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ABSTRACT. Inactivation of the klotho gene in mice causes serious 
systemic disorders, resembling human aging. However, at the 
molecular level, its action mechanisms are not well understood. The 
stimulatory or inhibitory effects of cis- and trans-regulatory factors 
on the klotho gene expression are also still unclear. We studied the 
effects of intra- and extracellular factors on human klotho gene 
expression. For this purpose, pHKP-Luc and pHKP-GFP reporter 
vectors were constructed with the 2.1-kbp upstream region of human 
klotho, covering its promoter region, using luciferase and GFP 
genes as the reporter. A series of vectors that have deletions in the 
upstream region of the klotho gene were constructed to assay cis-
acting factors. Deletion of some parts of the klotho gene upstream 
region significantly affected reporter gene expression in HEK293 
cells. p16 and p53 proteins inhibited reporter luciferase expression 
under the control of human klotho promoter in a dose-dependent 
manner. Calcium and phosphate ions stimulated klotho expression. 
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p21, PTH, IGF-1, and angiotensin-II had no significant effect on 
klotho expression in HEK293 cells.

Key words: klotho gene; Anti-aging; Apoptosis; PTH; IGF-1; 
Angiotensin-II

INTRODUCTION

The klotho gene was originally identified as a gene that, when insertionally 
inactivated in a mouse strain, causes a syndrome resembling human aging, including os-
teoporosis, skin atrophy, pulmonary emphysema, atherosclerosis, ectopic calcification, 
and shortened life span (Kuro-o et al., 1997; Kawaguchi et al., 2000; Suga et al., 2000; 
Mori et al., 2000). Conversely, transgenic mice over-expressing the klotho gene survive 
longer than wild-type mice (Kurosu et al., 2005). Thus, the klotho gene may function as 
an aging suppressor gene, extending life span when overexpressed and accelerating ag-
ing when inactivated (Kuro-o, 2008). The human homolog of mouse klotho is composed 
of five exons and extends over 50 kb on chromosome 13q12. This gene encodes human 
klotho protein with 86% identity with the mouse counterpart. Until recently, no prema-
ture aging syndromes have been linked to this region (Matsumura et al., 1998). How-
ever, recent studies have suggested that a human functional variant of the klotho gene is 
associated with both reduced human longevity and coronary-artery disease, which may 
mean that the klotho gene expression also has a role in the development of aging-related 
phenotypes in humans (Koh et al., 2001; Arking et al., 2002, 2003).

Although klotho protein is predominantly expressed in the kidney, it is detected 
in a limited number of other tissues, such as the placenta, ovary, prostate gland, and 
small intestine (Kuro-o et al., 1997; Shiraki-Iida et al., 1998). Intensive studies are 
being conducted to reveal functions and action mechanisms of this protein. In these 
studies, the klotho protein is defined as a multi-functional protein involved in sev-
eral metabolic pathways involving calcium and phosphate homeostasis (Imura et al., 
2007; Razzaque, 2009; Alexander et al., 2009), the insulin/insulin-like growth factor 1 
(IGF-1) signal pathway (Bartke, 2006), apoptosis (Ikushima et al., 2006), angiotensin-
II-induced events in the kidney (Negri, 2005), and oxidative stress (Yamamoto et al., 
2005). However, it is still unclear what mechanisms are involved in the effects of klotho 
protein on these pathways.

Regulation of the klotho gene expression is important as much as its function. 
Induction of the klotho gene could have therapeutic uses in treating aging-related disor-
ders. We examined some trans- and cis-regulatory factors that might have important roles 
in the regulation of the klotho gene expression.

MATERIAL AND METHODS

Plasmids

Plasmids were used to construct protein-expression vectors (p16, p21 and p53) and 
reporter vectors, pM (Clontech, USA), pTRE-Luc (Clontech), pGFP (Clontech), pSV-b-Gal 
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(Promega, USA), and pCAGGS (Niwa et al., 1991). The plasmids were amplified in Esche-
richia coli DH5α host bacteria grown in LB (+ amp) liquid media and isolated with a Plasmid 
Midi Kit (Qiagen, Germany), according to manufacturer instructions.

Cell lines

A human embryonic kidney (HEK293) cell line was used for transient transfection 
experiments. The cells were maintained at 37°C, 5% CO2 and >90% relative humidity in 
Dulbecco’s modified Eagle’s medium (DMEM), supplemented with 10% fetal bovine serum 
(Gibco, Grand Island, NY, USA), 100 U/mL penicillin and 100 μg/mL streptomycin.

Construction of reporter vectors

Luciferase- and GFP-reporter vectors were constructed in two-step cloning experi-
ments. First, an intermediate vector containing about 2.1 kbp of the upstream region from the 
start codon of the human klotho gene was constructed. The klotho gene upstream region was 
amplified with polymerase chain reaction (PCR) by using 5'-TTGATATCGCGGCCGCTTA 
AAGCTTTGAGATGCATGT-3' and 5'-ATTACCATGGGCTGCGCGGGAGCCAGGCTC-3' 
primer pairs, genomic DNA of HEK293 cells as a template, and PrimeSTAR-HS DNA poly-
merase (TaKaRa, Japan). The PCR product was digested with EcoRV and NcoI (Fermentas, 
Lithuania), and then NcoI-end was blunted with the Klenow enzyme (Roche, Germany). The 
pM plasmid was digested with SmaI and NcoI, then blunted with Klenow. A large fragment 
of digested pM was purified from agarose gel and ligated with the PCR amplified upstream 
region of the human klotho gene with T4-DNA ligase (Roche). The resultant intermediate 
plasmid was designated as pHKP. The pHKP plasmid was checked with restriction enzyme 
digestion and then sequenced. The luciferase and GFP ORFs were cloned into the pHKP 
plasmid. Luciferase coding DNA was derived from pTRE-Luc by digestion with DraI and 
HindIII, followed by treatment with the Klenow enzyme. GFP coding DNA was prepared 
from the pGFP plasmid. The pGFP plasmid was first digested with NotI and blunted with 
Klenow and then digested with NcoI. Luciferase and GFP coding DNA fragments were 
purified from agarose gel with a DNA extraction kit (Invitrogen, Germany). The pHKP 
plasmid was digested with NcoI and blunted with the Klenow enzyme and then ligated 
with luciferase coding DNA fragment. The resultant vector was designed as pHKP-Luc. 
For the construction of the GFP reporter vector, pHKP-GFP, pHKP was partially digested 
with XbaI and blunted with the Klenow enzyme, followed by digestion with NcoI and then 
ligated with a GFP coding DNA fragment.

Construction of deleted reporter vectors

Deleted reporter vectors were derived from pHKP-Luc and pHKP-GFP by diges-
tion with appropriate restriction enzymes. Seven deleted reporter vectors were derived 
from pHKP-Luc. The pHKP-Luc was digested with NotI/Bgl-II (for pHKPΔI-Luc), NotI/
BamHI (for pHKPΔII-Luc), NotI/SmaI (for pHKPΔIII-Luc), Bgl-II/BamHI (for pHKPΔIV-
Luc), BsmBI (for pHKPΔV-Luc), NdeI/Bgl-II (for pHKPΔVI-Luc), or NdeI/BamHI (for 
pHKPΔVII-Luc) restriction enzymes and blunted with Klenow. The large DNA fragments 
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of digested samples were purified from agarose gel and re-circulated with T4-DNA ligase. 
Similarly, three deleted GFP reporter vectors were derived from pHKP-GFP by digestion 
with NotI/Bgl-II (for pHKPΔI-GFP), NotI/BamHI (for pHKPΔII-GFP) and Bgl-II/BamHI (for 
pHKPΔIV-GFP) restriction enzymes. After treatment with Klenow, the large fragments of di-
gested vectors were purified from agarose gel and re-circulated.

Construction of p16, p21 and p53 expression vectors

Human p16, p21 and p53 coding DNA fragments were amplified with reverse tran-
scription-PCR. Total RNA was extracted from HEK293 cells with an RNA extraction kit 
(Roche). cDNA was prepared with reverse transcription by using oligo-dT primers, accord-
ing to manufacturer instructions. The gene coding regions were amplified form this cDNA 
with PCR by using 5-TTGAATTCGCCGCCACCATGGAGCCGGCGGCGGGGAGCA-3/5-
TTGAATTCTCATTTATCATCATCTTTATAATCATCGGGGATGTCTGAGGGACCT-3 (for 
p16); 5-TTGAATTCGCCGCCACCATGTCAGAACCGGCTGGGGATG-3/5-TTGAATTCT 
CATTTATCATCATCTTTATAATCGGGCTTCCTCTTGGAGAAGATC-3 (for p21) and 
5-TTGAATTCGCCGCCACCATGGAGGAGCCGCAGTCAGATC-3/5-TTGAATTCT 
CATTTATCATCATCTTTATAATCGTCTGAGTCAGGCCCTTCTGTC-3 (for p53) primer 
pairs. The PCR products were digested with EcoRI restriction enzyme and purified from 
agarose gel. pCAGGS plasmid was also digested with EcoRI and dephosphorilated and 
then ligated with EcoRI-digested PCR products. The resultant vectors were designated as 
pCAGGS-p16, pCAGGS-p21 and pCAGGS-p53.

Western blot analysis

p16, p21 and p53 expression was checked with Western blotting. HEK293 cells 
were seeded onto 6 cm Petri dishes (2 x 105 cells), incubated under standard culture 
conditions for 24 h and transfected with 3 µg related expression vectors. After a 48-h 
incubation, the cells were harvested in 200 µL SDS sample buffer. The protein samples 
were then separated by 15% SDS-PAGE and transferred onto nitrocellulose filters. The 
blots were incubated with monoclonal anti-flag antibodies and developed with a chemi-
luminescent substrate.

Immunofluorescence assay

HEK293 cells were grown on a glass coverslip in a 24-well plate and transfected 
with 0.5 µg pCAGGS-p16, pCAGGS-p21 or pCAGGS-p53. At 48 h post-transfection, cells 
were fixed with 3% paraformaldehyde solution, permeabilized with 0.1% NP-40, washed 
twice with PBS, and then treated with 1% skim milk. The cells were incubated with mouse 
anti-flag at 1:500 dilutions in 1% skim milk for 60 min and washed twice with 1% NP-40 
and once with PBS. Cells were then stained with FITC-conjugated goat anti-mouse IgG at 
1:500 dilutions in 1% skim milk. The coverslip was washed with 0.1% NP-40 and mounted 
in 0.1% p-phenylenediamine and 80% glycerol. DNA was stained with propidium iodide. 
Expression and localization of p16, p21 and p53 in the cells were visualized under a fluo-
rescence microscope.
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DNA transfection

HEK293 cells were seeded in 24-well plates (5 x 104 cell/well) and incubated under 
standard culture conditions for 20-24 h. The culture medium was renewed with fresh medium 
30 min before transfection. A defined plasmid or a mixture of different plasmids (0.5-1.2 µg 
for each well) was diluted in DMEM (-) at 20 ng/µL concentrations; 2-3 µL FuGENE-HD 
(Roche) or 4 µL DOTAP (1 mg/mL in 10 mM HEPES) was added for each µg diluted DNA 
and incubated for 20 min at room temperature. The DNA samples were added to cultures and 
incubated for 48 h. After incubation, the cells were harvested for enzyme assays or inspected 
under a fluorescent microscope (Olympus BX50) for GFP expression.

Enzyme assays

Luciferase activity of cell lysates was measured with a luciferase assay kit (Roche), 
according to manufacturer instructions. Luminescence was detected with a single-tube lumi-
nometer (20/20n Single Tube Luminometer-Promega). β-galactosidase activity of the samples 
was measured, as previously reported (Turan and Nagata, 2006).

Determination of p16, p21 and p53 effects on human klotho expression

HEK293 cells were seeded in 24-well plates (5 x 104 cell/well) and incubated under 
standard culture conditions for 20-24 h. The cells grown in each well were transfected with 0.1 
µg pSV-β-Gal, 0.2 µg luciferase reporter vector and increasing amounts of protein expressing 
vectors. The total amount of plasmid DNAs for each well was equalized with the pCAGGS con-
trol vector. At 48 h post-transfection, the cells were harvested and luciferase and β-galactosidase 
activity were measured, as explained above.

Determination of calcium and phosphate effects on human klotho expression

HEK293 cells were grown in 24-well plates. Five hours before transfection, the medium was 
changed for DMEM (calcium or phosphate ion free) supplemented with 1% FBS and different con-
centrations of CaCl2 (10, 100, 300, or 500 µg/mL) or Na2HPO4 (10, 30, 100, or 300 µg/mL). The cells 
in each well were transfected with 0.2 µg pSV-β-Gal and 0.5 µg luciferase reporter vectors. At 48 h 
post-transfection, the cells were harvested and luciferase and β-galactosidase activities were measured.

Determination of PTH, angiotensin-II and IGF-1 effects on human klotho expression

Lyophilized parathyroid hormone (PTH, Sigma), IGF-1 (Sigma) and angiotensin-II 
(Tocris) were re-constituted in sterile distilled water at 50 µg/mL, 100 µg/mL and 2 mg/mL final 
concentrations, respectively, and stored at -20°C. HEK293 cells were grown in 24-well plates 
under standard growth conditions for 24 h. The medium was changed for DMEM supplied with 
1% FCS and different concentrations of PTH, IGF-1 or angiotensin-II before transfection. The 
cells were co-transfected with 0.5 µg pHKP-Luc reporter vector and 0.2 µg pSV-β-Gal as a 
control. At 48 h post-transfection, the cells were harvested and luciferase and β-galactosidase 
activities were measured.
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RESULTS

Reporter gene expression under the control of human klotho upstream region

To identify the possible cis- and trans-acting regulatory elements affecting the 
klotho gene transcription, upstream deleted reporter vectors were derived from pHKP-
Luc and pHKP-GFP by restriction enzyme digestion (Figure 1). These constructs were 
transfected into HEK293 cells grown in 24-well plates. Each reporter vector was co-
transfected with pSV-β-Gal plasmid as a control. At 48 h post-transfection, luciferase and 
β-galactosidase activities in cell lysates were quantified. Luciferase activity was normal-
ized with β-galactosidase. The samples showing the lowest relative luciferase activity 
(that is transfected with pHKP-Luc) were designated as 1, and the activities of other 
samples were calculated as a function of that activity (Figure 2). Deletion of some parts 
of the klotho gene upstream significantly induce reporter gene expression. Samples trans-
fected with pHKPΔII-Luc had the highest luciferase activity, which was 50-60-fold higher 
than with pHKP-Luc. The second-highest activity was detected in cells transfected with 
pHKPΔIII-Luc, the other constructs yielded a 2- to 8-fold increase in luciferase activity 
compared to pHKP-Luc.

Quantitave results obtained with luciferase expressing vectors were confirmed with 
GFP reporter (Figure 3). The highest rate of GFP expression was observed in HEK293 cells 
transfected with pHKΔII-GFP.

Figure 1. A serial of reporter vectors with deletions in the human klotho (kl) upstream region.
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Figure 2. The relative luciferase activities in HEK293 cells transfected with full-length or serial deletion constructs. 
The cells were grown in 24-well plates and co-transfected with 0.5 µg luciferase reporter vector and 0.2 µg pSV-β-
Gal. Error bars represent standard deviations (N = 5).

Figure 3. GFP expression in HEK293 cells transfected with 0.5 µg of A. pHKP-GFP; B. pHKPΔI-GFP;  
C. pHKPΔII-GFP, or D. pHKPΔIV-GFP.
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Figure 4. Western blot analysis of p16, p21and p53 expression in HEK233 cells. The cells were grown on 6-cm 
Petri dishes and transiently transfected with 3 µg pCAGGS-p16, pCAGGS-p21 or pCAGGS-p53. The proteins 
tagged with the flag epitope were visualized with monoclonal anti-flag antibodies. C = non-transfected cell lysate.

Effect of p16, p21 and p53 on luciferase reporter gene expression

To determine the effect of apoptosis-related proteins on human klotho expression in 
HEK293 cells, we constructed vector plasmids pCAGGS-p16, pCAGGS-p21 and pCAGGS-
p53, expressing p16, p21 and p53, respectively. Expression and localization of these proteins 
in HEK293 cells were demonstrated with Western blotting and immunofluorescence assays 
(Figures 4 and 5). p16 protein tagged with flag had a cytoplasmic localization. In contrast, 
p21 and p53 proteins were located in the nucleus. The effects of p16, p21 and p53 proteins on 
the klotho promoter-driven luciferase gene expression were investigated in transiently trans-
fected cells. The cells, grown in a 24-well plate, were co-transfected with 0.2 µg pHKP-Luc 
reporter vector, 0.1 µg pSV-β-Gal and 0.01-0.3 µg protein-expressing vectors. At 48 h post-
transfection, the cells were harvested and analyzed for luciferase and β-galactosidase activity. 
Luciferase activities were normalized with β-galactosidase and compared to those of non-
transfected cells (Figure 6). The p16 and p53 proteins inhibited luciferase expression under 
control of the klotho promoter in a dose-dependent manner. In contrast, luciferase activity was 
not significantly affected by different expression levels of p21.
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Effect of calcium and phosphate ions on luciferase gene expression 

The klotho protein affects Ca and P/vitamin D homeostasis (Nabeshima, 2008). In 
contrast, the effect of these ions on the klotho gene expression is unclear. Here, we investi-
gated the effect of Ca and P ions on human klotho expression by using luciferase reporter vec-
tors. The experiments were carried out with HEK293 cells grown in DMEM supplied with 1% 
FCS and different concentrations of Ca and P ions. The cells were co-transfected with 0.5 µg 
reporter vector and 0.2 µg pSV-β-Gal. After a 48-h incubation under standard culture condi-
tions, the cells were harvested and the relative luciferase activities of cell lysates were calcu-
lated (Figure 7). Both ions were tested on pHKP-Luc and pHKPΔII-Luc vectors. In contrast 
to p16 and p53 proteins, Ca and P ions had strong stimulatory effects on luciferase expression, 
compared to β-galactosidase, which is driven by the SV40 promoter. On the other hand, over 
a certain level of ion concentrations, there was a tendency of a decrease in the klotho gene 
expression. Higher luciferase activity was obtained with pHKPΔII-Luc reporter compared to 
the pHKP-Luc vector in the presence of Ca ions. When P ions were tested at the same concen-
tration, the pHKP-Luc reporter vector gave the highest level of luciferase activity.

Figure 5. Expression and localization of p16, p21 and p53 proteins in HEK293 cells.
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Figure 6. Relative luciferase activities in HEK293 expressing increasing amounts of p16, p21 or p53 protein. Error 
bars represent standard deviations (N = 3).
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Effect of PTH, IGF-1 and angiotensin-II on luciferase gene expression

The klotho protein is involved in endocrine regulation of mineral metabolism and 
some signaling factors, such as insulin, IGF-1, angiotensin-II, and PTH. However, possible 
relationships such as negative/positive feedback mechanisms between the klotho protein and 
some signaling factors or hormones remain to be determined. Here, we examined the effect of 
some extracellular protein factors on the klotho expression. We tested PTH, IGF-1 and angio-
tensin-II effects on the klotho expression in HEK293 cells. The cells were grown in DMEM 

Figure 7. The effects of calcium and phosphate ions on luciferase reporter gene expression in HEK293 cells. The 
cells were grown in 24-well plates containing complete medium for 20 h; 4 h before transfection the medium was 
changed to DMEM (calcium- or phosphate-free) supplied with 1% FCS and defined concentrations of CaCl2 or 
NaH2PO4. Error bars represent standard deviations (N = 3).
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supplied with 1% FCS and with increasing concentrations of hormone or growth factors and 
transfected with pHKP-Luc vector. At 48 h post-transfection, luciferase gene expression was 
defined in cell lysates (Figure 8). Luciferase activity was not significantly changed in the pres-
ence of PTH, IGF-1 or angiotensin-II at different concentrations.

Figure 8. The effects of PTH, IGF-1 and angiotensin-II on human klotho expression in HEK292 cells. Error bars 
represent standard deviations (N = 3).
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DISCUSSION

The klotho protein is multifunctional and is involved in several signal pathways and 
in ion homeostasis (Imura et al., 2007; Razzaque, 2009; Alexander et al., 2009). However, the 
mechanism by which klotho affects these processes has remained unclear. The stimulatory or 
inhibitory effects of cis- and trans-regulatory factors on the klotho gene expression are also 
not completely understood. In this context, we investigated the effects of some intra- and 
extracellular factors on human klotho expression. We constructed pHKP-Luc reporter vector 
containing about 2.1 kbp upstream of human klotho and derived several reporter vectors from 
pHKP-Luc with restriction enzyme digestions (Figure 1). These constructs were transfected 
into HEK293 cells and the reporter gene (luciferase) activity was measured (Figure 2). An ap-
proximately 50-fold increase in reporter activity was obtained with pHKPΔII-Luc compared 
to that with pHKP-Luc. pHKPΔI-Luc, which has an extra 342-bp fragment located between 
BglII and BamHI, resulted in a 2.5-fold increase in luciferase activity. This result suggested 
that regulatory motifs located between BglII and BamHI restriction sites down-regulate the 
klotho gene expression. In contrast, pHKPΔIV-Luc with a 342-bp deletion between BglII and 
BamHI, gave about 4-fold higher expression than pHKP-Luc, but unexpectedly lower ex-
pression than pHKPΔII-Luc. An extra 200-bp deletion between NdeI and NotI of pHKPΔII-
Luc (resultant vector pHKPΔVII-Luc) also greatly reduced reporter activity. The analysis 
of 342-bp BglII/BamHI for transcription factor binding sites with a software (TRES Tran-
scription Regulatory Element Search) indicated mammalian PD1 silencer resembling motifs 
(..CCAAAATTAT.........TATTAAAA..; Weissman and Singer, 1991) in this region. An approxi-
mately 4-fold increase in reporter activity was observed in HEK293 cells transfected with re-
porter vectors lacking from this region. This result suggests that PD1 silencer resembling motifs 
down-regulate the klotho expression. However, high luciferase activity of pHKPΔII-Luc is not 
explained only by silencer motifs. Enhancer motifs located between NdeI and NotI restriction 
sites that belong to the vector backbone have a stimulatory effect on reporter gene expression.

p16 is a key tumor suppressor that blocks the progression of the cell cycle by binding 
to either CDK4 or CDK6 (Serrano et al., 1993). This protein is also known as p16INK4a, INK4 or 
CDK4I. Expression of p16 has dramatically increase with aging in most rodents, and in human 
tissues (Melk et al., 2003, 2004; Liu et al., 2009). Here we showed that overexpression of the 
p16 protein inhibits reporter luciferase expression in a dose-dependent manner. This suggests 
that the p16 has a down-regulatory effect on human klotho expression. However, more data 
will be needed to confirm that p16 has a role in aging by affecting the klotho gene expression. 
Another important tumor suppressor protein is p53. Key functions of p53 are induction of cell 
cycle arrest, senescence, and apoptosis in response to DNA damage (Abdulamir et al., 2008). 
p21, another apoptosis-related protein, is up-regulated by p53 in response to DNA damage in the 
apoptotic pathway (Abdulamir et al., 2008). It was shown that klotho knock down MRC-5 cells 
had decreased p53 synthesis and stimulated replication and cell division. This suggests that the 
klotho protein affects apoptosis via the p53/p21 pathway (de Oliveira, 2006). However, the role 
of p53/p21 in the klotho expression is unclear. To look for clues concerning the klotho gene regu-
lation, we tested the effect of these proteins on the klotho expression. p53 has inhibitory effects 
on luciferase reporter expression in a dose-dependent manner, as does p16 (Figure 6). In contrast 
to p16 and p53 proteins, p21 did not have significant effects on the klotho expression. This find-
ing suggests that p53 might down-regulate the klotho gene independent of the p53/p21 pathway.



2022

©FUNPEC-RP www.funpecrp.com.brGenetics and Molecular Research 10 (3): 2009-2023 (2011)

K. Turan and P. Ata

The klotho gene codes a single-pass transmembrane protein with a large extracellular 
domain. The extracellular domain of this protein is clipped on the cell surface by membrane-
anchored proteases to generate a secreted form. Thus, the klotho protein exists in at least two 
forms. One is membrane-bound klotho, and the other is secreted klotho, which exists in the 
blood, urine, and cerebral spinal fluid (Matsumura et al., 1998; Kuro-o, 2010). These two forms 
of klotho have distinct functions. Membrane-bound klotho interacts with fibroblast growth factor 
(FGF) receptors to form high-affinity receptors for FGF23. Secreted klotho protein functions as a 
humoral factor that regulates several ion channels and transporters, and other processes, includ-
ing insulin and IGF-1 signaling (Kuro-o, 2006). In cooperation with Fgf23, it regulates calcium 
concentration by suppression of 1,25(OH)2D synthesis, and reabsorption of phosphate in the dis-
tal convoluted part of the nephron (Ikushima et al., 2006). These reports suggest that the klotho 
gene expression may be regulated by Ca and P ions. Here, we detected that both Ca and P ions 
stimulate reporter luciferase activity under the control of human klotho promoter in HEK293 
cells in a dose-dependent manner (Figure 7). On the other hand, at concentrations of 0.3 mg/mL 
or more, Ca and P ions negatively affect the klotho expression. In a previous report, it was shown 
that klotho mRNA in bovine parathyroid cells was inversely correlated with serum calcium lev-
els (Bjorklund et al., 2008). At first glance, this result seems to contradict our conclusions. In 
that report, an inhibitory effect of Ca ions at values higher than 1.5 mM was detected. However, 
in our study, the klotho gene expression was stimulated at Ca concentrations that were lower 
than 1.5 mM. These results lead us to assume that Ca (and also P) ions stimulate the klotho gene 
expression until a certain threshold value, but they have an inhibitory effect over this threshold.

We also tested the effects of the extracellular factors PTH, IGF-1 and angiotensin-II 
on the human klotho gene expression because of their relationship with the klotho protein. 
Recent reports showed that the klotho protein can act as a hormone and inhibits the intracel-
lular insulin/IGF-1 signaling cascade (Wolf et al., 2008). The klotho protein also inhibits PTH 
secretion indirectly through the action of FGF23. We showed that none of these factors have a 
significant up- or down-regulatory function on the klotho expression in HEK293 cells (Figure 
8). However, one has to consider the serum content of growth medium as well as the possible 
insensitivity of HEK293 cells to the factors that were tested.

We conclude that the human klotho gene expression is under strict control of cis- and 
trans-acting factors. Overexpression of p16 and p53 tumor suppressor proteins in HEK293 
cells decreases the klotho expression. In contrast, increasing concentrations of calcium and 
phosphate ions stimulate the klotho expression.
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