Iida,
A., Shiraki-Iida, T., Nishikawa, S., Nagai, R., and Nabeshima, Y. I. (1997)
Mutation of the mouse klotho gene leads to a syndrome resembling ageing. Nature 390, 45–51
2. Duce, J. A., Podvin, S., Hollander, W., Kipling, D., Rosene, D. L., and
Abraham, C. R. (2008) Gene profile analysis implicates Klotho as an important contributor to aging changes in brain white matter of the rhesus
monkey. Glia 56, 106 –117
3. King, G. D., Rosene, D. L., and Abraham, C. R. (2012) Promoter methylation and age-related downregulation of Klotho in rhesus monkey. Age 34,
1405–1419
4. Kurosu, H., Yamamoto, M., Clark, J. D., Pastor, J. V., Nandi, A., Gurnani,
P., McGuinness, O. P., Chikuda, H., Yamaguchi, M., Kawaguchi, H., Shimomura, I., Takayama, Y., Herz, J., Kahn, C. R., Rosenblatt, K. P., and
Kuro-o, M. (2005) Suppression of aging in mice by the hormone Klotho.
Science 309, 1829 –1833
5. Yamamoto, M., Clark, J. D., Pastor, J. V., Gurnani, P., Nandi, A., Kurosu,
H., Miyoshi, M., Ogawa, Y., Castrillon, D. H., Rosenblatt, K. P., and
Kuro-o, M. (2005) Regulation of oxidative stress by the anti-aging hormone klotho. J. Biol. Chem. 280, 38029 –38034
6. Haruna, Y., Kashihara, N., Satoh, M., Tomita, N., Namikoshi, T., Sasaki,
T., Fujimori, T., Xie, P., and Kanwar, Y. S. (2007) Amelioration of progressive renal injury by genetic manipulation of Klotho gene. Proc. Natl. Acad.
Sci. U.S.A. 104, 2331–2336
7. Chen, C. D., Podvin, S., Gillespie, E., Leeman, S. E., and Abraham, C. R.
(2007) Insulin stimulates the cleavage and release of the extracellular domain of Klotho by ADAM10 and ADAM17. Proc. Natl. Acad. Sci. U.S.A.
104, 19796 –19801
8. Imura, A., Iwano, A., Tohyama, O., Tsuji, Y., Nozaki, K., Hashimoto, N.,
Fujimori, T., and Nabeshima, Y. (2004) Secreted Klotho protein in sera
and CSF: implication for post-translational cleavage in release of Klotho
protein from cell membrane. FEBS Lett. 565, 143–147
9. Lin, B. C., Wang, M., Blackmore, C., and Desnoyers, L. R. (2007) Liverspecific activities of FGF19 require Klotho ␤. J. Biol. Chem. 282,
27277–27284
10. Ogawa, Y., Kurosu, H., Yamamoto, M., Nandi, A., Rosenblatt, K. P., Goetz,
R., Eliseenkova, A. V., Mohammadi, M., and Kuro-o, M. (2007) ␤Klotho is
required for metabolic activity of fibroblast growth factor 21. Proc. Natl.
Acad. Sci. U.S.A. 104, 7432–7437
11. Kharitonenkov, A., Dunbar, J. D., Bina, H. A., Bright, S., Moyers, J. S.,
Zhang, C., Ding, L., Micanovic, R., Mehrbod, S. F., Knierman, M. D., Hale,
J. E., Coskun, T., and Shanafelt, A. B. (2008) FGF-21/FGF-21 receptor

36310 JOURNAL OF BIOLOGICAL CHEMISTRY

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

interaction and activation is determined by betaKlotho. J. Cell. Physiol.
215, 1–7
Liu, H., Fergusson, M. M., Castilho, R. M., Liu, J., Cao, L., Chen, J., Malide,
D., Rovira, II, Schimel, D., Kuo, C. J., Gutkind, J. S., Hwang, P. M., and
Finkel, T. (2007) Augmented Wnt signaling in a mammalian model of
accelerated aging. Science 317, 803– 806
Chang, Q., Hoefs, S., van der Kemp, A. W., Topala, C. N., Bindels, R. J., and
Hoenderop, J. G. (2005) The ␤-glucuronidase klotho hydrolyzes and activates the TRPV5 channel. Science 310, 490 – 493
Cha, S. K., Ortega, B., Kurosu, H., Rosenblatt, K. P., Kuro-O., M., and
Huang, C. L. (2008) Removal of sialic acid involving Klotho causes cellsurface retention of TRPV5 channel via binding to galectin-1. Proc. Natl.
Acad. Sci. U.S.A. 105, 9805–9810
Lu, L., Katsaros, D., Wiley, A., de la Longrais, I. A., Puopolo, M., and Yu, H.
(2008) Klotho expression in epithelial ovarian cancer and its association
with insulin-like growth factors and disease progression. Cancer Invest.
26, 185–192
Cha, S. K., Hu, M. C., Kurosu, H., Kuro-o, M., Moe, O., and Huang, C. L.
(2009) Regulation of renal outer medullary potassium channel and renal
K(⫹) excretion by Klotho. Mol. Pharmacol. 76, 38 – 46
Kusaba, T., Okigaki, M., Matui, A., Murakami, M., Ishikawa, K., Kimura,
T., Sonomura, K., Adachi, Y., Shibuya, M., Shirayama, T., Tanda, S., Hatta,
T., Sasaki, S., Mori, Y., and Matsubara, H. (2010) Klotho is associated with
VEGF receptor-2 and the transient receptor potential canonical-1 Ca2⫹
channel to maintain endothelial integrity. Proc. Natl. Acad. Sci. U.S.A.
107, 19308 –19313
Sopjani, M., Alesutan, I., Dërmaku-Sopjani, M., Gu, S., Zelenak, C., Munoz, C., Velic, A., Föller, M., Rosenblatt, K. P., Kuro-o, M., and Lang, F.
(2011) Regulation of the Na⫹/K⫹ ATPase by Klotho. FEBS Lett. 585,
1759 –1764
Maekawa, Y., Ishikawa, K., Yasuda, O., Oguro, R., Hanasaki, H., Kida, I.,
Takemura, Y., Ohishi, M., Katsuya, T., and Rakugi, H. (2009) Klotho suppresses TNF-␣-induced expression of adhesion molecules in the endothelium and attenuates NF-B activation. Endocrine 35, 341–346
Invidia, L., Salvioli, S., Altilia, S., Pierini, M., Panourgia, M. P., Monti, D.,
De Rango, F., Passarino, G., and Franceschi, C. (2010) The frequency of
Klotho KL-VS polymorphism in a large Italian population, from young
subjects to centenarians, suggests the presence of specific time windows
for its effect. Biogerontology 11, 67–73
Arking, D. E., Atzmon, G., Arking, A., Barzilai, N., and Dietz, H. C. (2005)
Association between a functional variant of the KLOTHO gene and highdensity lipoprotein cholesterol, blood pressure, stroke, and longevity. Circ.
Res. 96, 412– 418
Arking, D. E., Krebsova, A., Macek, M., Sr., Macek, M., Jr., Arking, A.,
Mian, I. S., Fried, L., Hamosh, A., Dey, S., McIntosh, I., and Dietz, H. C.
(2002) Association of human aging with a functional variant of klotho.
Proc. Natl. Acad. Sci. U.S.A. 99, 856 – 861
Arking, D. E., Becker, D. M., Yanek, L. R., Fallin, D., Judge, D. P., Moy, T. F.,
Becker, L. C., and Dietz, H. C. (2003) KLOTHO allele status and the risk of
early-onset occult coronary artery disease. Am. J. Hum. Genet. 72,
1154 –1161
Majumdar, V., Nagaraja, D., and Christopher, R. (2010) Association of the
functional KL-VS variant of Klotho gene with early-onset ischemic stroke.
Biochem. Biophys. Res. Commun. 403, 412– 416
Majumdar, V., and Christopher, R. (2011) Association of exonic variants
of Klotho with metabolic syndrome in Asian Indians. Clin. Chim. Acta
412, 1116 –1121
Riancho, J. A., Valero, C., Hernández, J. L., Ortiz, F., Zarrabeitia, A.,
Alonso, M. A., Peña, N., Pascual, M. A., González-Macías, J., and Zarrabeitia, M. T. (2007) Association of the F352V variant of the Klotho gene
with bone mineral density. Biogerontology 8, 121–127
Zarrabeitia, M. T., Hernández, J. L., Valero, C., Zarrabeitia, A. L., Ortiz, F.,
Gonzalez-Macias, J., and Riancho, J. A. (2007) Klotho gene polymorphism
and male bone mass. Calcif Tissue Int. 80, 10 –14
Wolf, I., Laitman, Y., Rubinek, T., Abramovitz, L., Novikov, I., Beeri, R.,
Kuro-O, M., Koeffler, H. P., Catane, R., Freedman, L. S., Levy-Lahad, E.,
Karlan, B. Y., Friedman, E., and Kaufman, B. (2010) Functional variant of
KLOTHO: a breast cancer risk modifier among BRCA1 mutation carriers

VOLUME 288 • NUMBER 51 • DECEMBER 20, 2013

Molecular Characterization of the KL VS Polymorphism
of Ashkenazi origin. Oncogene 29, 26 –33
29. Laitman, Y., Kuchenbaecker, K. B., Rantala, J., Hogervorst, F., Peock, S.,
Godwin, A. K., Arason, A., Kirchhoff, T., Offit, K., Isaacs, C., Schmutzler,
R. K., Wappenschmidt, B., Nevanlinna, H., Chen, X., Chenevix-Trench,
G., Healey, S., Couch, F., Peterlongo, P., Radice, P., Nathanson, K. L.,
Caligo, M. A., Neuhausen, S. L., Ganz, P., Sinilnikova, O. M., McGuffog, L.,
Easton, D. F., Antoniou, A. C., Wolf, I., and Friedman, E. (2012) The
KL-VS sequence variant of Klotho and cancer risk in BRCA1 and BRCA2
mutation carriers. Breast Cancer Res. Treat. 132, 1119 –1126
30. Fimbel, S., Déchaud, H., Grenot, C., Tabard, L., Claustrat, F., Bador, R., and
Pugeat, M. (1995) Use of non-radioactive labels for half-life measurement
of sex hormone-binding globulin in the rabbit. Steroids 60, 686 – 692
31. Hurtley, S. M., and Helenius, A. (1989) Protein oligomerization in the
endoplasmic reticulum. Annu. Rev. Cell Biol. 5, 277–307
32. Pelham, H. R. (1989) Control of protein exit from the endoplasmic reticulum. Annu. Rev. Cell Biol. 5, 1–23
33. Li, W., and Stanley, E. R. (1991) Role of dimerization and modification of
the CSF-1 receptor in its activation and internalization during the CSF-1
response. EMBO J. 10, 277–288
34. Wang, Q., Villeneuve, G., and Wang, Z. (2005) Control of epidermal
growth factor receptor endocytosis by receptor dimerization, rather than
receptor kinase activation. EMBO Rep. 6, 942–948
35. Kurosu, H., Ogawa, Y., Miyoshi, M., Yamamoto, M., Nandi, A., Rosenblatt,
K. P., Baum, M. G., Schiavi, S., Hu, M. C., Moe, O. W., and Kuro-o, M.
(2006) Regulation of fibroblast growth factor-23 signaling by klotho.
J. Biol. Chem. 281, 6120 – 6123
36. Urakawa, I., Yamazaki, Y., Shimada, T., Iijima, K., Hasegawa, H., Okawa,
K., Fujita, T., Fukumoto, S., and Yamashita, T. (2006) Klotho converts
canonical FGF receptor into a specific receptor for FGF23. Nature 444,
770 –774
37. Goetz, R., Beenken, A., Ibrahimi, O. A., Kalinina, J., Olsen, S. K., Eliseenkova, A. V., Xu, C., Neubert, T. A., Zhang, F., Linhardt, R. J., Yu, X., White,
K. E., Inagaki, T., Kliewer, S. A., Yamamoto, M., Kurosu, H., Ogawa, Y.,
Kuro-o, M., Lanske, B., Razzaque, M. S., and Mohammadi, M. (2007)
Molecular insights into the klotho-dependent, endocrine mode of action
of fibroblast growth factor 19 subfamily members. Mol. Cell. Biol. 27,
3417–3428
38. Wu, X., Lemon, B., Li, X., Gupte, J., Weiszmann, J., Stevens, J., Hawkins,
N., Shen, W., Lindberg, R., Chen, J. L., Tian, H., and Li, Y. (2008) C-terminal tail of FGF19 determines its specificity toward Klotho co-receptors.
J. Biol. Chem. 283, 33304 –33309
39. Ichikawa, S., Imel, E. A., Kreiter, M. L., Yu, X., Mackenzie, D. S., Sorenson,
A. H., Goetz, R., Mohammadi, M., White, K. E., and Econs, M. J. (2007) A
homozygous missense mutation in human KLOTHO causes severe tumoral calcinosis. J. Musculoskelet. Neuronal Interact. 7, 318 –319
40. Brownstein, C. A., Adler, F., Nelson-Williams, C., Iijima, J., Li, P., Imura,
A., Nabeshima, Y., Reyes-Mugica, M., Carpenter, T. O., and Lifton, R. P.
(2008) A translocation causing increased ␣-klotho level results in hypophosphatemic rickets and hyperparathyroidism. Proc. Natl. Acad. Sci.
U.S.A. 105, 3455–3460
41. Rhee, E. J., Oh, K. W., Yun, E. J., Jung, C. H., Lee, W. Y., Kim, S. W., Baek,
K. H., Kang, M. I., and Park, S. W. (2006) Relationship between polymorphisms G395A in promoter and C1818T in exon 4 of the KLOTHO gene
with glucose metabolism and cardiovascular risk factors in Korean
women. J. Endocrinol. Invest. 29, 613– 618
42. Kawano, K., Ogata, N., Chiano, M., Molloy, H., Kleyn, P., Spector, T. D.,
Uchida, M., Hosoi, T., Suzuki, T., Orimo, H., Inoue, S., Nabeshima, Y.,
Nakamura, K., Kuro-o, M., and Kawaguchi, H. (2002) Klotho gene polymorphisms associated with bone density of aged postmenopausal women.
J. Bone Miner Res. 17, 1744 –1751
43. Rhee, E. J., Oh, K. W., Lee, W. Y., Kim, S. Y., Jung, C. H., Kim, B. J., Sung,
K. C., Kim, B. S., Kang, J. H., Lee, M. H., Kim, S. W., and Park, J. R. (2006)
The differential effects of age on the association of KLOTHO gene poly-

DECEMBER 20, 2013 • VOLUME 288 • NUMBER 51

morphisms with coronary artery disease. Metabolism 55, 1344 –1351
44. Ogata, N., Matsumura, Y., Shiraki, M., Kawano, K., Koshizuka, Y., Hosoi,
T., Nakamura, K., Kuro-O, M., and Kawaguchi, H. (2002) Association of
klotho gene polymorphism with bone density and spondylosis of the lumbar spine in postmenopausal women. Bone 31, 37– 42
45. Mullin, B. H., Wilson, S. G., Islam, F. M., Calautti, M., Dick, I. M., Devine,
A., and Prince, R. L. (2005) Klotho gene polymorphisms are associated
with osteocalcin levels but not bone density of aged postmenopausal
women. Calcif. Tissue Int. 77, 145–151
46. Shimoyama, Y., Nishio, K., Hamajima, N., and Niwa, T. (2009) KLOTHO
gene polymorphisms G-395A and C1818T are associated with lipid and
glucose metabolism, bone mineral density and systolic blood pressure in
Japanese healthy subjects. Clin. Chim. Acta 406, 134 –138
47. Nolan, V. G., Baldwin, C., Ma, Q., Wyszynski, D. F., Amirault, Y., Farrell,
J. J., Bisbee, A., Embury, S. H., Farrer, L. A., and Steinberg, M. H. (2005)
Association of single nucleotide polymorphisms in klotho with priapism
in sickle cell anaemia. Br. J. Haematol. 128, 266 –272
48. Shimoyama, Y., Taki, K., Mitsuda, Y., Tsuruta, Y., Hamajima, N., and
Niwa, T. (2009) KLOTHO gene polymorphisms G-395A and C1818T are
associated with low-density lipoprotein cholesterol and uric acid in Japanese hemodialysis patients. Am. J. Nephrol. 30, 383–388
49. Ko, G. J., Lee, E. A., Jeon, U. S., Pyo, H. J., Chin, H. J., Chae, D. W., Kim, S.,
and Kwon, Y. J. (2012) The association of Klotho polymorphism with
disease progression and mortality in IgA nephropathy. Kidney Blood Press
Res. 36, 191–199
50. Freathy, R. M., Weedon, M. N., Melzer, D., Shields, B., Hitman, G. A.,
Walker, M., McCarthy, M. I., Hattersley, A. T., and Frayling, T. M. (2006)
The functional “KL-VS” variant of KLOTHO is not associated with type 2
diabetes in 5028 UK Caucasians. BMC Med. Genet. 7, 51
51. Low, A. F., O’Donnell, C. J., Kathiresan, S., Everett, B., Chae, C. U., Shaw,
S. Y., Ellinor, P. T., and MacRae, C. A. (2005) Aging syndrome genes and
premature coronary artery disease. BMC Med. Genet. 6, 38
52. Tangri, N., Alam, A., Wooten, E. C., and Huggins, G. S. (2011) Lack of
association of Klotho gene variants with valvular and vascular calcification
in Caucasians: a candidate gene study of the Framingham Offspring Cohort. Nephrol. Dial Transplant 26, 3998 – 4002
53. Brunelli, S. M., and Goldfarb, S. (2007) Hypophosphatemia: clinical consequences and management. J. Am. Soc. Nephrol. 18, 1999 –2003
54. Creighton, T. E. (1978) Experimental studies of protein folding and unfolding. Prog. Biophys. Mol. Biol. 33, 231–297
55. Banerjee, R. R., and Lazar, M. A. (2001) Dimerization of resistin and resistin-like molecules is determined by a single cysteine. J. Biol. Chem. 276,
25970 –25973
56. Romano, C., Yang, W. L., and O’Malley, K. L. (1996) Metabotropic glutamate receptor 5 is a disulfide-linked dimer. J. Biol. Chem. 271,
28612–28616
57. Boyson, J. E., Erskine, R., Whitman, M. C., Chiu, M., Lau, J. M., Koopman,
L. A., Valter, M. M., Angelisova, P., Horejsi, V., and Strominger, J. L. (2002)
Disulfide bond-mediated dimerization of HLA-G on the cell surface. Proc.
Natl. Acad. Sci. U.S.A. 99, 16180 –16185
58. Scheuermann, S., Hambsch, B., Hesse, L., Stumm, J., Schmidt, C., Beher,
D., Bayer, T. A., Beyreuther, K., and Multhaup, G. (2001) Homodimerization of amyloid precursor protein and its implication in the amyloidogenic
pathway of Alzheimer’s disease. J. Biol. Chem. 276, 33923–33929
59. Ferrè, F., and Clote, P. (2005) DiANNA: a web server for disulfide connectivity prediction. Nucleic Acids Res. 33, W230 –232
60. Hu, M. C., Kuro-O, M., and Moe, O. W. (2013) Klotho and chronic kidney
disease. Contrib. Nephrol. 180, 47– 63
61. Olauson, H., and Larsson, T. E. (2013) FGF23 and Klotho in chronic kidney disease. Curr. Opin Nephrol Hypertens. 22, 397– 404
62. Martin, A., David, V., and Quarles, L. D. (2012) Regulation and function of
the FGF23/klotho endocrine pathways. Physiol. Rev. 92, 131–155

JOURNAL OF BIOLOGICAL CHEMISTRY

36311

