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Abstract: All-trans retinoic acid (RA) is an effective anti-aging chemical substance widely used in skin-care products. 
RA compromises epidermal differentiation and induces keratinocyte proliferation, causing hyaluronic acid production 
through mechanisms that are not completely understood. Klotho protein causes the differentiation of human epidermal 
keratinocytes. Klotho gene expression is mediated by epidermal growth factor (EGF), which inhibits cell apoptosis 
in aging-related diseases. The klotho gene causes human aging syndrome, including short lifespan, skin atrophy, and 
osteoporosis. We investigated the relationship between RA and klotho in epidermal keratinocytes for the first time. 
In human epidermal keratinocytes, RA induced klotho gene expression. Treatment with both RA and recombinant 
klotho induced hyaluronic acid production in human epidermal keratinocytes. However, in klotho small interfering 
RNA (siRNA)-transfected keratinocytes, RA produced less hyaluronic acid than in the control group, indicating that 
RA may partially regulate hyaluronic acid production through a klotho-dependent pathway. Knockdown of klotho 
gene expression inactivated the EGFR-extracellular signal-regulated kinase (ERK) signaling pathway, which is involved 
in hyaluronic acid production. We concluded that the effect of RA on hyaluronic acid production is partly regulated 
through the klotho-mediated EGFR signaling pathway in human epidermal keratinocytes.
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INTRODUCTION

Vitamin A and its retinoid derivatives are important 
regulators of keratinocyte proliferation and differen-
tiation. In normal human skin, RA stimulates kera-
tinocyte proliferation, leading to thickening of the 
epidermis [1]. RA stimulates hyaluronan production 
in human skin organ cultures and human keratinocyte 
cultures [2-3]. RA-induced hyaluronan production is 
partly mediated by epidermal growth factor receptor 
(EGFR) signaling in epidermal keratinocytes [4]. EGF 
upregulates the hyaluronan synthases Has2 and Has3 
involved in epidermal proliferation and differentiation 
in organotypic keratinocyte cultures [5]. However, the 
molecular mechanism between retinoic acid and the 
EGFR signaling pathway is not completely known.

The klotho gene was identified in 1997. It encodes 
for a single-pass transmembrane protein that forms a 
complex with multiple fibroblast growth factor (FGF) 
receptors and functions as an obligatory co-receptor 
for FGF23 [6]. The klotho gene was originally identi-
fied as a putative age-suppressing gene in mice that 
extends the life span when overexpressed; defects in 
either klotho or fgf23 gene expression cause phos-
phate retention and a premature-aging syndrome in 
mice, unveiling a potential link between phosphate 
metabolism and aging [7]. The transcriptional activ-
ity of klotho is regulated by epidermal growth factor 
(EGF), and klotho inhibits cell apoptosis via the EGF-
dependent pathway [8-9]. Thus, klotho is involved in 
the suppression of several aging phenotypes because it 
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functions as part of a signaling pathway that regulates 
aging in vivo, and morbidity in age-related diseases 
[6,7,10].

In skin, studies performed to define the function 
of klotho revealed that epidermal differentiation was 
disrupted in kl/kl mice, and β-klotho was required 
for the differentiation of human epidermal keratino-
cytes [11]. (-)-Epigallocatechin-3-O-gallate (EGCG) 
functions as an inducer of keratinocyte differentia-
tion via transcriptional regulation of klotho protein 
[12]. Klotho protein protects human keratinocytes 
from UVB-induced damage, possibly by lowering 
the expression and nuclear translocation of nuclear 
factor-κB (NF-κB) [13]. Scleroderma patients exhibit 
significantly lower serum α-klotho levels than healthy 
controls [14].

Based on the results of previous studies about RA 
[1-4] and klotho [11] in keratinocyte differentiation, 
in the present study, we investigated the biological 
relation between retinoic acid and klotho as regards 
the correlation of the production of hyaluronic acid 
and the EGFR signaling pathway. We report for the 
first time that RA could serve as an anti-aging re-
agent, inducing hyaluronic acid production through 
the klotho-mediated EGFR signaling pathway in ke-
ratinocytes.

MATERIALS AND METHODS

Cell culture

Normal human keratinocytes (NHKs) were purchased 
from Invitrogen (San Diego, CA, USA). Cultured 
NHKs (early passage cells) were used for all experi-
ments. NHKs were grown in keratinocytes basal 
media-gold, supplemented with Bullet kit (KBM-
GoldBullet kit, Lonza, MD, USA). Normal human 
dermal fibroblasts (NHF) and HEK293 cells were 
purchased from Thermo Fisher Scientific (Waltham, 
MA, USA) and the American Type Culture Collection 
(Manassas, VA, USA), respectively. Both cells were 
cultured in Dulbecco’s modified Eagle medium 
(DMEM, #12−604F, Lonza, Walkersville, MD, USA) 
with 5% FBS and 1% penicillin-streptomycin. Cells 
were maintained at 37°C in a humidified atmosphere 
with 5% CO2.

Real-time qPCR

Total RNA was extracted using Qiagen RNeasy mini 
kit (Qiagen, Valencia, CA, USA) according to the man-
ufacturer’s manual. The first-strand cDNA was synthe-
sized from 4 µg of total RNA using the SuperscriptTM 
III first-strand synthesis system (Invitrogen, CA, 
USA). Real-time qPCR was performed in ABI 
7500HT fast (Applied Biosystems, Foster City, CA, 
USA) using TaqMan Universal PCR Master Mix. A 
TaqMan probe for klotho was synthesized by Bioneer 
(Daejeon, Korea). The sequences of the primers were 
5'-TGGAAACCTTAAAAGCCATCAAGC-3' (for-
ward), and 5'-CCACGCCTGATGCTGTAACC-3' 
(reverse). A TaqMan probe for glyceraldehyde 3-phos-
phate dehydrogenase (GAPDH) was purchased from 
Applied Biosystems. Relative changes in klotho mRNA 
expression levels were normalized for GAPDH mRNA 
expression levels in the same samples.

Western blotting

To prepare intracellular protein samples, cells were 
lysed in lysis buffer containing 150 mM NaCl, 2% 
sodium dodecyl sulfate (SDS), and 50 mM Tris (pH 
8.0). Lysed samples were heated at 95ºC for 5 min to 
denature nuclear DNA. The obtained protein samples 
were then separated by SDS polyacrylamide gel elec-
trophoresis (PAGE) and transferred onto nitrocellu-
lose membranes. The blots were incubated with anti-
klotho (Abcam, Cambridge, MA, USA), anti-β-actin 
(Sigma-Aldrich, St. Louis, MO, USA), anti-phospho-
EGFR, anti-EGFR, anti-phospho-ERK, and anti-ERK 
(Cell Signaling Technology, Beverly, MA, USA). The 
blots were developed by an enhanced chemilumi-
nescence detection system (Amersham Pharmacia 
Biotech, Piscataway, NJ, USA).

Klotho gene knockdown

For gene knockdown, klotho-specific siRNA was 
transfected into NHK cells using the 100 µM lipo-
fectamine 2000 reagent (Invitrogen). Scrambled siR-
NA for the negative control and klotho-specific siRNA 
were purchased from Dharmacon (Chicago, IL, USA). 
Cells were harvested after 5 days of incubation.
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Hyaluronic acid (HA) enzyme-linked 
immunosorbent assay (ELISA)

Conditioned media for HA ELISA were harvested 5 
days after treatment with recombinant klotho (R&D 
systems, Minneapolis, MN, USA), klotho siRNA, and 
RA (Sigma-Aldrich). HA ELISA was performed us-
ing the Corgenix (Broomfield, CO, USA) HA test kit 
according to the manufacturer’s manual.

Immunocytochemistry

Immunocytochemistry for klotho detection in NHK 
cells was performed after formaldehyde fixation. 
Briefly, cells were fixed for 20 min with 4% formal-
dehyde in phosphate-buffered saline (PBS), permea-
bilized with 0.2 % Triton X-100 solution. Fixed cells 
were then blocked with bovine serum albumin (BSA) 
in PBS and incubated with Klotho antibody for 1 h, 
followed by 4',6-diamidino-2-phenylindole (DAPI) 
counterstaining. Fluorescence images of klotho were 
obtained by confocal microscopy (Zeiss, Germany).

Statistical analysis

The results are expressed as the mean±standard de-
viation (SD). The data were analyzed using Student’s 

t-test, and the two-tailed value of P<0.05 was consid-
ered statistically significant. Data were processed by 
the Statistical Package for the Social Sciences (SPSS) 
for Windows statistical package (SPSS Inc., Chicago, 
IL, USA).

RESULTS

RA-induced klotho gene expression in NHK cells

We investigated klotho expressions in NHF and NHK 
cells. qRT-PCR (Fig. 1A) revealed that both NHF and 
NHK expressed klotho. HEK293, a representative cell 
line with klotho proteins, was previously used as a 
positive cell line to check klotho gene expression [6]. 
In the present study, we used NHK because the re-
lationship between RA and klotho in epidermal ke-
ratinocytes is not yet known. We assessed whether 
RA induces klotho expression in NHK. In Fig. 1B, it 
can be seen that RA (1 µΜ) significantly increased 
klotho mRNA expression for 2 days in NHK. To 
further check the expression of klotho protein, we 
treated NHK with 1 µΜ RΑ for 2 or 8 days. After 2 
days, klotho protein expression was slightly increased 
by RA treatment, whereas RA increased klotho pro-
tein expression after 8 days (Fig. 1C). Klotho protein 

Fig. 1. RA-induced klotho expression in normal human keratinocytes (NHKs). A – Klotho mRNA expression in normal human fibroblasts 
(NHFs) and NHKs. Human embryonic kidney cells (HEK293) were used as the positive control. B – Upregulation of klotho mRNA in 
RA-treated NHKs. C – Upregulation of klotho protein measured by Western blotting in RA-treated NHKs. D – Upregulation of klotho 
protein (red color) measured by immunocytochemistry in RA-treated NHKs. The results are expressed as the mean±SD of three inde-
pendent experiments. **P<0.01 compared to the control (CTL).
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expression was upregulated in the cytosol and plasma 
membrane of RA-treated NHK cells (Fig. 1D). The 
data suggested that RA induced klotho gene tran-
scription and klotho protein expression in human 
keratinocytes.

Alteration of hyaluronic acid production 
mediated by klotho expression

Next, we determined if klotho could induce the pro-
duction of hyaluronic acid in NHK cells. NHK were 
treated with recombinant human klotho protein 
for 2 days, and the ELISA assay was performed to 
evaluate the amount of secreted hyaluronic acid us-
ing NHK-cultured media. In Fig. 2A, recombinant 
human klotho increased secreted hyaluronic acid 
production up to 145% compared with the control 
group. Based on previous reports that RA produces 
hyaluronic acid in epidermal keratinocytes [2-4], we 
assumed that RA could stimulate hyaluronic acid pro-
duction via a klotho-mediated pathway. Klotho siRNA 
was designed and used to transfect NHK cells. The 
siRNA-transfected NHK cells were exposed to RA, 
and after 2 days, the amount of secreted hyaluronic 
acid was determined. In Fig. 2B it can be seen that 
RA induced hyaluronic acid production in siRNA-
transfected NHK cells. The increase in hyaluronic 
acid production by RA treatment was significantly 

suppressed in klotho siRNA-transfected NHK. These 
findings suggested that RA induced hyaluronic acid 
production through a klotho-dependent pathway; 
therefore, we focused on the molecular mechanism 
underlying the klotho-mediated signaling pathway. 
To examine whether the effects of klotho are medi-
ated by the EGFR-ERK signaling pathway, Western 
blotting using both control siRNA and klotho siRNA-
transfected NHK was performed. Fig. 2C shows that 
knockdown of klotho expression inhibited phospho-
EGFR, total EGFR, and phospho-ERK protein expres-
sion. These results suggest that klotho acts through 
the EGFR-ERK signaling pathway in epidermal ke-
ratinocytes.

DISCUSSION

In the human keratinocyte, RA, a representative anti-
aging compound, induces cell proliferation and dif-
ferentiation and stimulates hyaluronan production 
through the EGFR signaling pathway [1-4]. In a hu-
man clinical study, it was confirmed that RA increases 
epidermal thickness [15]. Klotho also affects the dif-
ferentiation of human epidermal keratinocytes [6-11]. 
A defect in klotho expression in the mouse results in 
skin atrophy [6]. However, there are only a few reports 
describing the relationship between RA and klotho, 

Fig. 2. Alteration of hyaluronic acid (HA) production mediated by klotho expression. A – HA 
secretion measured using HA ELISA in recombinant human klotho protein-treated NHKs. B 
– The effect of RA on HA production depends on the presence or absence of klotho. HA produc-
tion was measured using HA ELISA. Klotho knockdown was confirmed using Western blotting. 
C – Protein expression of phospho-EGFR, total EGFR, phospho-ERK, and ERK after klotho 
knockdown in normal human keratinocytes (NHKs), evaluated by Western blotting. Results are 
expressed as the mean±SD of three independent experiments. **P<0.01, ***P<0.001 compared 
to the control (CTL) (control group).
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although klotho was reported to bind to retinoic acid-
inducible gene I (RIG-I) and suppress NF-κB signaling 
[16]. Thus, we hypothesized that the mechanism of 
RA action would be involved in a klotho-mediated 
signaling pathway in keratinocytes. We found that RA 
increased klotho gene expression in keratinocytes and 
increased hyaluronic acid production. Furthermore, 
because EGFR signaling in epidermal keratinocytes 
mediates RA-induced hyaluronan production [4], we 
checked if klotho mediates the EGFR-ERK signaling 
pathway. We observed that klotho is involved in the 
EGFR-ERK signaling pathway, and that knockdown 
of the klotho gene inhibited not only EGFR phos-
phorylation but total EGFR expression. Based on the 
data, we concluded that klotho produces an effect on 
EGFR gene expression, and subsequently ERK phos-
phorylation. These results imply that RA exhibited 
anti-aging activity and they show that RA-induced 
klotho gene expression increased hyaluronic acid 
through the EGFR-ERK cascade in keratinocytes. 
However, we have not presented direct evidence that 
klotho-mediated EGFR/ERK signaling is involved in 
hyaluronic acid production, although klotho regu-
lates hyaluronic acid production in RA-treated ke-
ratinocytes. Nonetheless, we expect that the klotho-
mediated EGFR signaling pathway could also produce 
an effect on hyaluronic acid production in NHK, as 
was shown previously [4], although a detailed study 
is needed. In addition, the knockdown of Egr-1 at-
tenuated EGF-induced klotho promoter activity. The 
Ras/MEK/ERK signaling cascade is also involved in 
the EGF-induced activation of the klotho promoter 
[8]. These results indicated that klotho is activated by 
the EGF signaling pathway. Therefore, the expression 
of klotho protein is induced by EGF-ERK signaling, 
and simultaneously, the klotho protein activates the 
EGF-ERK signaling pathway, as described herein and 
in previous studies [8-9].

In conclusion, our results provide preliminary 
evidence that RA increases hyaluronic acid produc-
tion through klotho gene expression in keratinocytes. 
We defined for the first time the relationship between 
RA and klotho expression, which causes hyaluronic 
acid production in keratinocytes. We present evidence 
for a novel anti-aging mechanism of RA mediated by 
klotho expression. We believe that this study describ-
ing the relationship between RA and klotho will be 
helpful to further work in anti-aging.
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