
see commentary on page 611

Suppression of Klotho expression by protein-bound
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The expression of the renoprotective antiaging gene

Klotho is decreased in uremia. Recent studies suggest

that Klotho may be a tumor suppressor, and its expression

may be repressed by DNA hypermethylation in cancer cells.

Here we investigated the effects and possible mechanisms

by which Klotho expression is regulated during uremia in

uninephrectomized B-6 mice given the uremic toxins indoxyl

sulfate or p-cresyl sulfate. Cultured human renal tubular

HK2 cells treated with these toxins were used as an in vitro

model. Injections of indoxyl sulfate or p-cresyl sulfate

increased their serum concentrations, kidney fibrosis, CpG

hypermethylation of the Klotho gene, and decreased Klotho

expression in renal tubules of these mice. The expression

of DNA methyltransferases 1, 3a, and 3b isoforms in HK2

cells treated with indoxyl sulfate or p-cresyl sulfate was

significantly increased. Specific inhibition of DNA

methyltransferase isoform 1 by 5-aza-20-deoxycytidine

caused demethylation of the Klotho gene and increased

Klotho expression in vitro. Thus, inhibition of Klotho

gene expression by uremic toxins correlates with gene

hypermethylation, suggesting that epigenetic modification

of specific genes by uremic toxins may be an important

pathological mechanism of disease.
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Uremic patients have higher risks of cardiovascular disease
and mortality than the normal population.1 The antiaging
gene, Klotho, encodes a single-pass transmembrane protein
that forms a complex with multiple fibroblast growth factor
receptors, and is most abundant in the renal tubules.2 A
defect in Klotho gene expression in mice results in shortened
lifespan and aging-like phenotypes.3–6 Recent studies also
showed that Klotho functions as a renoprotective factor.7,8

Klotho expression is decreased in uremic patients.9

Increased oxidative stress and inflammation, which are
common in uremia status, cause depressed Klotho expres-
sion.4,10 Previous studies indicated that uremic toxins
increased the oxidative stress and reduced cell viability.11,12

An animal study showed that treatment with the uremic
toxin sorbent, AST-120, increased Klotho expression and
inhibited cell senescence in the kidneys of uremic rats.13

Epigenetic modification of specific genes by uremic toxins
might be an important pathological mechanism in uremic
milieu. The expression of the Klotho gene is regulated by
epigenetics. A recent study showed that CpG hypermethyl-
ation of the Klotho gene was associated with decreased
Klotho expression in cervical cancer cells.14 The putative role
of DNA methylation on regulation of Klotho expression in
the uremia is currently still not clear.

Indoxyl sulfate (IS) and p-cresyl sulfate (PCS), which are
protein-bound uremic toxins, increase significantly during
kidney injury.15 Previous studies have shown that IS and PCS
cause cellular toxicity by inducing oxidative stress.11,16 It is
known that oxidative stress affects DNA methyltransferase
(DNMT) expression and modulates epigenetic regulation of
gene expression during carcinogenesis.17,18 Recent studies
have demonstrated that IS and PCS significantly associated
with mortality and kidney disease progression in patients
with chronic kidney disease (CKD).19–21 We hypothesized
that protein-bound uremic toxins, IS and PCS, suppressed
Klotho expression by DNA hypermethylation via increased
DNMT expression. An animal model of CKD and an in vitro
study with human real epithelial cells treated with IS and
PCS were used to test this hypothesis.
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RESULTS
Chronic IS and PCS injection increased kidney fibrosis and
serum IS and PCS concentrations in experimental mice

Histological staining results showed that IS- and PCS-
injected mice had significantly increased kidney fibrosis than
the control mice (Figure 1a). The serum IS and PCS concen-
trations of study animals are plotted in Figure 1b. The serum
total IS concentrations in IS-injected (8.55±0.37 mg/l;
P¼ 0.002) and PCS-injected (5.61±0.60 mg/l; P¼ 0.004)
mice were significantly higher than control mice (2.39±
0.15 mg/l). The serum total PCS concentrations in IS-injected
(0.66±0.04 mg/l; Po0.001) and PCS-injected (1.82±0.03 mg/l;
Po0.001) mice were also significantly higher than control
mice (o0.225 mg/l). The free IS levels of IS-injected mice
were significantly higher than control mice (0.87±0.14 vs.

o0.5 mg/l, Po0.001). The free PCS levels of PCS-injected
mice were significantly higher than control mice (0.21±0.01 vs.
o0.15 mg/l, Po0.001).

The serum blood urea nitrogen levels of control,
IS-, and PCS-injected mice were 33.87±1.87, 34.50±1.71,
and 36.36±1.12 mg/dl, respectively. The serum creatinine
levels of control, IS-, and PCS-injected mice were 0.34±0.01,
0.35±0.02, and 0.37±0.04 mg/dl, respectively. The blood
urea nitrogen and creatinine levels of IS- and PCS-injected
mice were not significantly different from those of the
control mice (P40.05). At the end of study, the body weights
of control, IS-, and PCS-injected mice were 25.75±1.04,
20.73±2.16, and 21.15±2.21 g, respectively. The body
weights of IS- and PCS-injected mice were significantly
lower than the control mice (P40.05).
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Figure 1 | Results of Masson’s trichrome staining and the serum levels of indoxyl sulfate (IS) and p-cresyl sulfate (PCS) in
experimental mice. (a) Masson’s trichrome staining showed that both IS- and PCS-injected mice had significantly increased kidney fibrosis
than control mice. The total IS concentrations of control, IS, and PCS mice were 2.39±0.15, 8.55±0.37, and 5.61±0.60 mg/l, respectively.
The total PCS concentrations of control, IS, and PCS study groups were o0.225, 0.66±0.04, and 1.82±0.03 mg/l, respectively. (b) The total
IS and PCS concentrations of IS- and PCS-injected mice were significantly higher than those of control mice. The free IS levels of control,
IS, and PCS study groups were 0.87±0.14, o0.50, and o0.50 mg/l, respectively. The free IS levels of IS-injected mice were significantly
higher than control mice (Po0.001). The free PCS levels of control, IS, and PCS study groups were o0.15, o0.15, and 0.21±0.01 mg/l,
respectively. (b) The free PCS levels of PCS-injected mice were significantly higher than control mice (Po0.001). *Po0.05 vs. control;
#Po0.05 vs. IS.
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IS- and PCS-injected mice had increased DNMT 1 expression
and DNA hypermethylation of the Klotho gene

The western blot results revealed that the expression of
DNMT 1 in IS- and PCS-injected mice significantly increased
compared with the control mice. It was also noted by
immunohistochemistry staining that IS and PCS significantly
increased the DNMT 1 expression in the nuclei of the
glomerular and tubular cells (Figure 2a). Methylation-specific
PCR (MSP) analysis with primer sets 1 and 2 showed that
both IS- and PCS-injected mice had significantly higher
methylation indexes of the Klotho gene than control mice
(Figure 2b). The relative methylation indexes of IS- and
PCS-injected mice vs. control mice were 5.3:1 and 4.4:1,
respectively, in the position of primer set 1. The relative
methylation indexes of IS- and PCS-injected mice vs. control
mice were 3.8:1 and 2.7:1, respectively, in the position of
primer set 2.

IS- and PCS-injected mice had reduced Klotho expression in
renal tubules

Real-time PCR and western blotting analysis showed that
mRNA and protein expression of the Klotho gene
were significantly decreased in the renal cortex of IS- and

PCS-injected mice when compared with the ½-nephrecto-
mized mice without IS and PCS injection (Figure 3a and b).
Immunofluorescence staining also showed that the intensity
of positive Klotho staining in renal tubules was significantly
decreased in IS and PCS mice (Figure 3c). The results of
western blotting showed that the expression of a-glutathione
S-transferases increased significantly in IS- and PCS-injected
mice when compared with the control mice (Supplemen-
tary Figure S1a online). The results of immunofluorescence
double staining with Klotho and a-glutathione S-transferases
showed that IS and PCS significantly decreased Klotho
expression and increased a-glutathione S-transferase expres-
sion in the renal tubule cells in vivo (Supplementary
Figure S1b online).

5-Aza-20-deoxycytidine (5Aza-2dc) decreased the DNA
hypermethylation of the Klotho gene and increased
Klotho expression in vivo

MSP analysis showed that inhibiting DNMT 1 by using 5Aza-
2dc significantly decreased the DNA methylation of Klotho
gene in IS- and PCS-injected mice when compared with the
mice treated with IS or PCS alone (Figure 4a). In addition,
the results of western blotting revealed that treatment with
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Figure 2 | Indoxyl sulfate (IS)- and p-cresyl sulfate (PCS)-injected mice had increased DNA methyltransferase 1 (DNMT 1) expression
and DNA hypermethylation of the Klotho gene. (a) The results of western blot analysis and immunostaining showed that IS and PCS
significantly increased the DNMT 1 expression. (b) Methylation-specific PCR (MSP) analysis with primer sets 1 and 2 showed that both
IS- and PCS-injected mice had significantly higher methylation indexes of Klotho genes than control mice. *Po0.05 vs. control.
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5Aza-2dc significantly increased Klotho expression in IS- and
PCS-injected mice when compared with the mice treated
with IS or PCS alone (Figure 4b).

IS and PCS increased DNA methylation of the Klotho gene
and decreased Klotho protein expression in vitro

In the animal study, both the serum IS and PCS concentra-
tions increased significantly in IS- and PCS-injected mice.
For discriminating the individual effects of IS and PCS
on the DNA methylation and gene expression of Klotho, we
conducted an in vitro study with cultured human renal
tubular cells treated with IS and PCS, respectively. MSP
analysis indicated that HK2 cells treated with IS had
significantly increased CpG methylation of the Klotho gene
in the positions of primer set 1 (at concentrations of 1, 5, and
50 mg/l) and 2 (at concentrations of 5 and 50 mg/l). HK2
cells treated with PCS (1, 5, and 50 mg/l) had significantly
increased CpG hypermethylation of the Klotho gene in the
positions of primer set 1 (Figure 5a) and 2 (Figure 5b).

Western blotting analysis showed that IS significantly
decreased Klotho protein expression in cultured HK2 cells,
at concentrations of 5 and 50 mg/l. PCS (1, 5, and 50 mg/l)
also decreased Klotho protein expression significantly in vitro
when compared with the cells without PCS treatment
(Figure 6).

IS and PCS increased DNMT 1, 3a, and 3b expression in vitro

The results of real-time PCR indicated that IS and PCS could
significantly increase DNMT 1 mRNA expression in cultured

HK2 cells at a concentration of 1, 5, and 50 mg/l. The mRNA
expressions of DNMT 3a and 3b were significantly increased
in HK2 cells treated with IS or PCS at concentrations of 5 and
50 mg/l (Figure 7a). Western blotting for DNMT 1 revealed
that IS and PCS could significantly increase DNMT 1 protein
expression in vitro (Figure 7b).

5Aza-2dc decreased the DNA hypermethylation of the Klotho
gene and increased Klotho expression in HK2 cells treated
with IS or PCS

MSP analysis with set 1 primers demonstrated that the
DNMT 1 inhibitor, 5Aza-2dc, could significantly decrease the
CpG hypermethylation of the Klotho gene in cultured HK2
cells treated with 50 mg/l IS or PCS (Figure 8). The results
of western blotting showed that 5Aza-2dc, at concentrations
of 1 and 10 mmol/l, significantly increased the Klotho protein
expression in HK2 cells treated with 50 mg/l IS or PCS
(Figure 9).

DISCUSSION

Uremic status increases oxidative stress, chronic inflamma-
tion, and malnutrition in patients with CKD.22 The
unphysiological uremic environment and the epigenotype
are considered to be important for the clinical outcomes in
the CKD patient group.23 However, current clinical studies
with normal subjects and CKD patients have not shown a
significant correlation between the changes of global DNA
methylation and renal function.24,25 The content of uremic
milieu is very complex;22 therefore, studies focusing on
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Figure 3 | Indoxyl sulfate (IS) and p-cresyl sulfate (PCS) injection reduced the Klotho expression in renal tubules. (a) Real-time
PCR and (b) western blotting revealed that Klotho mRNA and protein expression were significantly lower in kidneys treated with IS or PCS.
(c) Immunofluorescence staining indicated that the intensity of positive Klotho staining in renal tubules was significantly decreased in
mice treated with IS or PCS. *Po0.05 vs. control.
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specific uremic toxins and site-specific DNA methylation
might be critical. In this study, we explored the epigenetic
regulation of the Klotho gene by undialyzable protein-bound
uremic toxins, IS and PCS.15 A previous study showed that
administration of IS to hypertensive rats reduced renal
expression of Klotho, promoted cell senescence, and
increased renal fibrosis.26 Our study further demonstrated
that both IS and PCS decreased Klotho expression in renal
tubules in vitro and in vivo. We also showed that epigenetic
silencing of the Klotho gene by IS and PCS might be the
possible regulation mechanism.

DNMTs are the key enzymes for the regulation of
DNA methylation.27 DNMT 1 is the most abundant DNMT,
and is considered to be the key maintenance methyl-
transferase in mammals.27,28 Accumulated evidence reveals

that DNA methylation regulated by DNMTs is associated
with the development and progression of diseases such
as malignancies and autoimmune diseases.29,30 Epigenetic
inactivation of tumor-suppressor genes by DNMTs is a
critical pathological mechanism for malignancies.31,32 Several
studies have identified an association between Klotho
and cancer in humans. Recent evidence suggested that
Klotho had tumor-suppressor activities, but decreased
Klotho expression was noted during the carcinogenesis
process.14,33,34 Our study with cultured human renal tubular
cells suggested that administration of IS and PCS increased
DNMT 1, 3a, and 3b expressions. Inhibiting DNMT 1
activity with 5Aza-2dc demethylated CpG of the Klotho gene,
and increased Klotho expression in HK2 cells treated with IS
or PCS.
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Figure 4 | DNA methyltransferase 1 (DNMT 1) inhibitor demethylated the Klotho gene and increased Klotho expression in vivo.
(a) Methylation-specific PCR (MSP) with mouse Klotho set 1 primers showed that simultaneous treatment with 5-aza-20-deoxycytidine
(5Aza-2dc) in indoxyl sulfate (IS)- and p-cresyl sulfate (PCS)-injected mice significantly demethylated the Klotho gene. (b) Western blotting
showed that 5Aza-2dc significantly increased the Klotho expression in IS- and PCS-injected mice.
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Oxidative stress has an important role for the tissue injury
caused by IS and PCS.11,12,16 Previous studies have revealed
that oxidative stress activates the Ras-MEK pathway in renal
cells.35,36 Oxidative stress increases the DNMT expression
during carcinogenesis.17 It has been shown that the expres-
sion of DNMTs is upregulated by activated Ras, and DNA
methylation may be regulated by the Ras signaling.17,37 On
the basis of this evidence, we speculate that oxidative stress
induced by IS and PCS might increase DNMT expression via
the Ras-MEK pathway. The increased expression of DNMTs
might further hypermethylate the Klotho gene.

Recent studies have demonstrated that IS downregulates
renal expression of Klotho through production of reactive
oxygen species and activation of nuclear factor-kB, and
promotes cell senescence with expression of senescence-related
proteins such as p16, p21, p53, and retinoblastoma protein in
the kidney of hypertensive rats.26,38 Klotho is considered as a

regulator of oxidative stress and senescence.39 Inhibiting
Klotho expression by Klotho RNA interference could upregulate
the p53/p21 pathway and induce premature senescence
of human cells.40 It is considered that regulating Klotho
expression via DNA methylation by IS and PCS might have a
critical role in the cell senescence process caused by uremic
toxins.

There were some limitations in this study. The levels
of IS and PCS in CKD patients vary between the disease
stages.19,21,41 Comparing with the IS and PCS levels of CKD
patients, the serum IS and PCS levels of experimental mice in
this study were similar to the levels of patients with late-stage
CKD. It was also shown that IS and PCS caused significant
renal fibrosis. However, IS and PCS did not significantly
increase the blood urea nitrogen and creatinine levels of
experimental mice in this study. We thought that decreased
body weights in IS- and PCS-injected mice might negate the
severity of uremia. The animal models used in this study
might not present the full-scale uremia.

In conclusion, this study suggests that transcriptional
suppression of Klotho by IS and PCS is correlated with CpG
hypermethylation of the Klotho gene. Our study also showed
that increased DNMT expression caused by IS and PCS might
be responsible for CpG hypermethylation of the Klotho gene.

MATERIALS AND METHODS
Study animals
Ten-week-old B-6 mice with ½-nephrectomy were used in this study.
The experimental mice received intraperitoneal injection with IS
(Sigma, St Louis, MO; n¼ 8) or PCS (Kureha, Tokyo, Japan; n¼ 8) at a
dosage of 100 mg/kg/day for 4 weeks. The control mice (n¼ 8) received
daily phosphate-buffered saline injection for 4 weeks at the same
volume that was administered to the experimental mice. At the end of
study, the body weight of study animal was recorded, and the serum
levels of blood urea nitrogen and creatinine were analyzed. The renal
cortex was microdissected for further analysis. In the 5Aza-2dc
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treatment study, the IS- and PCS-injected mice received intra-
peritoneal injection with 5Aza-2dc (Sigma) simultaneously at a
dosage of 0.35 mg/kg per 48 h for 4 weeks (n¼ 8 for each group). All

animal experiments were approved by the experimental animal
ethics committee at the Chang Gung Memorial Hospital. The flow
diagram for animal study is summarized in Figure 10.
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IS and PCS measurement
The method for the measurement of total IS and PCS has been
described in our previous report.21 Briefly, serum samples were
deproteinized by the addition of three parts methanol to one part
serum for determination of total IS and total PCS. All analyses were
performed on a Waters ACQUITY Ultra Performance Liquid
Chromatography (UPLC) system (Milford, MA). IS and PCS were
detected at 280 and 260 nm. Buffer flow was 0.4 ml/min using
10 mmol/l NH4H2PO4 (pH¼ 4.0) (A) and 100% acetonitrile (B) with
a gradient from 82.5% A/17.5% B to 55% A/45% B, over 9 min.
The limits of detection of this assay were 1.0 mg/l for total IS and
0.225 mg/l for total PCS. The detection limits for free IS and PCS were
0.50 and 0.15 mg/l. Calibration curves were constructed by plotting the
peak areas versus the concentrations of each analyte. Quantitative
results were obtained and expressed as concentrations (mg/l).

Methylation-specific PCR
The prediction of CpG islands in the Klotho gene and the designing
of MSP primers were performed with the MethPrimer software.42

The genomic regions near the transcription starting site (þ 1) of the
Klotho gene (mouse: �300 to þ 900 bp; human: �600 to þ 200 bp)

were inputted for CpG island analysis. A previous study has shown
that the genomic region ranging from �1830 bp to þ 7 bp of human
Klotho gene has significant promoter activities.43 The criteria for the
CpG island prediction were as follows: island size 4100 bp, GC
percent 450.0, and observed/expected 40.6. Two sets of MSP
primers were designed for Klotho of both mice and humans. The
predicted CpG islands of the Klotho genes in mice and humans and
the locations of MSP primers are plotted in Figure 11. The genomic
DNA was extracted (Quick-gDNA MiniPrep, Zymo Research, Irvine,
CA) and modified by bisulfate treatment (EZ DNA Methylation-
Gold Kit, Zymo Research) for MSP analyses with two sets of gene
promoter–specific primer pairs that recognize the methylated and
unmethylated CpG sites. The PCR product of genomic DNA
without bisulfate treatment, with primers located in the promoter
region of the mouse Klotho gene, was used as the inputted control
for the MSP. In the MSP for HK2 cells, the human MYOD1 gene
was used as an inputted control. The IQ5 real-time PCR detection
system (Bio-Rad, Hercules, CA) was used for MSP analysis. The
PCR products were visualized by ethidium bromide staining in 2%
agarose gels, and the densitometric intensity corresponding to each
band was quantified. Each reaction was performed in triplicates.
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The methylation index was calculated as (band intensity of MSP
with methylated primers) / (band intensity of inputted control). The
methylation index was plotted after normalization to the control
group. The sequence of MSP primers and the amplification program
are summarized in Supplementary Table S1 online.

Quantitative real-time PCR
Total RNA was isolated with a commercial kit (RNeasy Kit, Qiagen,
Valencia, CA) according to the manufacturer’s instructions, including
DNase treatment. A measure of 5mg of total RNA was then reverse
transcribed by reverse transcriptase (Bio-Rad) with random primers.
Real-time PCR was performed in 25ml SYBR Green PCR Master Mix
(Applied Biosystems, Carlsbad, CA) containing 0.6 mol/l primers and
1mg cDNA using an iQ5 real-time PCR detection system (Bio-Rad).
The thermal cycling program and PCR primers for Klotho, DNMTs,
and b-actin are listed in Supplementary Table S2 online. Each PCR
reaction was performed in triplicates, and the mean Ct value was used
for static analysis. Messenger RNA expression was standardized to b-actin
expression levels, followed by normalization to the control group.

Western blotting analysis
Total protein was extracted using a commercial kit according to
the manufacturer’s instructions (Protein Extraction Kit, Millipore,
Billerica, MA). A measure of 30 mg of protein from each sample was

mixed with a sample-loading buffer and loaded onto separate lanes
on 12% sodium dodecyl sulfate-polyacrylamide gel. Proteins were
electrotransferred onto polyvinylidene fluoride membranes (0.2 mm:
Immun-Blot, Bio-Rad), and then immunoblotted with antibodies
against Klotho (Abcam, Cambridge, MA), DNMT 1 (Cell Signaling,
Denver, MA), a-glutathione S-transferase (Abcam), and b-actin
(Abcam). The intensity of each band was quantified using the NIH
Image software (Bethesda, MD), and the densitometric intensity cor-
responding to each band was normalized against b-actin expression.

Masson’s trichrome, immunohistochemistry, and
immunofluorescence staining
Tissue sections from a paraffin-embedded block were stained
with standard Masson’s trichrome method. Paraffin tissue sections
were cut, mounted, deparaffinized, rehydrated, and stained with
hematoxylin–eosin using standard histological techniques. For
immunohistochemical staining, the Ventana Benchmark automated
staining system and Ventana reagents were used (Ventana Medical
Systems, Tucson, AZ), and primary antibodies against DNMT 1
(1:100 dilution at 4 1C overnight; Cell Signaling) were used.
For immunofluorescence staining, serial cryostat sections of renal
cortex were incubated with a primary rabbit antibody against
Klotho (1:100 dilution at 4 1C overnight; Abcam), followed by
incubation with a fluorescein isothiocyanate-conjugated anti-rabbit
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IgG antibody (1:200 dilution at room temperature for 45 min;
Abcam). For detecting the renal tubular injury, a biomarker
for proximal renal tubular injury, a-glutathione S-transferase,
was stained. Double immunofluorescence staining with Klotho
and a-glutathione S-transferases (goat antibody; 1:300 dilution at
4 1C overnight; Abcam) was done. The staining for a-glutathione
S-transferases was followed by incubation with an Alexa Fluor 568
dye-labeled anti-goat IgG (1:200 dilution at room temperature
for 45 min; Invitrogen, Grand Island, NY). The sections were
counterstained with 40,6-diamidino-2-phenylindole (dilution 1:500;
Sigma) to identify cellular nuclei.

Cell culture and treatment
HK2 cells were cultured as reported previously.44 HK2 cell cultures
at B70% confluence were synchronized under serum-free condi-
tions for 48 h. The HK2 cells under the serum-free condition were
then treated with IS or PCS at concentrations of 0, 1, 5, and 50 mg/l
for 72 h. For inhibition experiments, 5Aza-2dc at concentrations of
0, 0.1, 1, and 10mmol/l were added to HK2 cells treated with IS or
PCS at a concentration of 50 mg/l for 72 h. Each reaction was
repeated in triplicates.

Statistical analysis
All data were expressed as mean±s.e. One-way analysis of variance
with Bonferroni corrections was performed for analyzing the data of
cell culture study. Data from different study animal groups were
compared using the Wilcoxon–Mann–Whitney test, and P-values of
o0.05 were considered statistically significant.
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