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 Background: UV-related skin disease such as actinic keratosis is a major concern in public health. In view of the cell injury 
induced by UVB, Klotho protein it is an ideal therapy to eliminate UVB-induced cell damages and the associated 
signaling pathways.

 Material/Methods: To gain insights into the potential role of Klotho and the underlying molecular mechanism, we constructed a 
Klotho-overexpress HaCaT cell line and assessed the protection against UVB insults. The effects of exposure to 
UVB radiation on the human keratinocyte HaCaT cells, including cell growth, apoptosis, and changes of selected 
biomarkers, were measured by CCK-8, flow cytometry, Quantitative real-time PCR, and Western blot analysis.

 Results: We found that enhanced NF-kB activity was accompanied by decreased expression of the anti-aging protein 
Klotho upon UVB stimulation, which was further confirmed with in vivo experiments. Overexpression of Klotho 
was able to considerably alleviate the UVB-induced damages to cells and reversed the UVB-caused biomarker 
changes to a great extent, which was comparable to the effects of administration of NF-kB inhibitor PDTC, sug-
gesting the inhibition of nuclear translocation and DNA-binding activity of NF-kB. Furthermore, Klotho overex-
pression was proved to decrease the nuclear expression of NF-kB as much as the treatment with PDTC, which 
provides support for the direct regulation of NF-kB by Klotho.

 Conclusions: Collectively, our work provides new insight into the potential role of Klotho in the context of UVB-induced inju-
ries in human keratinocytes, as well as providing the basis for future study of new therapies against UV-related 
skin disease.
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Background

Actinic keratosis (AK) is a common skin condition caused by 
chronic ultraviolet (UV) radiation exposure [1–3]. AK is a major 
concern in public health and can progress to keratinocyte carci-
noma (AC) due to the impaired defensive antioxidant and DNA-
repair mechanisms caused by prolonged UVB damage [4,5]. As 
a self-protection, UVB can induce cell death through distinct 
pathways, including DNA damage, reactive oxygen species 
(ROS) production, and death receptor activation, all of which 
contribute to the overall UV-induced apoptosis [6,7]. Thus, the 
ideal therapies should be able to eliminate UVB-induced cell 
damages and impaired cells, as well as being able to interfere 
with the associated signaling pathways [8].

The nuclear factor-kB (NF-kB) family of transcription factors, 
which consist of 5 different members, plays essential roles in 
response to stress, such as UVB radiation [9-11]. Upon stimu-
lation, NF-kB is able to translocate from the cytoplasm, where 
it is normally sequestered, into the nucleus to exert its tran-
scriptional functions [12]. It is recognized that NF-kB is a con-
text-dependent apoptosis regulator having both pro-apoptotic 
and anti-apoptotic functions within a single cell type [13], and 
controls a wide variety of genes activated upon inflammation, 
such as IL-6 [14]. Considerable progress has been made in 
understanding the details of the signaling pathways that reg-
ulate NF-kB activity, particularly those responding to the pro-
inflammatory cytokines tumor necrosis factor-a (TNF-a) and 
interleukin-1 (IL-1) [12]. Chun et al. reported NF-kB signaling 
protects keratinocytes from DNA damage-induced death and 
facilitates the establishment of a tumor-nurturing proinflam-
matory microenvironment [15].

In recent decades, Klotho has attracted increasing attention 
due to its pleiotropic functions in aging-related diseases and 
disorders. Recently, numerous studies indicated the relation-
ship between Klotho and NF-kB. For instances, Yoshihiro et al. 
found NF-kB activation can be attenuated by Klotho protein 
administration in endothelial cells [16] and Buendía et al. also 
reported that Klotho suppresses nuclear NF-kB activation and 
the subsequent transcription of proinflammatory genes [17]. 
Given the central role of NF-kB in UVB-induced injuries, these 
results encouraged us to explore the potential protective role 
of Klotho against UVB radiation. To the best of our knowl-
edge, there is no previously published report on the promise 
of Klotho protein in this context.

In the present study, we exposed human keratinocytes HaCaT 
cells to high-intensity UVB radiation and studied the effects on 
the expressions of NF-kB as well as Klotho. Both in vitro and in 
vivo results consistently indicated the simultaneous changes 
of both proteins, suggesting the direct association between 
them. Use of the Klotho-overexpressing cell model helped us 

to investigate the influence of Klotho on the expression and 
cytoplasm/nucleus shuttling of NF-kB, as well as confirming the 
protective function of Klotho against UVB radiation in human 
keratinocytes. Our findings provide the basis for future study 
on prevention of actinic keratosis and carcinoma.

Material and Methods

Cell line and cell culture

The human immortalized and non-tumorigenic keratino-
cyte cell line (HaCaT) was purchased from the Cell Bank of 
Shanghai Institutes for Biological Sciences (Chinese Academy 
of Sciences, Shanghai, China) and cultured in Dulbecco’s mod-
ified Eagle’s medium (DMEM) (Gibco, NY, USA) supplemented 
with 10% fetal bovine serum (FBS) (Thermo Fisher Scientific, 
Inc., Rochester, NY, USA) and 1% penicillin/streptomycin solu-
tion (Solarbio, Shanghai, China) at 37°C.

Plasmids construction and gene overexpression

The cDNA of Homo sapiens Klotho (KL) (GenBank accession num-
ber NM_004795.3) was inserted into the EcoRI and BamHI sites 
of pLVX-Puro. The insert was confirmed by sequencing. Virus 
particles carrying Klotho were produced by transfecting 293T 
cells with pLVX-Puro-Klotho together with viral packaging vec-
tors (psPAX2, pMD2G) as previously described [18], and then 
HaCat cells were infected with virus-containing supernatants. 
The alteration of expression of Klotho was confirmed by real-
time RT-PCR and Western blotting.

Cell proliferation assay

Cell proliferation was monitored by the colorimetric water-sol-
uble tetrazolium salt assay using a Cell Counting Kit-8 (CCK-8) 
(Dojindo Laboratories, Kumamoto, Japan) according to the man-
ufacturer’s instructions. Cells were seeded onto 96-well plates 
(2×103 cells/well), and cell proliferation was documented every 
24 h. The number of viable cells was assessed by measure-
ment of the absorbance at 450 nm using a microplate reader.

Apoptosis assay

Apoptotic cells were assessed by staining with the Annexin V-FITC 
Apoptosis Detection Kit (Beyotime Institute of Biotechnology, 
China) following the instructions of the standard manual. 
Specifically, 1×106 HaCaT cells were collected, washed, and re-
suspended in 195 μL Annexin V-FITC-binding buffer. Then, the 
samples were co-stained with Annexin V-FITC (5 μL) and propidium 
iodide PI (5 μL) in the dark for 15 min. Next, apoptotic cells were 
determined by flow cytometry. Apoptosis was detected using a 
Guava easyCyte HT flow cytometer (Millipore, Bedford, MD, USA).

8584
Indexed in: [Current Contents/Clinical Medicine] [SCI Expanded] [ISI Alerting System]  
[ISI Journals Master List] [Index Medicus/MEDLINE] [EMBASE/Excerpta Medica]  
[Chemical Abstracts/CAS]

Zhang B. et al.: 
Klotho inhibits NF-kB activation

© Med Sci Monit, 2018; 24: 8583-8591
LAB/IN VITRO RESEARCH

This work is licensed under Creative Common Attribution-
NonCommercial-NoDerivatives 4.0 International (CC BY-NC-ND 4.0)



Western blot analysis

Western blotting was performed as described before [19]. 
Briefly, cells were harvested and lysed and the supernatants 
were collected. For NF-kB evaluation, cytoplasmic and nuclear 
fractionation was extracted separately. Then, the protein sam-
ples were separated with 12.5% SDS/PAGE. The proteins were 
transferred to PVDF membranes and probed with anti-Klotho, 
anti-NF-kB (Abcam, Cambridge, MA, USA), anti-Bcl-2, and anti-
Bax (Santa Cruz Biotechnology, Santa Cruz, CA, USA) antibodies 
(1: 1000) at room temperature for 2 h, and then incubated 
with horseradish peroxidase (HRP)-conjugated goat anti-rat, 
goat anti-rabbit, or donkey anti-goat Ig (1: 1000) (Beyotime 
Biotechnology, China) for 15 min. GAPDH, b-actin, and H3 were 
used as internal controls (CST, Danvers, MA, USA). The X-ray film 
was developed by an enhanced chemo-luminescence system.

Quantitative real-time PCR (qRT-PCR)

Total RNA was extracted from cultured cells with TRIzol 
reagents (Life Technologies, Grand Island, NY, USA) according 
to the standard manual. RNA was reversely transcribed using 
the RevertAid First Strand cDNA Synthesis Kit (Fermentas, 
St Leon-Rot, Germany) before quantification with spectropho-
tometry. Quantitative real-time PCR was carried out on the 
Applied Biosystems Prism 7300 sequence detection system 
with Maxima SYBR Green/ROX qPCR Master Mix (Fermentas, 
St Leon-Rot, Germany) according to the manual. PCR condi-
tions were: 50°C for 2 min and 95°C for 2 min, followed by 40 
cycles of 95°C for 15 s and 60°C for 45 s. GAPDH was consid-
ered as an internal control. The specific primers used in real-
time PCR are shown as below (Table 1).

Measurement of Caspase-3 Activity

Cells (4×106) were lysed with 200 μL pre-cooled lysis buffer sup-
plemented with DTT (Sigma, MO, USA) (volume ratio 100: 1), 
which were then centrifuged (14 000 g) for 15 min at 4°C and 
collected with supernatant for the following study. Caspase-3 
activity was measured with caspase-3 colorimetric assay kit 
(Medical&Biological Laboratories, Nagoya, Japan) following the 
manufacturer’s protocol [20].

Enzyme-linked immunosorbent assay (ELISA) analysis

After being collected, the concentrations of TNF-a, IL-6, and 
IL-1b in the supernatant were measured using a standard 
ELISA Kit (JRDUN Biotechnology, Shanghai, China) following 
the instructions of the manufacturer [21]. For each well, 
absorbance at 450 nm was measured with a microplate reader. 
Concentrations were determined by comparing the optical den-
sity with the standard curve.

UVB irradiation and tissue staining

To construct a UVB-induced skin impairment in vivo model, 12 
female Hairless SKH-1 mice (Charles River Laboratories, Saint-
Germain-sur-L’Arbresle, France) were used and were fed with 
standard chow. All mice (6–8 weeks old, weighing 18–20 g) in 
individual cages (1 mouse/cage) were UVB-exposed 4 times 
per week for 12 weeks. UV-B radiation was generated by a UVB 
device (SUV1000, Shanghai SIGMA), range 280–320 nm, with 
an energy peak at 312 nm. Gradual UVB exposure was per-
formed for 10 min each time in SKH-1 mice. After 12 weeks, 
mice were sacrificed and 2 cm2 of back skin was removed for 
histological analyses. Hematoxylin and eosin (HE) staining 
was carried out on sections following the standard protocol 
reported in previous studies [22–24]. Immunohistochemistry 
(IHC) staining of Klotho and NF-kB was performed on paraf-
fin-embedded sections of both normal and UVB irradiated skin 
of mice with anti-Klotho and anti-NF-kB (Abcam, Cambridge, 
MA, USA) according to the method described in a previous re-
port [25]. All experiments were approved by the Animal Studies 
Subcommittee of our institution.

Statistical analysis

All experiments were performed in triplicate and the results 
are expressed as the mean ±SD. Data were analyzed using 
SPSS12.0 statistical analytical software (Chicago, IL, USA). 
Comparison between different experimental groups was per-
formed with t tests. Differences with p-values <0.05 were con-
sidered statistically significant.

Gene Accession number Primer sequence Length

Homo sapiens Klotho XM_006719895.2
F: 5’ TCTTCAGCCTTGTTCTAC 3’
R: 5’ TTTACTGTGGTGGACATC 3’

192 bps

NF-kB NM_001145138.1
5’ GGAGCACAGATACCACCAAGAC 3’
5’ CTCAGCCTCATAGAAGCCATCC 3’

161 bps

GAPDH NM_001256799.2
F: 5’ AATCCCATCACCATCTTC 3’
R: 5’ AGGCTGTTGTCATACTTC 3’

218 bps

Table 1. Real-Time PCR primer sequences.
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Results

In vitro study of UVB effects on NF-kB and Klotho 
expressions in HaCaT cells

We found that UVB exposure significantly enhanced the mRNA 
expression of NF-kB in human keratinocytes, in an intensity-
dependent (10, 20, 30, 40 mJ/cm2) manner (Figure 1A). Given 
the nuclear/cytoplasmic shuttling of NF-kB, we also determined 
the protein expressions in cytoplasm and nuclei, separately. As 
a result, we found that UVB exposure dramatically decreased 
the protein level of NF-kB in cytoplasm while increased its pro-
duction in nuclei, both of which occurred in an intensity-de-
pendent (10, 20, 30, 40 mJ/cm2) manner (Figure 1B). Moreover, 
it was found that UVB exposure significantly decreased the 
mRNA expression of Klotho in an intensity-dependent man-
ner in HaCaT cells (Figure 1A), which was confirmed by the 
Western blot analysis, which showed similar changes in the 
protein production of Klotho (Figure 1B).

Klotho overexpression inhibited the nuclear translocation 
of NF-kB in HaCaT cells

The above results encouraged us to hypothesize that Klotho can 
regulate the expression and nuclear translocation of NF-kB in 
HaCaT cells, and thus may be closely involved in the cellular re-
sponse to UVB radiation. We constructed Klotho-overexpressed 
HaCaT cells. The expressions of Klotho were confirmed with 
qRT-PCR and Western blot analysis (Figure 2A, 2B) and the re-
sult was statistically significant (P<0.001). On this basis, we 

determined the protein level of NF-kB in cytoplasm and nu-
clei, separately. The Western blotting results clearly showed 
that compared with the vector control cells, which are simi-
lar to the normal control cells, the cytoplasmic NF-kB in the 
Klotho-overexpressing HaCaT cells was significantly increased 
while the nuclear NF-kB was significantly reduced (Figure 2C). 
These data support our hypothesis and suggest a direct rela-
tionship between Klotho and NF-kB in human keratinocytes, 
which is in agreement with previous reports [26].

Klotho overexpression protected HaCaT cells from UVB 
damage

We examined the cytotoxic effects of UVB radiation (10, 20, 30, 
40 mJ/cm2) on normal HaCaT cells for different exposure times 
(24, 48, 72 h), and our results showed significant cell growth 
inhibition in both intensity- and time-dependent manners 
(Figure 3A). On this basis, we exposed Klotho-overexpressing 
HaCaT cells to 30 mJ/cm2 UVB radiation and investigated the 
potential of Klotho to protect cells from UVB-induced injuries. 
Our results show that Klotho overexpression greatly alleviated 
the cell growth inhibition, which also follows a time-dependent 
manner (Figure 3B). Moreover, the protective effects of Klotho 
overexpression are comparable to the effects of administration 
of the NF-kB inhibitor pyrrolidine dithiocarbonate (PDTC) at a 
dose of 10 μM, which was reported to inhibit nuclear translo-
cation and DNA-binding activity of NF-kB [27].

We also assessed the apoptosis in normal and Klotho-
overexpressing HaCaT cells, showing that 24-h exposure of 
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Figure 1.  In vitro study of the effects of UVB exposure on the expressions of NF-kB and Klotho proteins. (A) The mRNA expressions 
of NF-kB and Klotho in the human HaCaT cell line treated with UVB radiation at varying intensities (0–40 mJ/cm2). (B) The 
protein expressions of NF-kB and Klotho in UVB-treated HaCaT cells as indicated above. The amount of NF-kB protein in 
cytoplasm and nucleus were determined separately with Western blot analysis. Statistical significance was confirmed with 
** P<0.01, *** P<0.001 compared with 0 mJ/cm2.
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UVB radiation at the intensity of 30 mJ/cm2 resulted in dra-
matically enhanced apoptosis in HaCaT cells. But Klotho over-
expression largely reversed the cytotoxic effect by reducing the 
apoptotic cells, which is comparable to the results of pre-treat-
ment with PDTC (10 μM) (Figure 3C). To gain insights into the 
molecular mechanism, we evaluated the changes in selected 
protein markers. We found that UVB radiation enhanced the 
Caspase-3 activity (Figure 3D) and largely increased the amount 
of pro-apoptotic factor Bax, while decreasing the anti-apoptotic 
protein Bcl-2 (Figure 3E). Furthermore, Klotho overexpression 
was able to reverse these effects, which is comparable with 
that of PDTC administration. Further densitometric analysis re-
vealed the significant decrease of Bax/Bcl-2 ratio from 2.6 to 
0.9 by the protection of Klotho and PDTC, respectively.

Klotho overexpression decreased the production of TNF-a, 
IL-6, and IL-1b

We examined the effects of UVB as well as the protection of 
Klotho and PDTC on the production of these factors. Consistent 
with the above findings, exposure to UVB enhanced the pro-
duction of TNF-a, IL-6, and IL-1b in HaCaT cells, while Klotho 
overexpression and PDTC pre-treatment reversed the effect to 
a similar extent (Figure 4A, 4B).

Klotho overexpression reduced the nuclear translocation 
of NF-kB

As shown in Figure 5, in the absence of UVB irritation, NF-kB 
primarily remains in inactive state by locating in the cytoplasm. 

However, with 24-h exposure to 30 mJ/cm2 UVB radiation, 
NF-kB becomes active by translocating to the nucleus, where 
it can start transcription. This is supported by the significant 
increase in nuclear NF-kB protein. In contrast, Klotho overex-
pression, very similar to the administration of PDTC, was able 
to reduce the shuttling of NF-kB between cytoplasm and nu-
cleus, which was evidenced by the decreased protein expres-
sions. Collectively, our results indicate that Klotho plays a pro-
tective role in HaCaT cells against UVB radiation by directly 
regulating the activation of NF-kB, thus alleviating the inflam-
matory reactions and cellular impairment.

In vivo study of UVB effects on the epidermis and 
expressions of NF-kB and Klotho

To confirm the above findings made in human keratinocytes, 
the effect of UVB mouse skin was evaluated. As shown by 
hematoxylin and eosin (HE) staining results (Figure 6A), the 
granular and spinous layers of UVB-treated mice were signif-
icantly thickened, with increased numbers of inflammatory 
cells compared to the control. We also determined the pro-
tein amounts of Klotho and NF-kB with immunohistochemistry 
(IHC) staining. From our results, it can be seen that there is sig-
nificant decrease in the expression of Klotho (Figure 6B) and 
increase in NF-kB expression (Figure 6C) upon exposure to 
UVB radiation, which is in agreement with the above findings 
in the HaCaT cell line. These data strongly suggest a direct 
association between both targets, which was previously rec-
ognized in other cells [16,17].
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Figure 2.  Effects of Klotho overexpression on the cytoplasmic and nuclear amount of NF-kB protein. (A) The quantification of Klotho 
production in Klotho-overexpressing HaCaT cells. (B) Western blot analysis of Klotho production in Klotho-overexpressing 
HaCaT cells. (C) Western blot analysis of NF-kB expression in cytoplasm and nucleus. Statistical significance was confirmed 
with *** P<0.01 compared with vector control.
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Discussion

Cumulative UV radiation from sun exposure is the primary 
cause for a variety of skin disorders [28], including actinic ker-
atoses and premature aging of the skin, which are common in 
Western countries [29]. There has been no agreement on the 
most efficacious treatment [4,30]. Therefore, it is necessary 
to gain new insight into the molecular mechanism underlying 
the stress responses. Klotho is a gene involved in premature 
aging syndromes and cell senescence [31,32], and has been 
found to be able to protect cells from a variety of insults and 

Figure 6.  In vivo study of the effects of UVB exposure on the epidermis and protein expressions. (A) Hematoxylin and eosin (HE) 
staining of skin tissues in the SKH-1 mouse model treated with UVB radiation for 12 weeks. Immunohistochemistry 
(IHC) staining of (B) Klotho and (C) NF-kB proteins in the SKH-1 mouse model treated with UVB radiation 12 weeks. 
Representative histological pictures of each group are depicted.
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injuries [33]. Our investigation explored the potential role of 
the anti-aging protein Klotho in protection against UVB radia-
tions, which could provide the basis for new therapies for UV-
related skin diseases.

Previous reports showed that NF-kB plays an essential role 
in response to UVB radiation, which induces increased ex-
pression and DNA-binding activity of NF-kB [34,35]. For in-
stance, the pioneering work by Nanxin et al. reported that 
exposure of mammalian cells to UV radiation induced signif-
icant DNA-binding activity of NF-kB and nuclear transloca-
tion of its p65 (RelA) subunit [36]. Actually, NF-kB plays es-
sential role in response to stressful situation [9–11]. It has 
been established that the cytoplasmic NF-kB sequestering 
prevents its transcriptional activity and it must be translo-
cated into the nucleus to function [12]. In our experiments, 
it was found UVB irradiation largely increased the mRNA ex-
pression and nuclear protein amount of NF-kB, which is con-
sistent with previous reports. Moreover, it was also found that 
UVB significantly reduced the mRNA and protein expressions 
of Klotho in HaCaT cells. These findings were further confirmed 
by in vivo research, which showed similar changes in the UVB-
impaired hyper-thickened epidermis, suggesting a direct rela-
tionship between both targets.

Our studies with Klotho overexpression directly validate that 
Klotho exerts effective protection of HaCaT cells against dam-
age caused by high-intensity UVB radiation, such as alleviating 
cell growth inhibition and apoptosis. The molecular mechanism 
study revealed that Klotho overexpression reduced Caspase-3 
activity and induced decreased expression of pro-apoptotic 
Bax, as well as increasing production of anti-apoptotic Bcl-2. 
It is well-established that the indicator of Bax/Bcl-2 is im-
portant for the induction and processing of apoptosis [37], 
whose elevation generally corresponds with the onset of cell 
apoptosis [38]. The significant decrease suggests the effective 
inhibition of cell apoptosis. These results are consistent with 
observations of cell growth inhibition. These effects were found 

to be comparable to that of NF-kB inhibition with administra-
tion of PDTC, which was reported to inhibit nuclear transloca-
tion and DNA-binding activity of NF-kB [27]. This result suggests 
that the protection of cells against UVB by Klotho overexpres-
sion is most likely mediated by the inhibition of NF-kB activity. 
Consistent with the above, Klotho has been found to be asso-
ciated with activation of NF-kB in different cell types [16,17]. 
Accumulating evidence suggests that the anti-aging protein 
Klotho plays an important role in mediating inhibition of NF-kB 
and prevention of nuclear translocation [17,39].

Recently, considerable progress has been made in understanding 
the details of the signaling pathways that regulate NF-kB 
activity, particularly those responding to the proinflammatory 
cytokines tumor necrosis factor-a (TNF-a), interleukin-1 (IL-1), 
and IL-6 [12,40]. According to previous reports, NF-kB can be 
activated by a wide variety of different stimuli, including TNF-a, 
IL-6, and IL-1 [12,40]. Subsequently, it was reported that the 
activated NF-kB also controls these genes and strengthens the 
response to inflammation [14]. We showed that Klotho overex-
pression caused the enhanced production of proinflammatory 
cytokines, including TNF-a, IL-6, and IL-1b. Subsequently, the 
activated NF-kB also controls these genes and strengthens the 
response to inflammation [14]. Our data prove the anti-inflam-
mation effects of Klotho protein in UVB-treated HaCaT cells.

Conclusions

In conclusion, the present study confirmed that Klotho overex-
pression increased mRNA expression and the nuclear translo-
cation of NF-kB, which shows its anti-UVB potential in human 
keratinocytes. Our work provides the basis for future study of 
new therapies against UV-related skin diseases and disorders.
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