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Klotho Variants and Chronic Hemodialysis Mortality
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ABSTRACT: Patients with end-stage renal disease (ESRD) suffer exceptionally high mortality rates in their
first year of chronic hemodialysis. Both vitamin D and fibroblast growth factor (FGF)-23 levels correlate with
survival in these patients. Klotho is a protein in the vitamin D/FGF-23 signaling pathway that has been linked
with accelerated aging and early mortality in animal models. We therefore hypothesized that genetic vari-
ation in the Klotho gene might be associated with survival in subjects with ESRD. We tested the association
between 12 single nucleotide polymorphisms (SNPs) in the Klotho gene and mortality in a cohort of ESRD
patients during their first year on hemodialysis (n = 1307 white and Asian). We found a significant association
between the CC genotype of one tag SNP, rs577912, and increased risk for 1-yr mortality (RR, 1.76;95% CI,
1.19-2.59; p = 0.003). This effect was even more marked among patients who were not treated with activated
vitamin D supplementation (HR, 2.51; 95% CI, 1.18-5.34; p = 0.005). In lymphoblastoid cell lines derived
from HapMap subjects, the CC genotype was associated with a 16-21% lower Klotho expression compared
with the AA/AC genotype. Our data suggest that a specific Klotho variant (rs577912) is linked to survival in
ESRD patients initiating chronic hemodialysis and that therapy with activated vitamin D may modify this risk.
J Bone Miner Res 2009;24:1847-1855. Published online on May 4, 2009; doi: 10.1359/JBMR.090516

Key words: Klotho, hemodialysis, mortality, vitamin D, fibroblast growth factor-23, HapMap, end-stage
renal disease, polymorphism

Address correspondence to: Ravi Thadhani, MD, MPH, Bullfinch 127, Massachusetts General Hospital, 55 Fruit Street,
Boston, MA 02114, USA, E-mail: rthadhani@partners.org

(6-11)

INTRODUCTION lipoprotein (HDL) cholesterol, and blood pressure.

Rare loss-of-function mutations in the Klotho gene in hu-

PPROXIMATELY 350,000 PATIENTS WITH end-stage renal
disease (ESRD) undergo maintenance hemodialysis
in the United States.! Incident hemodialysis patients
suffer from a 1-yr mortality of ~20%.%") Whereas much
of the high death risk in ESRD may be caused by elevations
in traditional risk factors, there is coherent evidence that
nontraditional and perhaps genetic risk factors are of par-
ticular relevance.®
Klotho seems to modulate aging in mice and humans.
Mice null for the a-Klotho gene have early appearance of
aging-related phenotypes including vascular calcification,
osteoporosis, hypogonadism, muscle atrophy, and mark-
edly shortened lifespan.®* Conversely, a-Klotho trans-
genic mice have increased longevity.®) Associations with
Klotho polymorphisms in humans have been reported for
diseases such as osteoporosis, stroke, coronary artery dis-
ease, and longevity, and traits such as BMD, high-density
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mans lead to a syndrome including severe vascular calci-
fication with normal renal function.' More recently, a
gain-of-function mutation in the Klotho gene has been
linked with severe hypophosphatemic rickets and hyper-
parathyroidism in humans.'>

Klotho encodes a type I cell surface protein with an ex-
tracellular domain that can be released as a cleavage pro-
duct. Klotho participates in complex reciprocal interac-
tions with vitamin D and fibroblast growth factor (FGF)-
23. Together with the FGF receptor, Klotho constitutes the
functional receptor for FGF-23, a major phosphaturic
hormone.""¥ a-Klotho-null mice have elevated levels of
1,25 dihydroxyvitamin D [1,25(OH),Ds], because a-Klotho
decreases 1-a-hydroxylase activity in the kidney."'> Many
symptoms of a-Klotho—null mice or the similar FGF-null
mouse phenotype can be reversed by concurrent ablation of
the 1-a-hydroxylase gene, a vitamin D-deficient diet, or
most markedly by restriction of dietary phosphate.(ls’lﬁ)
Importantly, administration of 1,25(OH),D3, a factor cor-
related with improved survival in ESRD patients, induces
elevated expression of a-Klotho in mice.'’”” FGF-23 also
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seems to upregulate Klotho,"™® and FGF-23 levels rise
dramatically in the setting of Klotho deficiency, likely be-
cause of loss of feedback inhibition. Elevated FGF-23 levels
are associated with increased mortality in incident hemodi-
alysis patients,(lg) which may implicate low Klotho levels as
the intermediary mechanism. This integration with vitamin
D and FGF-23 biology, both known factors in mortality on
hemodialysis, suggests that Klotho may be part of a causal
pathway in survival of ESRD patients.

To determine whether Klotho gene polymorphisms
might impact survival in ESRD patients on hemodialysis,
we tested SNPs in the Klotho gene for association with
improved survival in ESRD patients. We thereafter asked
how active vitamin D supplementation and mineral pa-
rameters modify the effects of these SNPs. Finally, we
showed that the SNP with the strongest association to
mortality directly correlates with Klotho mRNA levels in
human cell lines.

MATERIALS AND METHODS
Study population

ArMORR, Accelerated Mortality on Renal Replace-
ment, is a nationally representative prospective cohort
study of 10,044 incident hemodialysis patients throughout
the United States, which has been previously described in
detail.1*?” Remnant whole blood samples from 2490
random ArMORR subjects were available for DNA ex-
traction and establishment of the ArMORR DNA Re-
pository, which was approved by the Institutional Review
Board of the Massachusetts General Hospital. The need
for informed consent was waived because of the use of
remnant samples and the irreversible removal of all per-
sonal identifiers (including all direct or indirect links to
personal identifiers) and clinical information from samples
before entry into the repository. Remnant blood samples
for additional testing of novel biomarkers (e.g., FGF-23)
were not available in this population. Information on ex-
posures and clinical outcomes collected in ATMORR(192?)
and adequate quality DNA were available for 1865 total
subjects.

DNA extraction

Genomic DNA from 3-4 ml of remnant whole blood
stored in PaxGene tubes was extracted following an
adapted PreAnalytix protocol using a Qiagen AutoPure
extraction robot (Harvard Partners Center for Genetics
and Genomics, Cambridge, MA, USA). The DNA quality
was assessed with 260/280 OD ratios in all samples.

SNP selection

Fourteen tag SNPs were selected using the Tagger algo-
rithm  (http://www.broad.mit.edu/mpg/tagger/server.html).
We used multimarker tagging mode to select tag SNPs
that would capture common HapMap variants (minor
allele frequency [MAF] > 0.05) within the Klotho gene
sequence (Chr13: 32488571..32538279) with #* > 0.8 (actual
7 = 0.86-0.99). The 14 SNPs capture 100% of HapMap
variation in whites (CEU), 84% Chinese from Beijing and
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Japanese from Tokyo (CHB+JPT), and 32% in Yoruba
from Nigeria (YRI) HapMap SNPs. Given the low tagging
efficiency for YRI HapMap SNPs, the differential
survival rates in black incident dialysis patients compared
with other populations,(lg) and to minimize population
stratification, we excluded black subjects from this study,
leaving 1307 subjects in the final analysis. The tagged SNP RS
numbers and sequences are listed in Supplementary Table 1.

SNP genotyping

Genotyping was performed using the Sequenom plat-
form. SNPs used in the study were required to meet the
following quality control criteria: (1) overall call rate
>94%, (2) discordance rate <3%, and (3) conformation to
Hardy-Weinberg equilibrium (HWE) among controls.
Genotyped SNPs that failed any of these three criteria
were excluded from subsequent analyses. Quality control
data for all SNPs are shown in Supplementary Table 2.
Twelve tag SNPs passed quality control criteria, with av-
erage call rates >99%. These 12 tag SNPs captured 84 % of
HapMap CEU SNPs (r* > 0.8) and 84% of CHB and JPT
SNPs (10 of 12 available, /* > 0.8), but only 28% (+* > 0.8)
of YRI SNPs. A subject was excluded if the proportion of
missing genotype data exceeded 20%.

Klotho gene expression

We used raw data generated by Stranger et al.?Y and
deposited at www.sanger.ac.uk/humgen/genevar, in which
210 HapMap cell lines were profiled for gene expression
levels. Genotypes for each subject were obtained from
www.hapmap.org. Gene expression levels for Klotho pol-
ymorphisms of interest were plotted against genotype for
each ancestral group: CEU, JPT, CHB, and YRI. When
homozygotes for the minor allele were too infrequent for
meaningful statistical analyses, they were pooled with
heterozygotes and compared with major allele homozy-
gotes. To pool data from all four ancestral groups into a
single group for analysis, Klotho expression levels were
normalized for ancestry such that each group’s average
gene expression level was equal. We used net expression
values to calculate percent difference between genotypes
and log2 normalized expression values to calculate statis-
tical significances. Linkage disequilibrium (LD) values and
diagrams were generated with Haploview.

Statistics

The primary exposure was Klotho variant, and the pri-
mary outcome was 1-yr mortality. Patient characteristics
according to each variant of interest were compared with
the use of Student’s t-test, the X2 test, or Fisher’s exact test,
as appropriate. The Cochrane-Armitage test was used to
test for trend associations. The RR and its 95% CI were also
calculated. Additive and dominant models were initially
used for the analyses, and when power was limited (e.g.,
small number of subjects with a specific genotype), domi-
nant models with combined groups were preferred.

We used Kaplan-Meier curves with log-rank tests to
examine 1-yr survival after initiation of hemodialysis
according to Klotho variant. Patients were censored when
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they discontinued dialysis as a result of recovery of renal
function or kidney transplantation or were lost to follow-up
because they transferred their care to a non-Fresenius
Medical (the source of all ArMORR subjects) Center.

After ensuring that the proportional hazards assumption
was not violated, we adjusted for potential confounders
with use of Cox regression analyses. Covariates included in
the Cox models have previously been found to be associ-
ated with mortality on dialysis®”: age (continuous), sex
(binary), race (categorical, white or other), etiology of
chronic renal failure (categorical, diabetes, hypertension,
glomerulonephritis, other), arteriovenous access (binary,
fistula/graft or catheter), baseline systolic blood pressure
(BP; continuous, in quantiles, and as a binary covariate
divided according to the median levels), body mass index
(continuous, in quantiles, and as a binary covariate divided
according to the median levels), blood levels of albumin
(continuous), white blood cell count (continuous), hemo-
globin (continuous), calcium (continuous), phosphorus
(continuous), and PTH (continuous, in quantiles, and as
a binary covariate divided according to the median levels).
The a-Klotho—null mice phenotype seems to be rescued by
low levels of 1,25-dihydroxyvitamin D or phosphate defi-
ciency'>19); therefore, we also examined the relationship
between Klotho variants and therapy with activated vita-
min D (as a time-dependent variable in Cox models), levels
of serum phosphate (continuous and binary, <6 versus >6
mg/dl), and whether subjects were treated with a phos-
phate binder at baseline.

In multivariable analyses, we formally tested the inter-
action between Klotho variant and covariates (variant X
covariate). When significant interaction was detected (p <
0.05) in univariate and multivariable-adjusted analyses
(inclusive of models with the variant and the covariate of
interest), we examined results from models stratified by
the covariate. Hardy-Weinberg equilibrium (HWE) was
examined for each variant using 1 df (>3.84) to indicate
statistical significance. Those variants that deviated from
HWE (p < 0.004 after Bonferroni correction for multiple
testing) were excluded from the analyses. We also exam-
ined the highly conservative Bonferroni correction to ad-
just significance values for the number of SNPs successfully
genotyped. For gene expression data, normalized (log2)
gene expression values were used for statistical analyses.
Statistical Analysis System (v 9.1; SAS Institute, Cary, NC,
USA) was used for all statistical analyses, and all p values
were two-sided.

RESULTS

The general characteristics of the study population are
shown in Table 1. The mean age, distribution of race, and
other clinical and laboratory characteristics resemble those
of larger populations in this same cohort (after exclusion
of blacks)* and the U.S. dialysis population in general.
In this cohort of 1307 incident dialysis subjects from
throughout the United States, the 1-yr mortality was 15.5%
(n =202).

Twelve common variants of the Klotho gene were ex-
amined in the population according to 1-yr mortality. Table
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TABLE 1. Baseline Characteristics (n = 1307)
Characteristic Value*
Age (yr) 68 + 12
Female (%) 41
Race (%)
White 89
Asian, Pacific Islander 1
Native American, Alaskan 1
Other 9
BMI (kg/m?) 27 +7
Etiology of ESRD (%)
Diabetes 48
Hypertension 30
Glomerulonephritis 9
Polycystic kidney disease 2
Other 11
Vascular access (%)

Catheter 64
Other 36
Systolic blood pressure (mmHg) 141 £ 22
Diastolic blood pressure (mmHg) 7112
Albumin (g/dl) 35+05
Calcium (mg/dl) 85+08
Phosphorus (mg/dl) 46+1.5

Bio-intact PTH (pg/ml)* 180 (103-304)

Hemoglobin (g/dl) 104 +1.3
Ferritin (ng/ml)* 184 (93-379)
Creatinine (mg/dl) 5.6+22
White blood cell count (cells/pl) 8.6 +3.1
Platelets (cells/dl) 226 + 89

* Values are mean + SD.
T Values are median and interquartile range (25-75%).

2 shows the results of the additive models and the level of
significance (unadjusted) for each variant among those that
died within 1 yr and those that did not. HWE was tested in
the controls, and none of the variants deviated from this
assumption (p > 0.05 for all variants; Supplementary Table 2).

Among the 12 tagging SNPs eligible for testing, only
rs577912 achieved a noteworthy level of significance (p =
0.005). The next most significant SNP was rs1888057, which
achieved a p value of 0.063. Given the low prevalence of
the AA genotype, we examined dominant models. Com-
pared with the AA/AC genotypes, the CC genotype was
associated with an increased risk for 1-yr mortality (RR,
1.76; 95% CI, 1.19-2.59; p = 0.003; Bonferroni-adjusted
p = 0.036). Table 3 shows the characteristics of the popula-
tion according to their rs577912 genotype. Baseline serum
levels of calcium, phosphate, and PTH were not signif-
icantly different between the two groups. In fact, only
serum ferritin levels—a measure of iron status and
inflammation—were significantly different. The frequency
of being treated with activated vitamin D was also not
significantly different between the groups (AA/AC, 75%
versus CC, 70%, p = 0.103).

The Kaplan-Meier survival analysis of the entire popu-
lation using the additive and dominant models are shown in
Figs. 1A and 1B., respectively. We performed Cox pro-
portional hazards analysis to determine whether the rela-
tionship between rs577912 genotype and mortality was
independent of potential confounders (age, sex, race [white
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TABLE 2. Allele Frequency

Deaths Non-deaths Trend
SNP Allele (%) (%) p value
1$562020 C/C 74 (37.8%) 447 (41.4%) 0.282
C/IT 93 (47.4%) 494 (45.8%)
T/T 29 (14.8%) 138 (12.8%)
15495392 G/IG 95 (47.5%) 555 (52.4%) 0.421
G/T 91 (45.5%) 421 (39.7%)
T/T 14 (7.0%) 84 (7.9%)
1s385564 C/IC 21 (10.7%) 120 (11.0%) 0.879
CIG 84 (42.6%) 446 (41.1%)
G/IG 92 (46.7%) 520 (47.9%)
18576404 G/IG 64 (32.8%) 395 (36.5%) 0.352
G/T 98 (50.3%) 517 (47.8%)
T/T 33 (16.9%) 169 (15.6%)
1s2283368  C/C 4 (2.1%) 8(0.7%) 0.376
T/C 40 (20.6%) 219 (20.2%)
T/T 150 (77.3%) 855 (79.0%)
152320762 G/G 26 (14.1%) 119 (11.4%) 0.364
G/T 87 (47.0%) 499 (47.6%)
T/T 72 (38.9%) 430 (41.0%)
1s9536282  C/C 141 (71.9%) 781 (72.5%) 0.957
C/IT 52 (26.5%) 271 (25.2%)
T/T 3(1.5%) 25 (2.3%)
1s580332 AlA 28 (14.6%) 155 (14.4%) 0.485
AT 99 (51.6%) 517 (48.1%)
T/T 65 (33.9%) 402 (37.4%)
18577912 A/A 3(1.5%) 24 (2.3%) 0.005
C/IA 33 (16.8%) 273 (26.0%)
C/IC 161 (81.7%) 754 (71.7%)
1s9536254  G/G 1(0.5%) 9 (0.8%) 0.647
G/T 25 (12.4%) 142 (13.1%)
T/T 175 (87.1%) 934 (86.1%)
18567170 C/IC 59 (30.6%) 395 (36.6%) 0.245
CIG 103 (53.4%) 512 (47.5%)
G/IG 31 (16.1%) 171 (15.9%)
rs1888057  C/C 140 (70.0%) 685 (63.4%) 0.063
CIT 54 (27.0%) 347 (32.1%)
T/T 6 (3.0%) 49 (4.5%)

versus other], etiology of chronic renal failure, arteriove-
nous access, baseline systolic BP, body mass index, therapy
with activated vitamin D, and baseline blood levels of al-
bumin, white blood cell count, ferritin, hemoglobin, cal-
cium, phosphorus, and PTH). In adjusted analyses, those
with the CC genotype showed a significantly increased risk
of 1-yr mortality (HR, 1.77; 95% CI, 1.20-2.62; p = 0.004).
The other covariates that remained significant in the ad-
justed analyses included age, systolic blood pressure, and
serum ferritin and albumin (all p < 0.05). Alternative
modeling strategies to examine the influence of potential
nonlinear relationships (e.g., as quantiles or as a binary
variable) with body mass index, systolic BP, and PTH
levels did not materially change (>10%) the point estimate
between the CC genotype and 1-yr mortality.

We next examined first-order interactions and found that
only the interaction term rs577912 variant X therapy with
activated vitamin D showed a statistically significant inter-
action (p = 0.041) in the fully adjusted model with both
terms also included. Interaction terms examining the
rs577912 variant and baseline categories of serum
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phosphate, baseline phosphate binder use, and baseline
levels of PTH did not reach statistical significance (p =
0.580, p = 0.180, and p = 0.360, respectively). In an effort to
further tease apart potential causal pathways, models with
and without serum minerals and PTH were examined, but
these analyses neither altered the point estimates or the
significance of the CC genotype and mortality.

Kaplan-Meier analysis stratified by therapy with acti-
vated vitamin D (Figs. 1C and 1D) showed a significant risk
of early mortality among untreated subjects with the CC
genotype. In the multivariable analysis conducted on all
treated subjects, the CC genotype was not significantly
associated with increased risk for early mortality (HR, 1.48;
95% CI, 0.93-2.37), whereas among all untreated subjects,
the risk among the CC subjects was markedly elevated
(HR, 2.51; 95% CI, 1.18-5.34, p = 0.005).

We examined the haplotype structure of the Klotho gene
on chromosome 13, both in HapMap populations and in
our ARMORR cohort. In the HapMap white, Japanese,
and Chinese subjects, there is high LD across the gene
region, whereas LD is markedly lower in subjects of Afri-
can ancestry (Figs. 2A-2C). This difference in LD between
populations suggests that rs577912 would serve as an ef-
fective tag SNP in white and Asian populations, but may be
far less effective in the black population in the United
States. Of note, the SNP (rs1888057) with the second best
correlation to dialysis mortality (p = 0.06) was the only tag
SNP in even modest LD (+* = 0.34) with rs577912 (Sup-
plementary Fig. 1).

We asked how rs577912, located in intron 1 of the Klotho
gene, might affect Klotho function. rs577912 is in strong
LD (+* > 0.9) with 11 other known SNPs in whites, although
neither the location of rs577912 or other SNPs in strong LD
with rs577912 suggested obvious functional consequences.
We next asked whether rs577912 was associated with
Klotho gene expression levels, testing this hypothesis in
lymphoblast cell lines from HapMap subjects who have all
been genotyped at rs577912. These cell lines included
subjects from four different ancestral groups. In each
group, cell lines from subjects who had either AA or AC at
15577912 expressed higher levels of Klotho mRNA com-
pared with cell lines from subjects with CC at rs577912.
Expression level differences ranged from 7% in Yorubans
to 36% in Chinese. Whites with either AA or AC had 27%
higher Klotho expression than those with CC at rs577912.

Given that each set of cell lines had limited statistical
power to detect differences independently, we pooled data
from all four ancestral groups. After pooling all groups, the
AA/AC subjects had 16% higher Klotho mRNA expres-
sion levels than CC subjects (p = 0.0045; Fig. 3). However,
analysis of LD maps showed that, whereas subjects of
European or Asian origin had strong LD in the region of
the Klotho gene, Yorubans had characteristically weaker
LD. Whereas rs577912 efficiently tagged 11 other SNPs in
whites (+* > 0.9), it tagged only 2 SNPs in those of African
ancestry, making it a much weaker proxy for potentially
functional SNPs. We analyzed the pooled expression data
without including Africans and found a stronger correla-
tion: AA/AC subjects had 21% higher Klotho mRNA ex-
pression than CC subjects (p = 0.0036).
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TABLE 3. Baseline Characteristics According to the rs577912 Genotype
Characteristic A/A and A/C* c/c* p

Age (yr) 69 +12 68 + 12 0.245
Female (%) 39 42 0.475
Race (%) 0.221

White 87 90

Asian, Pacific Islander 2 1

Native American, Alaskan 0 1

Other 11 8
BMI (kg/m?) 277 27 +7 0.195
Etiology of ESRD (%) 0.743

Diabetes 48 48

Hypertension 30 31

Glomerulonephritis 9 8

Polycystic kidney disease 1 2

Other 12 11
Vascular Access (%) 0.550

Catheter 65 63

Other 35 37
Systolic blood pressure (mmHg) 142 + 23 141 +22 0.470
Diastolic blood pressure (mmHg) 70 £13 70 £ 12 0.847
Albumin (g/dl) 35+05 35+0.5 0.415
Calcium (mg/dl) 85+0.9 85+08 0.982
Phosphorus (mg/dl) 47 +1.6 46+1.5 0.341
Bio-intact PTH (pg/ml)" 207 (114-372) 201 (117-351) 0.879
Hemoglobin (g/dl) 104 + 1.3 105+ 1.3 0.201
Ferritin (ng/ml)’ 187 (101-387) 208 (48-421) 0.040
Creatinine (mg/dl) 57+24 5.6+22 0.310
White blood cell count (cells/mcl) 8.7+31 8.6 +3.1 0.688
Platelets (cells/dl) 230 + 100 226 + 86 0.612

* Mean + SD.
T Values are median and interquartile range.

DISCUSSION

In this study, we identified a common variant in the
Klotho gene, 1s577912, associated with mortality in chronic
hemodialysis patients. A dominant model suggested that
the CC genotype conferred an excess risk of death com-
pared with the AA or AC genotypes. This excess risk was
most apparent in hemodialysis patients not treated with
activated vitamin D, and activated vitamin D supplemen-
tation seemed to nullify the risk differential. This specific
genotype was also associated with lower Klotho mRNA
expression in lymphoblast cell lines from HapMap subjects
genotyped at rs577912.

rs577912 is located in an intron, distant from any exons,
and does not itself have obvious functional significance.
However, rs577912 does tag 11 other SNPs in whites with
strong LD (+* > 0.9), any one of which could be a functional
SNP explaining the effect on hemodialysis mortality. Be-
cause none of these potentially functional SNPs changed
an amino acid in the Klotho protein, we suspected that a
functional SNP might quantitatively affect Klotho gene
expression at the mRNA level. We used gene expression
profiling data from the HapMap subjects to assess the
contribution of rs577912 to Klotho mRNA expression
levels. In all four ancestral groups, the risk CC genotype
was associated with a tendency toward lower Klotho

expression. In sum, cell lines with the AA and AC genotype
expressed 16% more Klotho than CC cell lines (p = 0.0045),
an effect that was stronger (21% increased expression, p =
0.0036) when blacks were not included in the analysis. Ex-
amination of the haplotype structures supports more pow-
erful tagging by rs577912 in white and Asian populations
than in African populations, so the improvement after ex-
clusion of Yoruban samples was not surprising. There are
currently no cell lines ideally suited to studying Klotho’s
complex biology, and the effect of genotype at 1s577912 on
Klotho gene expression might be substantially stronger in
vivo.

We also predict that rs577912 would show a better cor-
relation with hemodialysis mortality in whites (and Asians)
than in blacks. Whereas rs577912 tags 11 HapMap SNPs at
> 0.9 in whites, it only tags 2 SNPs at 7* > 0.9 in Africans,
meaning that a functional SNP may be successfully tagged
by rs577912 in whites but not in those with significant Af-
rican ancestry. This observation is typical of LD across the
genome, where LD blocks are longer in whites, with less
heterogeneity in each block, than Africans.

Although the Klotho gene is linked with the biology of
calcium, phosphorus, and PTH metabolism,®® we did not
observe significant effect modification or differences in
levels between our specific Klotho variant and these mea-
sures. The reasons for this include the possibility that
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human serum levels may not be reflective of cellular me-
tabolism, or we could not control for all potential con-
founders (e.g., diet, dialysis dose, binder use) that also af-
fect these levels. It also suggests that other mechanisms
linked with Klotho that have been recently uncovered in-
cluding interactions with insulin/IGF signaling, TRPV5
calcium channel function, oxidative stress, and Wnt sig-
naling, which may play a vital role in mortality.(5 2329 1p
this light, it was interesting to note that only serum ferritin,
a measure of inflammation,®® was significantly different
according to the rs577912 genotype. A recent study has
shown that activation of peroxisome proliferator-activated
receptor-y (PPARYy) with thiazolidinediones induces Klo-
tho gene expression,(27) which has raised the possibility that
Klotho may be involved in the PPARy-mediated anti-in-
flammatory responses.®® Furthermore, given the high
mortality burden in this patient population because of vas-
cular disease, it is tempting to speculate that Klotho is pro-
moting beneficial effects on vascular homeostasis unrelated
to blood mineral levels. Our evidence for interaction be-
tween Klotho and vitamin D, along with evidence that vi-
tamin D has direct effects on vascular health, makes a direct
vascular effect of Klotho another intriguing possibility.
a-Klotho—null mice have eclevated levels of FGF-23,
suggesting that Klotho is downstream of FGF-23 and there

is a failure of feedback inhibition in the o-Klotho—null
mouse. For this reason, the correlation between high FGF-
23 levels and mortality in hemodialysis patients as we re-
cently reported!” may be caused by high FGF-23 levels
acting as a surrogate marker for low Klotho levels. We did
not have remnant blood samples in this repository to
measure FGF-23 levels; however, this study included a
subset of subjects from the same population among whom
we found a strong relationship between serum FGF-23
levels and mortality.

a-Klotho—null mice have significantly elevated activity of
the 1-a-hydroxylase enzyme and subsequently 1,25 dihy-
droxyvitamin D levels, suggesting that vitamin D is also
upstream of Klotho and regulates Klotho levels, whereas
Klotho inhibits activated vitamin D production through a
classic feedback loop. We therefore tested for an interac-
tion with activated vitamin D therapy, first expecting it
would increase risk for early mortality among those with
the CC genotype (lower Klotho expression). Importantly,
the frequency of being treated with activated vitamin D
therapy was similar in the AA/AC versus CC groups,
supporting the finding that this variant does not lead to
dramatic changes in serum levels of PTH or minerals
(primary reasons to treat or withhold therapy with acti-
vated vitamin D therapy®”). In these analyses, among
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those treated with activated vitamin D therapy, the CC
genotype was not associated with increased risk of early
mortality. This suggested that activated vitamin D therapy
might well overwhelm the =20% difference in Klotho
levels because of variation at rs577912. Indeed, 1,25 dihy-
droxyvitamin D administration increases renal Klotho ex-
pression in mice.'”) Whereas interesting to speculate that
upregulation of renal Klotho by vitamin D may be an im-
portant mechanism underlying the mortality benefit of vi-
tamin D administration to hemodialysis patients, Klotho
expression in extrarenal tissues is low, and we did not have
measures of residual renal function in subjects for this
study. Future studies may test this hypothesis in other
populations, including those with chronic kidney disease
before initiation of dialysis.

Several studies have reported various phenotypes that
correlate with a Klotho haplotype called KL-VS, which
contains two coding polymorphisms in perfect LD. The two
individual polymorphisms seem to have opposite effects on
Klotho levels, neutralizing one another to some degree. In
our study, SNP rs9536282 tags these coding polymorphisms
but did not show any relationship to ESRD hemodialysis
mortality (p = 0.956).

CHB+JPT

FIG. 2. LD maps for a-Klotho in the white
(CEU), Asian (CHB+JPT), and African
(YRI) HapMap populations. These maps
show strong LD in the white and Asian
populations but much weaker LD in the Af-
rican population. Bright red indicates strong

Unlike genetic studies in diseases such as type 2 diabetes
or coronary artery disease, where many cohorts are avail-
able for replicating results, carefully phenotyped cohorts of
hemodialysis patients with archived genetic material are
rare. Whereas our p values for genetic association between
rs577912 and mortality are significant even after correction
for multiple hypotheses testing, genuine concern remains
that positive results may be caused by chance or unde-
tected bias (either in our epidemiologic or genetic ap-
proaches). For this reason, we performed in vitro gene
expression data based on genotype. Because the same SNP
was associated with both increased mortality and de-
creased Klotho expression levels (the expected Klotho—
mortality relationship based on mouse and human data),
we believe that the chance of a false-positive association is
low. Furthermore, this human study supports the elegant in
vivo and in vitro studies linking Klotho alterations and
accelerated mortality.(3’5) Nevertheless, we must acknowl-
edge that this study will need to be confirmed by subse-
quent replication as additional cohorts become available.
In addition, we would hope to find Klotho variants that are
informative in black patients, a task that will likely require
a larger number of patients and denser marker sets.
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FIG. 3. «-Klotho mRNA expression for different genotypes at
1s577912. (A) a-Klotho mRNA expression in 210 HapMap sub-
jects from four populations. (B) a-Klotho mRNA expression, ex-
cluding YRI subjects (N = 150). Subjects with the CC genotype at
15577912 have less Klotho mRNA expression than subjects with
AA or AC at rs577912.
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