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Abstract

Klotho (KL) expression is down-regulated in the renal tissues of chronic kidney disease (CKD) animal models and
patients with end-stage renal disease. The putative role of KL promoter hypermethylation in the progression of CKD
remains unclear. The present study aimed to determine renal and peripheral blood mononuclear cells (PBMC) levels
of KL promoter methylation and analyze their relationship with clinical and histological severity in patients with CKD.
Using bisulfite pyrosequencing, renal and PBMC levels of KL promoter methylation were quantified in 47 patients
with CKD. 47 nephrectomy specimens of patients with renal cell carcinoma and 48 PBMC specimens of healthy
volunteers were used as renal tissue and PBMC controls, respectively. Renal expression of KL protein was assayed
by immunohistochemistry staining. Receiver operating characteristic (ROC) curve was used to identify the optimal
cut-off value of PBMC KL promoter methylation level for renal KL promoter hypermethylation. Higher levels of KL
promoter methylation were observed in renal tissue and PBMC in patients with CKD compared with controls
(8.79±3.24 vs. 5.17±1.11%, P<0.001; 7.20±2.79 vs. 3.27±0.79%, P<0.001). In these patients, renal KL methylation
level correlated inversely with renal KL immunostaining intensity (ρ=-0.794, P<0.001). Estimated glomerular filtration
rate correlated inversely with renal and PBMC levels of KL promoter methylation (r=-0.829, P<0.001; r=-0.645,
P<0.001), while tubulointerstistial fibrosis score correlated positively (ρ=0.826, P<0.001; ρ=0.755, P<0.001). PBMC
KL promoter methylation level correlated positively with renal KL promoter methylation level in patients with CKD
(r=0.787, P<0.001). In ROC curve, the area under curve was 0.964 (P<0.001) and the optimal cut-off value was
5.83% with a sensitivity of 93.8% and specificity of 86.7% to predict renal KL promoter hypermethylation. The degree
of KL promoter methylation is associated with clinical and histological severity of CKD. PBMC KL promoter
methylation level may act as a potential biomarker of renal KL promoter hypermethylation.
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Introduction

Klotho (KL) is an antiaging gene, which encodes a single-
pass transmembrane protein that forms a complex with multiple
fibroblast growth factor 23 (FGF23) receptors. KL is most
abundant in the renal tubules [1]. KL knockout mice (KL-/-)
develop a syndrome resembling patients with chronic kidney
disease (CKD), such as shortened lifespan,
hyperphosphatemia, and multiple accelerated age-related
disorders including diffusive artery calcification [2]. Recent
studies have shown that KL could function as a renoprotective
factor [3,4]. KL expression is decreased in the renal tissues of
CKD animal models and patients with end-stage renal disease
[3,5]. KL expression can be inhibited by chronic circulating

stress factors, including oxidative stress, inflammation, uremic
toxins and disordered metabolic conditions which are common
in uremic status [6].

Sun et al [7] demonstrated that the two protein-bound uremic
toxins, namely indoxyl sulfate (IS) and p-cresyl sulfate (PCS),
could accelerate kidney fibrosis by decreasing KL expression in
renal tubules of uninephrectomized B-6 mice via CpG
hypermethylation of the KL gene. Specific inhibition of
deoxyribonucleic acid (DNA) methyltransferase isoform 1 by 5-
aza-2’-deoxycytidine could cause demethylation of the KL gene
and increase its expression [7]. Thus, inhibition of KL gene
expression correlates with gene hypermethylation, suggesting
that epigenetic modification of KL gene may be an important
pathological mechanism of uremia [7]. However, the putative
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role of KL promoter hypermethylation in the progression of
CKD is still not clear. Meanwhile, it has been reported that
peripheral blood mononuclear cells (PBMC) of patients with
CKD present a global DNA hypermethylation characteristics
[8]. However, the existence of PBMC KL promoter
hypermethylation in patients with CKD still remains unclear. In
the present study, the renal and PBMC levels of KL promoter
methylation were estimated and the relationship of KL promoter
methylation levels with clinical and histological severity in
patients with CKD was analyzed.

Materials and Methods

Subjects
The study was approved by the Clinical Research Ethical

Committee of Zhongshan Hospital, Shanghai Medical College,
Fudan University. All patients provided written informed
consent. The present study enrolled 47 patients with CKD, who
were aged between 18 and 75 years old and selected for renal
biopsy at the Department of Nephrology, Zhongshan Hospital
of Fudan University, Shanghai, China between April and
October 2012. Blood pressure of all patients was lower than
140/90mmHg. Patients with autoimmune diseases, vasculitis,
diabetes mellitus, liver cirrhosis, heart failure, acute coronary
syndrome, stroke, chronic infectious disease, malignant tumor,
previous dialysis, organ transplantation, rapid deterioration of
renal function in 3 months prior to the study, smoking habit and
previous glucocorticoid or immunosuppressant treatment were
excluded. Clinical data including serum creatinine and 24-hour
urinary protein excretion rate were recorded at the time of renal
biopsy. Estimated glomerular filtration rate (eGFR) was
calculated using the Modification of Diet in Renal Disease
formula (eGFR=175 x standardized serum creatinine-1154. x
age-0.203 x 0.741 [if Asian] x 0.742 [if female]) [9]. Additionally,
the normal renal cortex from the nephrectomy specimen of 47
age- and sex-matched patients with renal cell carcinoma (all
clear cell type) and PBMC from 48 age- and sex-matched
healthy subjects were considered as renal tissue and PBMC
controls, respectively.

Sample preparation and DNA extraction
Renal biopsy samples were obtained under ultrasound

guidance with a 16-gauge needle. All renal tissues were
evaluated by standard light microscopy to ensure that
specimens were mainly renal cortex and had at least ten
glomeruli. The microscopic procedure also confirmed that only
the normal renal cortex was used as renal tissue control. Only
those biopsies, which provided a sufficient sample for
performing both the standard pathologic examination and
molecular biology analysis, were considered for this study.
After renal biopsy, the specimens were immediately frozen in
liquid nitrogen and stored at -80°C until further processing.
Venous blood sample (10ml) was collected in
ethylenediaminetetraacetic acid tubes at 4°C before extraction.
PBMC were isolated by density gradient centrifugation with
Ficoll-Paque Plus (GE Healthcare, Piscataway, USA) as briefly
described below. Blood sample was mixed with phosphate
buffered saline (PBS) and transferred into a tube containing

Ficoll-Paque. After 30 min of centrifugation at 2000 rpm at
18°C, the PBMC layer was extracted, washed twice with
Hank's Balanced Salt Solution (Invitrogen, Cergy Pontoise,
France), and resuspended in PBS/fetal bovine serum (FBS)
(PBS with 4% FBS). After isolation, the cell pellets were stored
at -80°C until further processing. Renal tissues and whole
blood DNA were extracted using QIAamp DNA Mini kit
(Qiagen, Valencia, CA) and Qiagen DNA Blood Mini Kit
(Qiagen, Hilden, Germany), respectively; and they were stored
at -80°C until processing for analysis.

DNA methylation analyses by quantitative bisulfite
pyrosequencing

DNA methylation analyses were performed on bisulfite-
treated DNA using a quantitative assay based on polymerase
chain reaction (PCR)-pyrosequencing. Renal tissues and whole
blood DNA were treated with sodium bisulfite using EZ DNA
Methylation-Gold kit (Zymo Research, CA, USA) per
manufacturer's instructions. This process converted all
unmethylated cytosine to uracil, which could be recognized as
thymidine by Taq polymerase; and it did not affect methylated
cytosines. 500 ng of extracted DNA was used for this step. The
bisulfite-treated DNA was amplified using Qiagen PyroMark
PCR Kit (Qiagen, Hilden, Germany). The locations of CpG sites
that were evaluated in KL were identified as described in
previous reports [7,10]. The methylation percentage of 6 CpG
sites in KL (−432 to −401) was measured (Figure 1) and
hypermethylation of these sites had been reported to silence
gene expression [7]. The PCR products were amplified using
the following primers: F; GTGGGAGAAAAGTGAGAGTAG and
R: AAACCCTCAAATTCATTCTCTTTACCTACC-biotinylated.
The amplification was carried out as follows: denaturation at
94°C for 15 minutes; followed by 35 cycles each at 94°C for 30
seconds, at 58°C for 30 seconds, at 72°C for 300 seconds; and
a final extension at 72°C for 10 minutes. The PCR product was
checked by 1.5% agarose gel electrophoresis to confirm the
quality and size of the product and rule out the formation of
primer dimers. The specific PCR products were then subjected
to quantitative pyrosequencing analysis using a PyroMark™
Q96 MD Pyrosequencing System (Qiagen, Germany) per
manufacturer's instructions. The pyrosequencing primer for KL
was AAGTGAGAG TAGGTG. Non-CpG cytosine residues
were used to verify bisulfite conversion. The degree of
methylation in the CpG sites tested is expressed herein as the
percentage of methylated cytosines (mC) over the sum of
methylated and unmethylated cytosine residues. The reported
methylation levels are the averages of 6 CpG sites in KL
(Figure 2). Each marker was pyrosequenced in two replicates,
and the results were averaged. Based on normal samples and
internal quality controls, the cut-off value of renal and PBMC
KL promoter hypermethylation were set at 7.5% and 5.0%,
respectively; and CpG methylation above this limit was
considered as hypermethylated.

Renal KL immunohistochemistry staining
Immunohistochemistry staining for KL was performed using a

biotin-streptavidin-peroxidase method as described in a
previous report [11]. Rabbit anti-human KL (1:100 dilution;
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Abcam, Cambridge, UK) and biotinylated goat anti-rabbit
immunoglobulin G were used as primary and secondary
antibodies, respectively. Sections that were incubated with
non-immune rabbit serum instead of the primary antibodies
served as negative controls. All sections were stained under
identical conditions together with control incubation. Nuclei
were counterstained lightly with hematoxylin. The
immunoreactivity for KL was scored in a blind manner as
follows and was compared with the renal KL methylation levels:
0 for none, 1 for mild, 2 for moderate, and 3 for strong
immunostaining.

Assessment of renal tubulointerstitial fibrosis
Analysis of renal tubulointerstitial fibrosis was determined on

2μm paraffin-embedded sections stained by Periodic Acid-

Schiff. The severity of renal tubulointerstitial fibrosis was
scored by an experienced pathologist who was blinded to the
results of molecular biology studies. For tubulointerstitial
lesions, tubular atrophy and interstitial fibrosis were scored as
follows: 0 for absent, 1 for mild (involving <25% of the
interstitium and tubules), 2 for moderate (involving 25~50% of
the interstitium and tubules), and 3 for intense (involving >50%
of the interstitium and tubules). A final tubulointerstitial fibrosis
(TIF) score was obtained by adding these up and reported
between 0 and 6 [12].

Statistical analysis
All statistical analyses were performed using SPSS (version

17.0, SPSS Inc., Chicago, IL, USA). All the results were
presented in mean ± SD for normally distributed data, and

Figure 1.  Map of sequencing sites of the Klotho gene.  Exon and pyrosequencing positions are shown in top line. CpG
dinucleotides are shown in bottomline. Each short vertical bar represents a CpG site. The methylation levels of 6 CpG sites of
Klotho are determined.
doi: 10.1371/journal.pone.0079856.g001

Figure 2.  Pyrosequencing assay used to measure Klotho promoter methylation.  Methylation level is 12.17% in the renal
tissue of a chronic kidney disease patient. The percentage (%) (grey) is the proportion of cytosine at each CpG site after bisulfite
conversion, and the methylation level of each CpG site is estimated by the proportion of cytosine (%). The overall Klotho
methylation level is calculated as the average of the proportions of cytosine (%) at the 6 CpG sites. Arrows indicate no residual
cytosine at the non-CpG site, ensuring complete bisulfite conversion.
doi: 10.1371/journal.pone.0079856.g002
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median and inter-quartile range for the others. The data of 24-
hour proteinuria and eGFR were log transformed due to the
large range of values. Chi-square test and t test were used for
differences between groups. Correlation was assessed using
Pearson and Spearman analysis. Receiver operator
characteristic (ROC) curves were constructed to assess the
optimal cut-off value of PBMC KL promoter methylation level to
predict the renal KL promoter hypermethylation by calculating
the true positive rate (sensitivity) against the false-positive rate
(1-specificity). Statistical significance was set at P<0.05. All
significance tests were two-tailed.

Results

Characteristics of patients with CKD and controls
The demographic and clinical data of the study subjects are

summarized in Table 1. As compared to renal tissue and
PBMC controls, patients with CKD had significantly higher
levels of urinary protein excretion rate and lower eGFR. There
was no difference in age and gender between patients with
CKD and controls. The underling renal diseases of patients
with CKD were IgA nephropathy (n=22), focal segmental
glomerulosclerosis (n=8), crescentic nephritis (n=7), minor
lesions (n=4), membranous nephropathy (n=4),

membranoproliferative glomerulonephritis (n=1), and
hypertensive nephropathy (n=1).

Renal and PBMC levels of KL promoter methylation in
patients with CKD

Among 47 patients with CKD, KL promoter was
hypermethylated in renal tissue of 32 patients (68.09%) and
PBMC of 33 patients (70.21%). KL promoter of renal tissue and
PBMC control showed no characteristics of hypermethylation.
As compared to renal tissue control, patients with CKD had
higher renal level of KL promoter methylation (8.79±3.24 vs.
5.17±1.11%, P<0.001). Similarly, these patients had higher
PBMC level of KL promoter methylation than PBMC control
(7.20±2.79 vs. 3.27±0.79%, P<0.001). Figure 3 summarized
the comparison of methylation level between the patients with
CKD, renal tissue control, and PBMC control, which were
analyzed for the individual CpG islands of KL. The difference
was statistically significant for all 6 CpG sites (p < 0.001).

Correlation between renal KL methylation level and
renal KL immunostaining intensity

Immunohistochemistry staining of KL was performed using a
biotin-streptavidin-peroxidase method to examine correlation
between the level of renal KL methylation and renal Klotho
protein expression. This was performed in consecutive kidney

Table 1. Demographic and clinical data.

 Patients with CKD (n=47) Renal tissue control (n=47) PBMC control (n=48)
Male (%) 51.1 53.1 50.0
Age (year) 42.89±13.91 48.23±9.35 43.84±9.09
Urinary protein excretion rate (g/24h) 1.94 (IQR 0.85-3.48) 0.03(IQR0.00-0.19)* 0.01(IQR0.00-0.10)*
eGFR (ml/min/1.73m2) 31.30 (IQR13.59-60.52) 79.70(IQR70.74-101.35)* 101.09(IQR91.55-115.34)*

CKD, chronic kidney disease; eGFR, estimated glomerular filtration rate; PBMC, peripheral blood mononuclear cells.
Compared with CKD patients, * P<0.01.
doi: 10.1371/journal.pone.0079856.t001

Figure 3.  Comparison of methylation levels for 6 CpG islands of Klotho between patients with CKD and controls.  A: Renal
tissue; B: PBMC. Patients with CKD had higher renal and PBMC methylation levels for 6 CpG islands of Klotho than renal tissue
and PBMC control groups. mC%, percentage of methylated cytosines. Compared with the same CpG island of patients with CKD, *
P<0.001.
doi: 10.1371/journal.pone.0079856.g003
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sections obtained from patients with CKD. Representative
pictures of KL immunostaining are shown in Figure 4. KL
staining was detected mainly in the renal tubules. Renal KL
methylation level correlated inversely with renal KL
immunostaining intensity (ρ=-0.794, P<0.001) (Figure 4).

Correlation between KL promoter methylation levels
and clinical or histological parameters in patients with
CKD

In all the 47 patients with CKD, the renal level of KL promoter
methylation correlated inversely with eGFR (r=-0.829, P<0.001)
and correlated positively with TIF score (ρ=0.826, P<0.001)
(Figure 5). PBMC level of KL promoter methylation also
correlated inversely with eGFR (r=-0.645, P<0.001) and
correlated positively with TIF score (ρ=0.755, P<0.001) (Figure
5). No correlation was demonstrated between 24-hour
proteinuria and renal or PBMC level of KL promoter
methylation.

Correlation between renal and PBMC levels of KL
promoter methylation in patients with CKD

PBMC level of KL promoter methylation correlated positively
with renal level of KL promoter methylation (r=0.787, P<0.001)
in all the 47 patients with CKD (Figure 6). The ability of PBMC
KL promoter methylation level to predict renal KL promoter
hypermethylation was assessed. ROC curve had a highly
significant area under curve (AUC) (0.964, P<0.001). The
optimal cut-off value for renal KL promoter hypermethylation
showed a PBMC KL promoter methylation level of 5.83%. The
best combination of sensitivity and specificity was 93.8% and
86.7%, respectively (Figure 7).

Discussion

KL is originally identified as an aging suppressor [2]. Klotho
is expressed widely, but it is most abundant in the kidney
[13,14]. Renal KL messenger ribonucleic acid (mRNA) was
found to be lower in a 5/6 nephrectomy model and in
nephrectomy samples from patients with end-stage renal
disease [5,15,16]. A modest amelioration of proteinuria and

Figure 4.  Correlation between renal Klotho methylation level and renal Klotho immunostaining intensity in 47 patients with
CKD.  Immunostaining of consecutive kidney sections for Klotho in IgA nephropathy (A) and focal segmental glomerulosclerosis (B).
Magnification, x200. Arrows indicate the detection of Klotho mainly in renal tubules. The level of renal Klotho methylation correlated
inversely with renal Klotho staining score (C). mC%, percentage of methylated cytosines. ρ, Spearman correlation coefficient.
doi: 10.1371/journal.pone.0079856.g004
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renal function were observed when KL was overexpressed
genetically in the chronic glomerulonephritis model [3] or via
viral delivery in the chronic angiotension ii hypertension model
[17]. The same observations were also made in the
spontaneous hypertension model [18]. In a recent study, KL
was notably decreased in kidney and barely detectable in the
blood and urine of CKD model generated using
uninephrectomy plus ischemia-reperfusion injury in
contralateral kidney [19]. Patients with various stages of CKD
had lower levels of KL in their blood and urine. The magnitude
of decrease could correlate with the severity of decline in eGFR
[19-21]. All these review of literature could suggest that CKD is
a state of KL deficiency. The clear mechanism involved in the
decrease of KL expression in kidney diseases is presently
unknown, but this may potentially include ischemia, oxidative
stress, uremic toxins, inflammation, and disordered metabolic
conditions [6,13,22-24]. Sun et al [7] demonstrated inhibition of
KL gene expression by IS and PCS. Such an inhibition
correlated with gene hypermethylation, suggesting that
epigenetic modification of KL gene might be an important
mechanism for KL deficiency. However, the KL promoter
methylation level in patients with CKD remains unknown, and

the contribution of KL promoter hypermethylation to the
progression of CKD are currently still not clear.

The present study reported the elevation of both renal and
PBMC levels of KL promoter methylation in patients with CKD.
Renal KL methylation level correlated inversely with renal KL
protein expression. The study also demonstrated correlations
of renal and PBMC levels of KL promoter methylation with
eGFR and histological damage in patients with CKD,
suggesting a possible participation of KL promoter
hypermethylation in the pathophysiology of CKD. Many
mammalian gene promoters are rich in CpG dinucleotide
clusters known as CpG islands [25]. Covalent addition of a
methyl group to the 5-carbon position of the cytosine is
common throughout the genome, but when added to CpG
dinucleotides in promoter region, CpG islands generally leads
to loss of the associated gene expression [26]. KL promoter
hypermethylation can lead to decreased expression of KL
protein. The mechanisms by which KL protects kidney from
injury include antioxidation, antiapoptosis [23,24], and
antisenescence [3]. It was believed that KL functioned mainly, if
not uniquely, as a coreceptor for FGF23 binding to FGF
receptor 1. FGF23 signal transduction generally requires
transmembrane KL as a coreceptor [27,28]. Patients with CKD

Figure 5.  Correlation between Klotho promoter methylation levels and eGFR (A, C) or tubulointerstitial fibrosis (B,
D).  Renal and PBMC levels of Klotho promoter methylation were found to correlate inversely with eGFR and correlate positively
with tubulointerstitial fibrosis score. ln eGFR, log-transformed eGFR. mC%, percentage of methylated cytosines. r, Pearson
correlation coefficient; ρ, Spearman correlation coefficient.
doi: 10.1371/journal.pone.0079856.g005
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have a high level of full length FGF23 and upregulation of this
signal pathway [29]. It is possible that part of the beneficial
effects of KL on kidney in CKD may result from the
improvement in FGF23 signal transduction [19]. KL promoter
hypermethylation has a potential clinical significance. First, KL
promoter hypermethylation can serve as an early and sensitive
biomarker of CKD. Secondly, therapy with a demethylating
agent may be in the horizon in slowing the progression of CKD.

In a previous study, PBMC gene methylation level was
demonstrated as a potential noninvasive biomarker of
malignant tumor [30], but no data was available about the
PBMC methylation level of specific gene in kidney disease. The
present study provided an evidence for the correlation of
PBMC levels of KL promoter methylation with eGFR and
histological damage in CKD patients. ROC curve of PBMC KL

Figure 6.  Correlation between renal and PBMC levels of
Klotho promoter methylation.  PBMC level of Klotho
promoter methylation was positively correlated with renal level
of Klotho promoter methylation in 47 patients with CKD. mC%,
percentage of methylated cytosines. r, Pearson correlation
coefficient.
doi: 10.1371/journal.pone.0079856.g006

promoter methylation level to predict renal KL promoter
hypermethylation had an AUC of 0.964, and the optimal cut-off
value was found to be 5.83% with a high sensitivity and
specificity. All these data suggested that PBMC KL promoter
methylation level might be a potential noninvasive biomarker of
renal KL promoter hypermethylation. Progressive decline in
renal function is associated with inflammation, augmented
oxidative stress, accumulation of diverse toxins, and deranged
metabolism, all of which could result in altered epigenetic
modifications [31]. Hence, it could be speculated these chronic
circulating stress factors were involved in PBMC aberrant DNA
methylation in patients with CKD. However, the effect of CKD
on PBMC DNA methylation still requires further exploration.

The main limitations of the present study included the
following: first, renal cortex tissue was used to detect the renal
level of KL promoter methylation without distinguishing
glomeruli and renal tubules; secondly, renal KL mRNA
expression was unable to be detected due to very scarce
samples obtained during renal biopsy and renal KL protein
expression was semi-quantitatively assayed by
immunohistochemistry staining. It is recommended that future
studies should investigate KL promoter methylation level in
glomeruli and renal tubules.

Figure 7.  Receiver operator characteristic curve of PBMC
level of Klotho promoter methylation to predict renal
Klotho promoter hypermethylation.  The area under curve
was 0.964 (P<0.001) and the optimal cut-off value was 5.83%
with a sensitivity of 93.8% and specificity of 86.7% to predict
renal Klotho promoter hypermethylation.
doi: 10.1371/journal.pone.0079856.g007
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Conclusion

This is the first study to report the pathogenic role of KL
promoter hypermethylation in the progression of CKD. This
study has also provided evidence that PBMC level of KL
promoter methylation closely correlates with renal level of KL
promoter methylation, and it may be used as a potential
biomarker of renal KL promoter hypermethylation. Further
studies are needed to elucidate the utility of KL promoter
methylation level as a marker to predict renal fibrosis and to

explore the therapeutic efficacy of demethylating agent against
the progression of fibrogenesis.

Author Contributions

Conceived and designed the experiments: XZ XD. Performed
the experiments: JC HZ CZ. Analyzed the data: JC XZ.
Contributed reagents/materials/analysis tools: XD QW JL.
Wrote the manuscript: JC XZ XD.

References

1. Urakawa I, Yamazaki Y, Shimada T, Iijima K, Hasegawa H et al. (2006)
Klotho converts canonical FGF receptor into a specific receptor for
FGF23. Nature 444: 770-774. PubMed: 17086194.

2. Kuro-o M, Matsumura Y, Aizawa H, Kawaguchi H, Suga T et al. (1997)
Mutation of the mouse klotho gene leads to a syndrome resembling
ageing. Nature 390: 45-51. doi:10.1038/36285. PubMed: 9363890.

3. Haruna Y, Kashihara N, Satoh M, Tomita N, Namikoshi T et al. (2007)
Amelioration of progressive renal injury by genetic manipulation of
Klotho gene. Proc Natl Acad Sci U_S_A 104: 2331-2336. PubMed:
17287345.

4. Sugiura H, Yoshida T, Tsuchiya K, Mitobe M, Nishimura S et al. (2005)
Klotho reduces apoptosis in experimental ischaemic acute renal failure.
Nephrol Dial Transplant 20: 2636-2645. doi:10.1093/ndt/gfi165.
PubMed: 16204278.

5. Koh N, Fujimori T, Nishiguchi S, Tamori A, Shiomi S et al. (2001)
Severely reduced production of Klotho in human chronic renal failure
kidney. Biochem Biophys Res Commun 280: 1015-1020. doi:10.1006/
bbrc.2000.4226. PubMed: 11162628.

6. Lim K, Lu TS, Molostvov G, Lee C, Lam FT et al. (2012) Vascular
Klotho deficiency potentiates the development of human artery
calcification and mediates resistance to fibroblast growth factor 23.
Circulation 125: 2243-2255. doi:10.1161/CIRCULATIONAHA.
111.053405. PubMed: 22492635.

7. Sun CY, Chang SC, Wu MS (2012) Suppression of Klotho expression
by protein-bound uremic toxins is associated with increased DNA
methyltransferase expression and DNA hypermethylation. Kidney Int
81: 640-650. doi:10.1038/ki.2011.445. PubMed: 22237753.

8. Stenvinkel P, Karimi M, Johansson S, Axelsson J, Suliman M et al.
(2007) Impact of inflammation on epigenetic DNA methylation - a novel
risk factor for cardiovascular disease? J Intern Med 261: 488-499. doi:
10.1111/j.1365-2796.2007.01777.x. PubMed: 17444888.

9. Levey AS, Coresh J, Greene T, Stevens LA, Zhang YL et al. (2006)
Using standardized serum creatinine values in the modification of diet
in renal disease study equation for estimating glomerular filtration rate.
Ann Intern Med 145: 247-254. doi:
10.7326/0003-4819-145-4-200608150-00004. PubMed: 16908915.

10. Zhang C, Liang Y, Lei L, Zhu G, Chen X et al. (2013)
Hypermethylations of RASAL1 and KLOTHO is associated with renal
dysfunction in a Chinese population environmentally exposed to
cadmium. Toxicol Appl Pharmacol 271: 78-85. doi:10.1016/j.taap.
2013.04.025. PubMed: 23665422.

11. Jiang SH, Liu CF, Zhang XL, Xu XH, Zou JZ et al. (2007) Renal
protection by delayed ischaemic preconditioning is associated with
inhibition of the inflammatory response and NF-kappaB activation. Cell
Biochem Funct 25: 335–343. doi:10.1002/cbf.1395. PubMed:
17221834.

12. Tan Y, Zhang JJ, Liu G, Zhang H, Zhao MH (2009) The level of urinary
secretory immunoglobulin A (sIgA) of patients with IgA nephropathy is
elevated and associated with pathological phenotypes. Clin Exp
Immunol 156: 111–116. PubMed: 19196254.

13. Hu MC, Shi M, Zhang J, Pastor J, Nakatani T et al. (2010) Klotho: A
novel phosphaturic substance acting as an autocrine enzyme in the
renal proximal tubule. FASEB J 24: 3438-3450. doi:10.1096/fj.
10-154765. PubMed: 20466874.

14. Kato Y, Arakawa E, Kinoshita S, Shirai A, Furuya A et al. (2000)
Establishment of the anti-Klotho monoclonal antibodies and detection
of Klotho protein in kidneys. Biochem Biophys Res Commun 267:
597-602. PubMed: 10631108.

15. Aizawa H, Saito Y, Nakamura T, Inoue M, Imanari T et al. (1998)
Downregulation of the Klotho gene in the kidney under sustained

circulatory stress in rats. Biochem Biophys Res Commun 249: 865-871.
PubMed: 9731228.

16. Yu J, Deng M, Zhao J, Huang L (2010) Decreased expression of klotho
gene in uremic atherosclerosis in apolipoprotein E-deficient mice.
Biochem Biophys Res Commun 391: 261-266. PubMed: 19912987.

17. Mitani H, Ishizaka N, Aizawa T, Ohno M, Usui S et al. (2002) In vivo
klotho gene transfer ameliorates angiotensin II-induced renal damage.
Hypertension 39: 838-843. doi:10.1161/01.HYP.
0000013734.33441.EA. PubMed: 11967236.

18. Wang Y, Sun Z (2009) Klotho Gene Delivery Prevents the Progression
of Spontaneous Hypertension and Renal Damage. Hypertension 54:
810-817. doi:10.1161/HYPERTENSIONAHA.109.134320. PubMed:
19635988.

19. Hu MC, Shi M, Zhang J, Quiñones H, Griffith C et al. (2011) Klotho
deficiency causes vascular calcification in chronic kidney disease. J Am
Soc Nephrol 22: 124-136. PubMed: 21115613.

20. Akimoto T, Yoshizawa H, Watanabe Y, Numata A, Yamazaki T et al.
(2012) Characteristics of urinary and serum soluble Klotho protein in
patients with different degrees of chronic kidney disease. BMC Nephrol
13: 155-163. PubMed: 23176706.

21. Pavik I, Jaeger P, Ebner L, Wagner CA, Petzold K et al. (2013)
Secreted Klotho and FGF23 in chronic kidney disease Stage 1 to 5: a
sequence suggested from a cross-sectional study. Nephrol Dial
Transplant 28: 352-359. PubMed: 23129826.

22. Ohyama Y, Kurabayashi M, Masuda H, Nakamura T, Aihara Y et al.
(1998) Molecular cloning of rat klotho cDNA: Markedly decreased
expression of klotho by acute inflammatory stress. Biochem Biophys
Res Commun 251: 920-925. PubMed: 9791011.

23. Mitobe M, Yoshida T, Sugiura H, Shirota S, Tsuchiya K et al. (2005)
Oxidative stress decreases klotho expression in a mouse kidney cell
line. Nephron Exp Nephrol 101: e67-e74. PubMed: 15976510.

24. Sugiura H, Yoshida T, Mitobe M, Yoshida S, Shiohira S et al. (2010)
Klotho reduces apoptosis in experimental ischaemic acute kidney injury
via HSP-70. Nephrol Dial Transplant 25: 60-68. PubMed: 19745103.

25. Takai D, Jones PA (2002) Comprehensive analysis of CpG islands in
human chromosomes 21 and 22. Proc Natl Acad Sci U_S_A 99:
3740-3745. PubMed: 11891299.

26. Dwivedi RS, Herman JG, McCaffrey TA, Raj DS (2011) Beyond
genetics: epigenetic code in chronic kidney disease. Kidney Int 79:
23-32. doi:10.1038/ki.2010.335. PubMed: 20881938.

27. Kurosu H, Ogawa Y, Miyoshi M, Yamamoto M, Nandi A et al. (2006)
Regulation of fibroblast growth factor-23 signaling by klotho. J Biol
Chem 281: 6120-6123. PubMed: 16436388.

28. Goetz R, Nakada Y, Hu MC, Kurosu H, Wang L et al. (2010) Isolated
C-terminal tail of FGF23 alleviates hypophosphatemia by inhibiting
FGF23-FGFR-Klotho complex formation. Proc Natl Acad Sci U_S_A
107: 407-412. PubMed: 19966287.

29. Shimada T, Urakawa I, Isakova T, Yamazaki Y, Epstein M et al. (2010)
Circulating fibroblast growth factor 23 in patients with end-stage renal
disease treated by peritoneal dialysis is intact and biologically active. J
Clin Endocrinol Metab 95: 578-585. PubMed: 19965919.

30. Woo HD, Kim J (2012) Global DNA hypomethylation in peripheral blood
leukocytes as a biomarker for cancer risk: a meta-analysis. PLOS ONE
7: e34615-e34622. PubMed: 22509334.

31. Rao M, Wong C, Kanetsky P, Girndt M, Stenvinkel P et al. (2007)
Cytokine gene polymorphism and progression of renal and
cardiovascular diseases. Kidney Int 72: 549-556. doi:10.1038/sj.ki.
5002391. PubMed: 17579660.

Klotho Hypermethylation and Chronic Kidney Disease

PLOS ONE | www.plosone.org 8 November 2013 | Volume 8 | Issue 11 | e79856

http://www.ncbi.nlm.nih.gov/pubmed/17086194
http://dx.doi.org/10.1038/36285
http://www.ncbi.nlm.nih.gov/pubmed/9363890
http://www.ncbi.nlm.nih.gov/pubmed/17287345
http://dx.doi.org/10.1093/ndt/gfi165
http://www.ncbi.nlm.nih.gov/pubmed/16204278
http://dx.doi.org/10.1006/bbrc.2000.4226
http://dx.doi.org/10.1006/bbrc.2000.4226
http://www.ncbi.nlm.nih.gov/pubmed/11162628
http://dx.doi.org/10.1161/CIRCULATIONAHA.111.053405
http://dx.doi.org/10.1161/CIRCULATIONAHA.111.053405
http://www.ncbi.nlm.nih.gov/pubmed/22492635
http://dx.doi.org/10.1038/ki.2011.445
http://www.ncbi.nlm.nih.gov/pubmed/22237753
http://dx.doi.org/10.1111/j.1365-2796.2007.01777.x
http://www.ncbi.nlm.nih.gov/pubmed/17444888
http://dx.doi.org/10.7326/0003-4819-145-4-200608150-00004
http://www.ncbi.nlm.nih.gov/pubmed/16908915
http://dx.doi.org/10.1016/j.taap.2013.04.025
http://dx.doi.org/10.1016/j.taap.2013.04.025
http://www.ncbi.nlm.nih.gov/pubmed/23665422
http://dx.doi.org/10.1002/cbf.1395
http://www.ncbi.nlm.nih.gov/pubmed/17221834
http://www.ncbi.nlm.nih.gov/pubmed/19196254
http://dx.doi.org/10.1096/fj.10-154765
http://dx.doi.org/10.1096/fj.10-154765
http://www.ncbi.nlm.nih.gov/pubmed/20466874
http://www.ncbi.nlm.nih.gov/pubmed/10631108
http://www.ncbi.nlm.nih.gov/pubmed/9731228
http://www.ncbi.nlm.nih.gov/pubmed/19912987
http://dx.doi.org/10.1161/01.HYP.0000013734.33441.EA
http://dx.doi.org/10.1161/01.HYP.0000013734.33441.EA
http://www.ncbi.nlm.nih.gov/pubmed/11967236
http://dx.doi.org/10.1161/HYPERTENSIONAHA.109.134320
http://www.ncbi.nlm.nih.gov/pubmed/19635988
http://www.ncbi.nlm.nih.gov/pubmed/21115613
http://www.ncbi.nlm.nih.gov/pubmed/23176706
http://www.ncbi.nlm.nih.gov/pubmed/23129826
http://www.ncbi.nlm.nih.gov/pubmed/9791011
http://www.ncbi.nlm.nih.gov/pubmed/15976510
http://www.ncbi.nlm.nih.gov/pubmed/19745103
http://www.ncbi.nlm.nih.gov/pubmed/11891299
http://dx.doi.org/10.1038/ki.2010.335
http://www.ncbi.nlm.nih.gov/pubmed/20881938
http://www.ncbi.nlm.nih.gov/pubmed/16436388
http://www.ncbi.nlm.nih.gov/pubmed/19966287
http://www.ncbi.nlm.nih.gov/pubmed/19965919
http://www.ncbi.nlm.nih.gov/pubmed/22509334
http://dx.doi.org/10.1038/sj.ki.5002391
http://dx.doi.org/10.1038/sj.ki.5002391
http://www.ncbi.nlm.nih.gov/pubmed/17579660

	Elevated Klotho Promoter Methylation Is Associated with Severity of Chronic Kidney Disease
	Introduction
	Materials and Methods
	Subjects
	Sample preparation and DNA extraction
	DNA methylation analyses by quantitative bisulfite pyrosequencing
	Renal KL immunohistochemistry staining
	Assessment of renal tubulointerstitial fibrosis
	Statistical analysis

	Results
	Characteristics of patients with CKD and controls
	Renal and PBMC levels of KL promoter methylation in patients with CKD
	Correlation between renal KL methylation level and renal KL immunostaining intensity
	Correlation between KL promoter methylation levels and clinical or histological parameters in patients with CKD
	Correlation between renal and PBMC levels of KL promoter methylation in patients with CKD

	Discussion
	Conclusion
	Author Contributions
	References


