
INTRODUCTION

Seborrheic keratosis frequently occurs in sun-exposed ar-
eas on the skin of the elderly. Based on the predictable role of 
photoaging in seborrheic keratosis, it is found that upregulated 
guanine deaminase (GDA) is involved in keratinocyte senes-
cence induced by ultraviolet (UV) radiation. Reactive oxygen 
species (ROS) generated by a metabolic end product such as 
uric acid have been found to play a role in keratinocyte senes-
cence (Cheong and Lee, 2020). The role of skin aging in me-
lasma has also been identified (Kim et al., 2016, 2017; Passe-
ron and Picardo, 2018; Kwon et al., 2019). UV is also the most 
well-known factor involved in skin hypermelanosis (Miyamura 
et al., 2007; Guida et al., 2021). Chronic UV exposure has 
been considered as one of main causes for the development 
of melasma (Lee, 2015; Passeron and Picardo, 2018; Kwon 
et al., 2019), a representative skin hyperpigmented skin dis-
order. Seborrheic keratosis frequently displays pigments, with 

keratinocytes containing greater amount of melanin, similar to 
melasma. Based on these common features between sebor-
rheic keratosis and melasma, GDA was found to be upregu-
lated in melasma (Supplementary Fig. 1) as shown in pub-
lished reports(Chung et al., 2014; Jung et al., 2020). The role 
of uric acid released from GDA-overexpressing keratinocytes 
in hyperpigmentation has also been reported (Cheong et al., 
2021).

Photoaging is often accompanied by skin hyperpigmenta-
tion. As a mechanism for UV-induced melanogenesis, para-
crine factors derived from keratinocytes have been estab-
lished (López et al., 2015; Swope et al., 2020; Takano et al., 
2020). Increased levels of endothelin-1 (ET-1) have also been 
presented as a potential mechanism of hyperpigmentation 
in seborrheic keratosis (Takenaka et al., 2013). Roles of uric 
acid in both melanogenesis and photoaging (Cheong and Lee, 
2020; Cheong et al., 2021) cast doubt on uric acid as a com-
mon mechanism for UV-induced melanogenesis and photoag-
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Uric acid produced by guanine deaminase (GDA) is involved in photoaging and hyperpigmentation. Reactive oxygen species 
(ROS) generated by uric acid plays a role in photoaging. However, the mechanism by which uric acid stimulates melanogen-
esis in GDA-overexpressing keratinocytes is unclear. Keratinocyte-derived paracrine factors have been identified as important 
mechanisms of ultraviolet-induced melanogenesis. Therefore, the role of paracrine melanogenic growth factors in GDA-induced 
hypermelanosis mediated by uric acid was examined. The relationships between ROS and these growth factors were examined. 
Primary cultured normal keratinocytes overexpressed with wild type or mutant GDA and those treated with xanthine or uric acid 
in the presence or absence of allopurinol, H2O2, or N-acetylcysteine (NAC) were used in this study. Intracellular and extracellular 
bFGF and SCF levels were increased in keratinocytes by wild type, but not by loss-of-function mutants of GDA overexpression. 
Culture supernatants from GDA-overexpressing keratinocytes stimulated melanogenesis, which was restored by anti-bFGF and 
anti-SCF antibodies. Allopurinol treatment reduced the expression levels of bFGF and SCF in both GDA-overexpressing and 
normal keratinocytes exposed to exogenous xanthine; the exogenous uric acid increased their expression levels. H2O2-stimulated 
tyrosinase expression and melanogenesis were restored by NAC pretreatment. However, H2O2 or NAC did not upregulate or 
downregulate bFGF or SCF, respectively. Overall, uric acid could be involved in melanogenesis induced by GDA overexpression 
in keratinocytes via bFGF and SCF upregulation not via ROS generation.
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ing. ROS generated by uric acid are involved in photoaging 
(Cheong and Lee, 2020). However, the mechanism by which 
uric acid from GDA-overexpressing keratinocytes stimulates 
melanogenesis is uncertain; this could be through ROS or via 
paracrine melanogenic growth factors, such as ET-1, stem cell 
factor (SCF), and basic fibroblast growth factor (bFGF) de-
rived from the keratinocytes (Hachiya et al., 2004; Brenner et 
al., 2005; Stanisz et al., 2012; Terazawa and Imokawa, 2018). 
Thus, the objective of this study was to examine whether these 
paracrine melanogenic growth factors played a role in GDA-
induced hypermelanosis mediated by uric acid. Relations of 
ROS with these growth factors were also examined.

MATERIALS AND METHODS 

Normal human epidermal cell culture
Adult skin specimens obtained from Cesarean sections and 

circumcisions were used for establishing cells for cell culture. 
The epidermis was separated from the dermis. Suspensions 
of individual epidermal cells were prepared. Keratinocytes 
were suspended in EpiLife Medium (Invitrogen, Carlsbad, CA, 
USA) supplemented with bovine pituitary extract (BPE), bo-
vine insulin (BI), hydrocortisone, human epidermal growth fac-
tor, and bovine transferrin (BT) (Invitrogen). Melanocytes were 
suspended in Medium 254 (Invitrogen) supplemented with 
BPE, fetal bovine serum, BI, hydrocortisone, bFGF, BT, hepa-
rin, and phorbol 12-myristate 13-acetate (Invitrogen). In case 
of keratinocytes, passages from 3 to 5 were used for experi-
ments. For coculture of keratinocytes and melanocytes, ke-
ratinocytes were seeded at 2×105 cells/well to six-well plates 
and incubated for 24 h. Keratinocytes were transfected with 
indicated genes. Four hours later, 1×105 melanocytes/well in 
2 mL of EpiLife media without any supplement were added to 
transfected cells. After 24 h or 48 h, cells and the supernatants 
were harvested for next experiments. In case of supernatant 
culture as a conditioned media, 4 h after transfection of kera-
tinocytes, 2 mL of EpiLife media without any supplement were 
added to transfected cells. At the same time, 1×105 cells/well 
melanocytes were seeded to another six-well plates. At 24 or 
48 h later, media of melanocyte were changed to supernatants 
obtained from transfected keratinocytes. One day later, cells 
and supernatants were collected for the next step. For neu-
tralization of bFGF or SCF, neutralizing antibodies to bFGF 
(Millipore, Billerica, MA, USA) or SCF (Abcam, Boston, MA, 
USA) were added to keratinocytes transfected with GDA. All 
collected cells and supernatants were used for Western blot 
analysis, immunohistochemistry, and ELISA. 

Overexpression of GDA and GDA mutant constructs 
To construct GDA, amplified PCR products were inserted to 

pCMV vector. GDA mutants with decreased guanine deami-
nase activity were constructed using a previously described 
method (Akum et al., 2004) with some modification. Briefly, 
the zinc binding domain (amino acid 76-84) or collapsing re-
sponse mediator protein (CRMP) homology domain (amino 
acids 350-402), which could attenuate guanine deaminase 
activity, was deleted respectively or both. These mutants 
were named GDA∆(76-84) and GDA∆(76-84 and 350-402). 
For overexpression of GDA and GDA mutants, transfection of 
cells was carried out using Lipofectamine 2000 (Invitrogen) 
according to the manufacturer’s protocol. Cells were used for 

experiments at 24 or 48 h after transfection.

Xanthine, uric acid, and allopurinol treatment
One day following keratinocyte seeding (2×105 keratino-

cytes/well), cells were treated with appropriate concentrations 
(10 and 20 µM) of xanthine with or without allopurinol (50 µM) 
or uric acid (5 and 10 µM) (Sigma-Aldrich, St. Louis, MO, 
USA) for 24 to 48 h. Cells and supernatants were harvested 
for subsequent experiments.

H2O2 and NAC treatment
At 24 h after GDA transfection, media of keratinocytes were 

changed without any supplement. N-acetyl-L-cysteine (NAC, 
5 mM) (Sigma-Aldrich) or H2O2 (100 uM) were added to cells. 
At 24 and 48 h later, harvested cells were subjected to West-
ern blot analysis for protein expression.

Cell viability test
To measure cell viability, cells were incubated with MTT for 

4 h. Precipitated formazan was dissolved in dimethyl sulfoxide 
(DMSO). The optical density was measured at 570 nm with 
background subtraction at 630 nm using a spectrophotometer. 

Western blot analysis and ELISA 
Equal amounts of extracted proteins were resolved and 

transferred to nitrocellulose membranes. These membranes 
were incubated with antibodies to GDA, tyrosinase, SCF, xan-
thine oxidase (mouse monoclonal; Santa Cruz Biotechnol-
ogy, Dallas, TX, USA), MITF, bFGF, p-CREB, CREB (rabbit 
polyclonal; cell signaling technology, Beverly, MA, USA), and 
β-actin (mouse monoclonal; Sigma-Aldrich). After incubat-
ing with appropriate anti-mouse or anti-rabbit horseradish 
peroxidase-conjugated antibodies (Thermo Fisher Scientific, 
Waltham, MA, USA) or with anti-goat horseradish peroxidase-
conjugated antibody (Santa Cruz Biotechnology), enhanced 
chemiluminescence solution (Thermo Fisher Scientific) was 
applied and signals were captured with an image reader (LAS-
3000; Fuji Photo Film, Tokyo, Japan). Protein bands were then 
analyzed by densitometry. Concentrations of bFGF (R&D Sys-
tems, Minneapolis, MN, USA) and SCF (Abcam) in culture su-
pernatants were measured using ELISA kits according to the 
manufacturer’s instructions. 

Immunohistochemistry
After deparaffinization and rehydration, sections were pre-

incubated with 3% bovine serum albumin. These sections 
were reacted sequentially with anti-GDA antibody, 1:200 Alexa 
Fluor-labeled goat anti-mouse IgG (488; Molecular Probes, 
Eugene, OR, USA), anti-bFGF (BD biosciences, San Jose, 
CA, USA), or anti-SCF (Santa Cruz Biotechnology) and Alexa 
Fluor-labeled goat anti-mouse IgG (594; Molecular Probes). 
Nuclei were counterstained with Hoechst 33258 (Sigma-Al-
drich). Fluorescence images were evaluated using an image 
analysis system (Dp Manager 2.1; Olympus Optical Co., To-
kyo, Japan) and Wright Cell Imaging Facility (WCIF) ImageJ 
software (National Institutes of Health, Bethesda, MD, USA).

Statistical analysis
Statistical analyses of experimental data were performed 

using Student’s t-test. Results are expressed as means ± SD. 
A p-value of less than 0.05 was considered significant.
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RESULTS

Expression levels of bFGF and SCF in keratinocytes are 
increased by GDA overexpression

To examine a potential role of paracrine melanogenic 
growth factors from GDA-overexpressing keratinocytes in 
melanogenesis, expression levels of growth factors derived 
from keratinocytes with or without GDA overexpression were 
checked. Effect of culture supernatant on melanogenesis 
was also examined. ELISA results showed that concentra-
tions of bFGF and SCF were increased in culture superna-
tants obtained from viable GDA-overexpressing keratinocytes 
(Fig. 1A). Western blot analysis showed that relative expres-
sion levels of microphthalmia-associated transcription factor 
(MITF), the most critical transcription factor required for mela-
nogenesis (Lee and Noh, 2013), and tyrosinase proteins were 
increased in melanocytes cultured with supernatants obtained 
from GDA-overexpressing keratinocytes (Fig. 1B). These in-
creases of MITF and tyrosinase proteins were restored by 
anti-bFGF and SCF antibodies (Fig. 1B).

Loss-of-function mutants of GDA do not increase 
melanogenesis or concentrations of bFGF or SCF 

GDAΔ(76-84) and GDAΔ(76-84 and 350-402) were loss-
of-function mutants of GDA (Cheong and Lee, 2020). Over-
expression of these mutants of GDA did not stimulate relative 
expression levels of MITF or tyrosinase proteins (Fig. 2A). 
Immunofluorescence staining intensities against anti-bFGF 
antibody were weaker in keratinocytes with overexpression 
of GDAΔ(76-84) or GDAΔ(76-84 and 350-402) compared to 
those with wild type GDA overexpression (Fig. 2B). Stain-

ing intensities against anti-SCF antibody did not increase in 
keratinocytes with either GDAΔ(76-84) or GDAΔ(76-84 and 
350-402) overexpression either (Fig. 2C). Concentrations of 
bFGF and SCF proteins were not increased in culture super-
natants from keratinocytes with GDAΔ(75-84) overexpression 
(Fig. 2D). 

GDA-induced bFGF and SCF upregulation is restored by 
allopurinol 

Overexpression of loss-of-function mutants of GDA sig-
nificantly reduced uric acid, a metabolic end product of gua-
nine, compared with wild type overexpression (Cheong and 
Lee, 2020). Allopurinol inhibits xanthine oxidoreductase (XO), 
an enzyme involved in metabolizing xanthine into uric acid. 
Thus, expression levels of bFGF and SCF were examined in 
GDA-overexpressing keratinocytes and normal keratinocytes 
after treatment with xanthine in the presence or absence of 
allopurinol. Increased expression levels of bFGF and SCF in 
GDA-overexpressing keratinocytes were reduced by allopuri-
nol (Fig. 3A). ELISA results also showed increased bFGF and 
SCF concentrations in culture supernatants of GDA-overex-
pressing keratinocytes. These increases were restored by al-
lopurinol (Fig. 3B). Allopurinol also decreased expression lev-
els (Fig. 3C) and released concentrations (Fig. 3D) of bFGF 
and SCF from normal keratinocytes treated with exogenous 
xanthine. 

Uric acid is involved in bFGF and SCF upregulation not via 
ROS generation 

Exogenous xanthine can increase uric acid generation and 
release, similar to GDA overexpression (Cheong and Lee, 
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Fig. 1. Expression levels of bFGF and SCF are increased in keratinocytes with GDA overexpression. (A) Concentrations of bFGF, SCF, and 
ET-1 in primary cultured human keratinocytes with or without GDA overexpression based on ELISA. (B) Western blot analysis of relative ra-
tios of protein levels of MITF and tyrosinase in melanocytes treated with culture supernatants from GDA-overexpressing keratinocytes in the 
presence or absence of anti-bFGF and anti-SCF antibodies. β-Actin was used as an internal control for Western blot analysis. Data are as 
present means ± SD of four independent experiments. *p<0.05 vs. control keratinocytes, #p<0.05 vs. non-treated GDA-overexpressing kera-
tinocytes.
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2020), suggesting that uric acid could be involved in upregula-
tion of bFGF and SCF. However, allopurinol is an inhibitor of 
XO, which generates ROS (Furuhashi, 2020; Liu et al., 2021). 
Because uric acid also generates ROS (Cheong and Lee, 

2020), whether uric acid can upregulate growth factors via 
ROS generation remains unclear. Thus, expression levels of 
bFGF and SCF in normal keratinocytes treated with uric acid 
and in GDA-overexpressing keratinocytes in the presence or 
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Fig. 2. Loss-of-function mutants of GDA do not increase melanogenesis or concentrations of bFGF or SCF. (A) Western blot analysis for 
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and anti-bFGF (B) or with anti-GDA and anti-SCF antibodies (C) in keratinocytes with overexpression of wild-type GDA or loss-of-function 
mutants of GDA (Bar=0.05 mm). Nuclei were counter-stained with Hoechst 33258. Intensities of immunofluorescence staining were mea-
sured using a Wright Cell Imaging Facility ImageJ software. (D) ELISA for concentrations of bFGF and SCF in primary cultured keratino-
cytes with or without loss-of-function mutant of GDA overexpression. Data are presented as means ± SD of four independent experiments. 
*p<0.05 vs. control keratinocytes, #p<0.05 vs. non-treated GDA-overexpressing keratinocytes.
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absence of H2O2 and N-acetylcysteine (NAC) were examined. 
Uric acid increased expression levels of bFGF and SCF in a 
dose-dependent manner. It also increased levels of tyrosinase 
(Fig. 4A). H2O2 treatment also stimulated expression levels of 
tyrosinase, whereas NAC pretreatment reduced tyrosinase 
levels. However, either H2O2 or NAC failed to increase expres-
sion levels of bFGF or SCF in GDA-overexpressing keratino-
cytes (Fig. 4B). 

DISCUSSION

GDA overexpression upregulated keratinocyte-derived me-
lanogenic growth factors such as bFGF and SCF (Fig. 1A). 
Expression levels of MITF and tyrosinase proteins upregu-
lated by GDA-overexpressing keratinocytes were restored 
by neutralizing antibodies against bFGF and SCF (Fig. 1B). 
These results suggest a role of GDA-overexpressing kerati-

Fig. 3. GDA-induced bFGF and SCF upregulation is restored by allopurinol. (A, B) Western blot analysis for relative ratios (A) and ELISA 
for concentrations (B) of bFGF and SCF protein levels in keratinocytes with or without GDA overexpression in the presence or absence of 
allopurinol. *p<0.05 vs. control keratinocytes, #p<0.05 vs. non-treated GDA-overexpressing keratinocytes. (C, D) Western blot analysis for 
relative ratios (C) and ELISA for concentrations (D) of bFGF and SCF protein levels in keratinocytes treated with or without different concen-
trations of xanthine and fixed concentration of allopurinol. *p<0.05 vs. control keratinocytes, #p<0.05 vs. keratinocytes applied with corre-
sponding concentration of xanthine. β-Actin was used as an internal control for Western blot analysis. Data are presented as means ± SD of 
four independent experiments.
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nocytes in melanogenesis via bFGF and SCF upregulation. In 
addition, overexpression of loss-of-function GDA mutants did 
not increase expression levels of MITF or tyrosinase proteins 
(Fig. 2A). They did not increase the expression levels of bFGF 
or SCF proteins as well (Fig. 2B-2D), supporting the idea that 
upregulation of bFGF and SCF may be associated with mela-
nogenesis in GDA-overexpressing keratinocytes. Previously, 
keratinocyte-derived paracrine factors have been reported 
in connection with seborrheic keratosis or GDA upregula-
tion; increased levels of ET-1 and endothelin B receptor have 
been considered as potential mechanisms of hyperpigmenta-

tion in seborrheic keratosis (Manaka et al., 2001; Takenaka 
et al., 2013). Skin pigmentation caused by UV exposure and 
chronological aging can be regulated by p53 (Box and Terzian, 
2008; Yardman-Frank and Fisher, 2021; Hoyos et al., 2022) 
via melanogenic cytokines, such as SCF and ET-1 (Murase 
et al., 2009; Hyter et al., 2013). Our previous result of p53 up-
regulation in keratinocytes by GDA overexpression (Cheong 
and Lee, 2020) suggests that SCF and ET-1 could partici-
pate in GDA-induced hyperpigmentation. Although the role of 
ET-1 was insignificant in this study, SCF and ET-1 were up-
regulated when GDA was overexpressed (Jung et al., 2020). 
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On the other hand, there are no data on the role of bFGF in 
GDA-induced melanogenesis. However, our results (Fig. 1A, 
1B) showed a role of bFGF in GDA-induced melanogenesis. 
This was expected because GDA-induced melanogenesis is 
closely related to hyperpigmentation caused by UV exposure 
(Gilchrest et al., 1996; Brenner et al., 2005; Yamaguchi and 
Hearing, 2009).

Loss-of-function mutants of GDA, which reduced uric acid 
production (Cheong and Lee, 2020), did not increase intracel-
lular or extracellular bFGF or SCF proteins (Fig. 2B-2D). Al-
lopurinol treatment may inhibit the production of uric acid as a 
metabolic end product (Vickneson and George, 2020; Orhan 
and Deniz, 2021). Further, allopurinol did not increase the pro-
duction or release of bFGF or SCF in GDA-overexpressing or 
normal keratinocytes to which exogenous xanthine was ap-
plied (Fig. 3A-3D). These results suggest that uric acid could 
be involved in melanogenesis via generation of bFGF and 
SCF. In fact, increased expression levels of bFGF and SCF by 
exogenous uric acid (Fig. 4A) supported the role of uric acid in 
upregulating of bFGF and SCF.

In addition to inhibition of uric acid production, allopurinol 
as an XO inhibitor could obstruct ROS generation by XO 
(Furuhashi, 2020; Liu et al., 2021). Exogenous xanthine also 
stimulated XO generation in keratinocytes (data not shown). 
Uric acid was involved in photoaging via ROS generation 
(Cheong and Lee, 2020). These results suggest the possible 
roles of ROS in melanogenesis and photoaging (Maranduca 
et al., 2019; Papaccio et al., 2022). It might be a mechanism 
of hyperpigmentation associated with photoaging. In fact, 
H2O2 treatment increased expression levels of tyrosinase, 
whereas NAC pretreatment decreased their levels in normal 
keratinocytes with GDA overexpression (Fig. 4B). However, 
expression levels of bFGF and SCF were not increased with 
increases of tyrosinase by H2O2 or NAC (Fig. 4B), indicating 
that bFGF and SCF upregulation did not go through ROS gen-
eration (Fig. 5). 

In summary, uric acid produced by GDA upregulation in ke-
ratinocytes could stimulate melanogenesis via bFGF and SCF 
production not via ROS generation.
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