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SIGNIFICANCE

Seborrhoeic keratosis develops mainly on sun-exposed 

areas of elderly individuals, suggesting that photoageing 

has a role in this condition. Based on evidence of purine 

degradation in skin following chronic exposure to sunlight, 

guanine deaminase was selected as a candidate gene rela-

ted to purine metabolism. Although the expression of gua-

nine deaminase in human keratinocytes has yet to be elu-

cidated, this study demonstrated keratinocytes as the main 

source of guanine deaminase in skin. The role of guanine 

deaminase in ultraviolet (UV)-induced keratinocyte sene-

scence was examined in seborrhoeic keratosis and primary 

cultured adult human keratinocytes. The results suggest 

that guanine deaminase upregulation in seborrhoeic kera-

tosis mediates UV-induced keratinocyte senescence via the 

production of uric acid as an end-product, generating reac-

tive oxygen species followed by DNA damage.

DNA damage and oxidative stress play a critical role 

in photoageing. Seborrhoeic keratosis (SK) affects 

sunlight-exposed sites in aged individuals. This study 

examined the mechanism of photoageing in SK. The 

guanine deaminase gene, which is involved in purine 

metabolism, was upregulated with uric acid levels 

and p21 in SK. Guanine deaminase was detectable in 

keratinocytes. Repeated exposure to ultraviolet (UV) 

increased levels of guanine deaminase, together with 

DNA damage, such as γ-H2AX and cyclobutane pyrimi-
dine dimer formation, generation of reactive oxygen 

species, and keratinocyte senescence, which were re-

versed by guanine deaminase knockdown. However, 
guanine deaminase overexpression and H

2
O

2
 formed 

γ-H2AX, but not cyclobutane pyrimidine dimer. Loss-of-
function guanine deaminase mutants reduced the me-

tabolic end-product uric acid, which was increased by 

exposure to exogenous xanthine. Repeated exposure 

to UV increased levels of uric acid. Exogenous uric acid 

increased cellular senescence, reactive oxygen species, 

and γ-H2AX, similar to guanine deaminase. Overall, 
guanine deaminase upregulation increased UV-induced 

keratinocyte senescence in SK, via uric acid mediated 

by reactive oxygen species followed by DNA damage.

Key words: seborrhoeic keratosis; guanine deaminase; UV-
induced keratinocyte senescence; uric acid; reactive oxygen 
species; DNA damage.
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Cumulative exposure to sunlight induces photoageing 

of skin. DNA damage and oxidative stress have 

been investigated to determine the molecular mecha-

nism of photoageing (1, 2). Although DNA damage and 

oxidative stress cause skin ageing, these factors could 

be inter-related rather than independent. Purine is one of 

the components of DNA nucleotides. When adenosine 

or guanosine is metabolized, xanthine oxidase (XO) 

catalyses the conversion of xanthine to uric acid, an 

end-product of purine metabolism. Because XO donates 

electrons to molecular oxygen, it produces reactive oxy-

gen species (ROS), and therefore, the purine degradation 

pathway has been suggested as a major source of ROS 

(3, 4). On the other hand, ROS frequently react with 

guanine, an intermediate guanosine metabolite, to gene-

rate 8-oxo-7,8-dihydroguanine (8-oxoG), a biomarker of 

oxidative DNA damage (5, 6) associated with skin ageing 

due to inadequate repair (2, 7).

Concerning the association between purine degrada-

tion and ultraviolet (UV) irradiation, chronic exposure to 

sunlight has been shown to generate metabolic products, 

including xanthine and uric acid, following adenosine 

degradation (8). In contrast, the role of guanosine degra-

dation in UV-induced uric acid production has yet to be 

identified, although guanosine is also metabolized into 
xanthine and uric acid. Uric acid has been considered as 

an anti-oxidant in human skin (9). The antioxidant acti-

vity of uric acid may account for potent antioxidant effect 

of caffeine in cosmetics (10). However, evidence sug-

gests that uric acid induces oxidative stress, increasing 

the risk of cardiovascular diseases (3, 11). In addition, 

allopurinol, which reduces the serum levels of uric acid 

via inhibition of XO, acts as a free radical scavenger, 

improving cardiovascular dysfunction (12–14). Because 

oxidative stress occurs whenever ROS overwhelm the 

anti-oxidant capacity, the overall effect of purine meta-

bolites on oxidative stress may depend on the role of uric 

acid in either the antioxidant or ROS source. However, 

the role of uric acid in oxidative stress has not been 

examined in skin disorders.

Seborrhoeic keratosis (SK) is the most common benign 

skin tumour involving epidermal keratinocytes. Studies 

investigating the pathogenesis of SK show a positive 

correlation between the expression of p16 or amyloid 
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precursor protein and the prevalence of SK (15, 16). p16 
is responsible for senescence, particularly in human ke-
ratinocytes (17). The levels of amyloid precursor protein 
increase in the UV-exposed epidermis of aged individuals 
(16). These results suggest a role of keratinocyte sene-
scence, particularly UV-induced keratinocyte senescence, 
in development of SK. Epidemiological studies also 
suggest ageing and sun exposure as risk factors for SK 
(18, 19). Although the aetiology and pathogenesis of 
SK remain to be elucidated, these results indicate that 
cumulative exposure to sunlight and ageing are the main 
aetiological and risk factors for SK (20). Purine is degra-
ded in skin that is chronically exposed to sunlight (8). 

The aim of this study was therefore to investigate the 
association between purine degradation and UV-induced 
keratinocyte senescence in SK. Following the analysis 
of differentially expressed genes (DEGs) associated with 
purine metabolism and their clinical relevance in SK, 
the role of candidate DEGs in UV-induced keratinocyte 
senescence was examined. The results showed that gua-
nine deaminase (GDA) is an upregulated DEG related to 
purine metabolism in SK. GDA plays a role in repeated 
UV-induced keratinocyte senescence via uric acid upre-
gulation, resulting in ROS generation and DNA damage.

MATERIALS AND METHODS

Patients

A definitive diagnosis of SK may not be easy to establish, due to 
clinical variability and differences in histology (21). In order to 
avoid clinically atypical lesions, this study investigated homoge-
nous light- to dark-brown, sharply demarcated, smooth-surfaced, 
flat papules, 5–8 mm in diameter. The histopathological findings 
of 5 lesions obtained from 5 patients also established the diagnosis. 
The study included 11 female and 3 male patients, ranging from 43 
to 79 years ( mean 62.7 years). Lesions were located on the face 
(10), dorsa of hands (3) and shins (1). The Institutional Review 
Board of Dongguk University Ilsan Hospital approved this study, 
and the study was conducted according to the principles of the 
Declaration of Helsinki. After obtaining informed written consent 
from each patient, pairs of lesional and adjacent normal-looking 
skin specimens were obtained by biopsy for direct comparison. 
These specimens derived from 10 patients were used for real-time 
PCR, while those obtained from the other 4 patients were analysed 
immunohistochemically.

Microarray

Total RNA was extracted from the human skin, using the PureLink 
RNA Mini kit (Invitrogen, Carlsbad, CA, USA), according to the 
manufacturer’s instructions, with 100 ng total RNA for labelling. 
Affymetrix GeneChip microarrays were prepared, hybridized, 
and scanned by the local, authorized Affymetrix service provider 
(BioCore, Seoul, South Korea). RNA was converted to cDNA 
and transcribed into cRNA in the presence of biotinylated ribonu-
cleotides, according to standard Affymetrix protocols (Expression 
Analysis Technical Manual, 2001). Following fragmentation, 
12 µg RNA fragments were hybridized for 16 h at 45°C on Af-
fymetrix Primeview array GeneChips, followed by washing and 
staining in the Affymetrix Fluidics Station 450. GeneChips were 
scanned using the Affymetrix GeneChip Scanner 3000+7G. The 
data were analysed with Robust Multichip Analysis (RMA) using 

Affymetrix default analysis settings and global-scaling gas norma-
lization method. The trimmed mean target intensity of each array 
was arbitrarily set to 100. The normalized, and log-transformed 
intensity values were analysed using GeneSpring GX 13.1.1 
Agilent technologies. Fold change filters required the presence of 
unregulated genes in at least 200% of controls and downregulated 
genes in less than 50% of controls. Hierarchically clustered data 
were categorized into groups based on similarity across experi-
ments, using Gene Spring GX 13.1.1, Agilent Technologies, CA, 
USA). The clustering algorithm was Euclidean distance, to obtain 
mean linkage.

Normal human epidermal cell culture

Adult skin specimens obtained from Caesarean sections and 
circumcisions were used to establish the cell cultures. Keratinocyte 
cultures were obtained by suspending individual epidermal cells 
derived according to published methods (22), in EpiLife Medium 
supplemented with bovine pituitary extract (BPE), bovine insulin 
(BI), hydrocortisone, human epidermal growth factor, and bovine 
transferrin (BT) (Invitrogen). Early passages from 3 to 4 were 
used for these experiments. Melanocyte cultures were obtained 
by suspending individual epidermal cells in Medium 254 supple-
mented with BPE, foetal bovine serum (FBS), BI, hydrocortisone, 
bFGF, BT, heparin, and phorbol 12-myristate 13-acetate (Invitro-
gen). Fibroblast cultures were obtained by suspending individual 
dermal cells lacking epidermis (23) in DMEM-supplemented 
with 10% FBS, 100 U/ml penicillin, and 0.1 mg/ml streptomycin 
(Invitrogen). Cytokeratins 14 and 10 (mouse monoclonal; Santa 
Cruz Biotechnology, Dallas, TX, USA) were used as markers for 
keratinocytes; c-kit (mouse monoclonal; Santa Cruz Biotechno-
logy) and tyrosinase-related protein 1 (goat polyclonal; Santa 
Cruz Biotechnology) were used as markers for melanocytes; and 
ER-TR7 (rat polyclonal; Santa Cruz Biotechnology) as a marker 
for fibroblasts (24–26).

UV irradiation

Each 6-well plate (2×105 keratinocytes/well) was irradiated with non-
irritating doses of UVA or UVB, based on cell viability test, with 
doses showing less than 50% reduction in viable cell number (27), 
once or repeatedly on 3 consecutive days at a distance of 15 cm 
from the light source. The UVA and UVB sources included a TL-K 
40W lamp (Royal Philips Amsterdam, Netherlands; 315–380 nm, 
peak 350 nm) and a TL 20W lamp (305–315 nm, peak 311 nm), 
respectively. The cells and the supernatants were harvested 24 h 
after the final irradiation, for subsequent analysis.

Guanine deaminase knockdown

GDA knockdown was achieved after the second UVB irradiation 
or the day after cell seeding by transfecting the cells with 500 nM 
siRNA against human GDA or a negative control (On-TARGET-
plus SMARTpool or Non-targeting siRNA; Invitrogen) using the 
TransIT-siQUEST transfection reagent (Mirus Bio, Madison, WI, 
USA) according to the manufacturer’s protocol.

Guanine deaminase and guanine deaminase mutant overexpression

For the construction of GDA, the amplified PCR products were 
inserted into the pCMV vector. GDA mutants with decreased 
GDA activity were constructed using a previously described 
method (28) with some modification. Briefly, the zinc-binding 
domain (amino acid residues, 76–84), collapsing-response medi-
ator protein (CRMP) homology domain (amino acids, 350–402), 
or both were deleted. The mutants were named GDAΔ(76–84), 
GDAΔ(350–402), and GDAΔ(76–84 and 350–402). Because 
GDAΔ(350–402) was not expressed, other mutants were used for 
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this study. For GDA and GDA mutant overexpression, transfection 
of cells was carried out using Lipofectamine 2000 (Invitrogen) 
according to the manufacturer’s protocol. 

Xanthine or uric acid treatment

One day after keratinocyte seeding (2×105 keratinocytes/well), the cells 
were treated with xanthine (10 and 50 µM) with or without al-
lopurinol (10 µM) or uric acid (10 and 100 µM) (Sigma-Aldrich, 
St Louis, MO, USA) for 24–48 h. The cells or supernatants were 
harvested for subsequent analysis.

Real-time PCR 

The cDNA was synthesized from the total RNA using the cDNA 
Synthesis Kit for RT-PCR (Promega, Fitchburg, WI, USA). The 
amount of target mRNA was quantified by real-time PCR using a 
Light Cycler real-time PCR machine (Roche, Penzberg, Germany). 
The relative amount of mRNA was calculated as the ratio of each 
target relative to glyceraldehyde 3-phosphate dehydrogenase 
(GAPDH). The primer sequences used were as follows: GDA 
5’-catagtgacaccacgtttttcc-3’(Forward) and 5’-cgattttcacttatatgg-
ctctga-3’ (Reverse); GAPDH 5’-tccactggcgtcttcacc-3’ (Forward) 
and 5’-ggcagagatgatgacccttt-3’ (Reverse).

Western blot analysis 

Each cell type was harvested 24 or 48 h after the seeding of cells 
(2×105 keratinocytes, melanocytes or fibroblasts/well) according to the experimental 
conditions. Equal amounts of extracted proteins (20 μg) were resol-
ved and transferred to nitrocellulose membranes. The membranes 
were incubated with antibodies to GDA (mouse monoclonal; Santa 
Cruz Biotechnology), p16 (rabbit polyclonal; Bethyl Laboratories 
Inc., Montgomery, TX, USA), p21 (rabbit polyclonal; Santa Cruz 
Biotechnology), γ-H2AX (rabbit polyclonal; Abcam, Cambridge, 
UK), and β-actin (mouse monoclonal; Sigma-Aldrich). After in-
cubation with appropriate anti-mouse or anti-rabbit horseradish 
peroxidase-conjugated antibodies (Thermo Fisher Scientific, 
Waltham, MA, USA), the samples were reacted with an enhanced 
chemiluminescence solution (Thermo Fisher Scientific) and the 
signals were captured on an image reader (LAS-3000; Fuji Photo 
Film, Tokyo, Japan). The protein bands were then analysed via 
densitometry.

Immunofluorescence staining

The biopsied skin specimens were fixed with 4% paraformalde-
hyde (Sigma-Aldrich) at room temperature for 24 h and embed-
ded in paraffin wax and sectioned into 5-μm thick samples. After 
deparaffinization and rehydration, samples were preincubated 
with 3% bovine serum albumin. The cultured cells were fixed 
with 2% paraformaldehyde at room temperature for 20 min. The 
tissue samples or fixed cells were reacted with anti-GDA, anti-
p16, anti-p21, anti-uric acid antibody (Abcam, Cambridge, UK) 
or anti-cyclobutane pyrimidine dimer (CPD) antibody (Cosmo Bio 
Co, Ltd., Tokyo, Japan) followed by 1:200 Alexa Fluor-labelled 
goat anti-mouse IgG (488; Molecular Probes, Eugene, OR, USA) 
or Alexa Fluor-labelled goat anti-rabbit (594; Molecular Probes). 
Nuclei were counterstained with Hoechst 33258 (Sigma-Aldrich). 
Staining intensity was evaluated using an image analysis system 
(Dp Manager 2.1; Olympus Optical Co., Tokyo, Japan) equipped 
with Wright Cell Imaging Facility (WCIF) ImageJ software (http://
www.uhnresearch.ca/facilities/wcif/imagej).

Senescence-associated β-galactosidase staining

Cells were fixed for 15 min at room temperature with 2% formal-
dehyde, and washed with PBS followed by incubation at 37°C with 

freshly made senescence-associated (SA) β-Gal staining solution 
(Cell Signaling Technology, Beverly, MA, USA). Senescent cells 
displayed a perinuclear precipitation of blue dye, observed using 
a standard light microscope (DM LB microscope; Leica Micro-
systems, Wetzla, Germany).

Dihydroethidium staining

Dihydroethidium (DHE) staining is an indirect measure of ROS 
production. DHE exhibits blue fluorescence in its unoxidized form 
and red fluorescence when oxidized to 2-hydroxyethidium by the 
superoxide anion. As described previously (29), keratinocytes 
treated under different experimental conditions were incubated 
with 10 µM DHE fluorescent dye (Sigma-Aldrich) at 37°C for 
30 min. After washing with PBS, the fluorescence intensities of 
the different groups were analysed immediately using a standard 
light microscope (DM LB microscope).

Xanthine and uric acid assay

The concentrations of xanthine and uric acid in harvested cells 
or supernatants were determined colorimetrically (λ = 570 nm) 
using a xanthine/hypoxanthine assay kit and a uric acid assay kit 
(Abcam), respectively, following the manufacturer’s instructions.

Cell viability test

Cells were stained with 3-(4,5-dimethylthiazol-2yl)-2,5-dip-
henyltetrazolium bromide (MTT; Sigma-Aldrich) for 4 h. The 
precipitated formazan was dissolved in dimethylsulphoxide and 
the optical density was measured using a spectrophotometer at 
570 nm, with background subtraction at 630 nm. Cell viability 
was calculated as the ratio of cell growth under UV irradiation to 
that of unexposed cells.

Statistical analysis

The experimental data were analysed using Mann–Whitney U test 
with SPSS software (version 25.0.0, IBM, Chicago, IL, USA). The 
results were expressed as the means ± SDs. A p-value of less than 
0.05 was considered significant.

RESULTS

Guanine deaminase is an upregulated differentially 

expressed genes related to purine metabolism in 

Seborrhoeic keratosis

Significant genes, showing fold changes higher than 2, or 
less than –2, involved in purine metabolism were iden-

tified based on the results of microarray analysis using 
non-lesional and lesional skin specimens derived from 

the 2 patients diagnosed with SK. Ten genes associated 

with purine metabolism were detected; however, GDA, 

which catalyses guanine to xanthine, was determined as 

an upregulated DEG (Table I). 

Guanine deaminase expression was increased with uric 

acid and p21 in seborrhoeic keratosis

To validate the clinical association of GDA, real-time 

PCR and immunofluorescence staining were performed 
using skin specimens of SK and neighbouring non-

lesional skin from 10 and 4 patients, respectively. Higher 
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mRNA levels and stronger staining intensities against 

anti-GDA antibody were detected in the epidermis of SK 

(p < 0.05; Fig. 1a, b, respectively). Immunofluorescence 
studies revealed stronger staining intensities of guanine 

metabolic end-product using anti-uric acid antibody in 

the epidermis of SK with GDA upregulation (p < 0.05; 

Fig. 1c). Immunofluorescence staining using anti-p21 
antibody for cellular senescence also showed stronger 

staining intensities in the epidermis of SK with GDA 

upregulation (p < 0.05; Fig. 1d).

Repeated exposure to UV radiation increased 

guanine deaminase in keratinocytes and 

DNA damage, including anti-cyclobutane 

pyrimidine dimer formation undetected 

with guanine deaminase or reactive oxygen 

species alone

Based on the association between GDA 

and cellular senescence in SK (Fig. 1a, b, 

d), the role of GDA in skin photoageing 

or UV-induced cellular senescence was 

examined. Both GDA mRNA and protein 

were expressed in keratinocytes, but not in 

melanocytes or dermal fibroblasts (Fig. 2a). 

Single exposure to non-cytotoxic dosages 

of either UVA or UVB did not increase 

GDA levels, whereas repeated exposure to 

similar dosages increased the levels in ke-

ratinocytes (p < 0.05; Fig. 2b). Regardless of 

the type and irradiation levels of UV, GDA 

was not detected in melanocytes (Fig. S11). 

Based on these results, further studies were 

carried out in keratinocytes, using repeated 

UVB irradiation. To evaluate DNA damage, 

western blot analysis of γ-H2AX, a novel 
biomarker for DNA double-stranded breaks 

(30, 31), and immunofluorescence staining 
using anti-cyclobutane pyrimidine dimer (CPD) antibody 

were conducted (32). Repeated exposure to UV increased 

the levels of γ-H2AX protein and the number of CPD-
positive cells, which were restored by GDA knockdown 

(p < 0.05; Fig. 2c). GDA overexpression also increased 

the levels of γ-H2AX protein; however, the overex-

Table I. Microarray analysis of differentially expressed genes (DEGs) related to 
purine metabolism in seborrhoeic keratosis

Description
Gene 
symbol Probe set ID

Fold change (log ratio)

Patient 1 Patient 2

Adenosine monophosphate deaminase 2 AMPD2 11724224_a_at 0.048 –0.037

11730829_a_at 0.008 –0.227

11730830_x_at –0.162 –0.079

11745744_a_at –0.037 0.114

Adenosine monophosphate deaminase 1 AMPD1 11730365_at 0.177 0.190

5’-nucleotidase, cytosolic IA NT5C1A 11715302_s_at 0.085 –0.332

11759474_at –0.072 0.168

5’-nucleotidase, cytosolic II NT5C2 11722566_a_at   0.320 0.077

11722567_at –0.045 0.016

11722568_at 0.026 –0.227

11754974_x_at 0.003   0.132

5’-nucleotidase, ecto (CD73) NT5E 11719174_a_at 0.077 –0.384

11744681_a_at 0.109 –0.425

11755207_a_at –0.454 –0.023

Adenosine deaminase, RNA-specific, B1 ADARB1 11718016_a_at –0.149 –0.281

11718017_a_at –0.140 –0.606

11718018_a_at 0.162 0.047

11718019_x_at 0.027 0.000

11751915_a_at –0.230 –0.041

Adenosine deaminase, tRNA-specific 1 ADAT1 11729264_x_at –0.154   0.373

11751112_a_at   0.183 –0.044

Adenosine deaminase ADA 11718788_a_at –0.438 –0.483

11758337_s_at –0.197 –0.266

Purine nucleoside phosphorylase PNP 11718400_a_at 0.204 0.006

Guanine deaminase GDA 11720157_at 1.844 2.814*

11751115_a_at 2.695* 3.779*

11756342_s_at 2.878* 4.786*

*Significant fold change.

Fig. 1. Guanine deaminase (GDA) expression levels were increased with uric acid and p21 in seborrhoeic keratosis (SK). (a) Real-time PCR 

to determine the relative ratios of GDA mRNA in lesional skin (L) samples compared with non-lesional skin (N) samples obtained from 10 patients with 

seborrhoeic keratosis (SK). (b–d) Representative immunofluorescent staining using: (b) anti-GDA, (c) anti-uric acid, or (d) anti-p21 antibody, in lesional 
skin samples compared with that of non-lesional skin samples from 4 other patients with SK with increased GDA mRNA levels. Nuclei were counter-

stained with Hoechst 33258 (bar 0.05 mm). Intensities of immunofluorescence staining were measured using Wright Cell Imaging Facility (WCIF) ImageJ 
software. *p < 0.05 vs. control keratinocytes.

1https://doi.org/10.2340/00015555-3473

https://doi.org/10.2340/00015555-3473
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Fig. 2. Repeated exposure to ultraviolet (UV) radiation increased guanine deaminase (GDA) in keratinocytes and DNA damage including 

anti-cyclobutane pyrimidine dimer (CPD) formation, which was undetected with GDA or reactive oxygen species (ROS). (a) Real-time PCR 

and western blot analysis of the relative ratios of GDA mRNA and protein levels in primary cultured normal human skin keratinocytes (KCs), melanocytes 

(MC), and fibroblasts (FB) obtained from 3 different subjects. KC overexpressing GDA were used as positive controls (PC). (b) Western blot of the relative 
ratios of GDA protein expression in KCs exposed to UVB or UVA irradiation once or 3 times. (c, d) Western blot analysis for the relative ratios of γ-H2AX 
levels and immunofluorescent staining using anti-CPD antibody in KCs with or without UVB irradiation (300 mJ/cm2, 3 times) and GDA knockdown (c) 

or GDA overexpression (d). (e) Western blot analysis of the relative ratios of γ-H2AX protein and immunofluorescent staining using anti-CPD antibody 
in KCs with or without H

2
O

2
 treatment. β-Actin and glyceraldehyde 3-phosphate dehydrogenase (GAPDH) were used as internal controls for western 

blot analysis and real-time PCR, respectively. During immunofluorescent staining, nuclei were counter-stained with Hoechst 33258 (bar 0.05 mm) and 

staining intensities were measured using Wright Cell Imaging Facility (WCIF) ImageJ software. Data represent means ± standard deviation (SD) of 3–4 

independent experiments. *p < 0.05 vs. control keratinocytes, #p < 0.05 vs. UV-exposed keratinocytes.
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pression did not increase the number of CPD-positive 

cells (p < 0.05; Fig. 2d). Similar changes in γ-H2AX 
protein levels and CPD-positive cell number induced by 

GDA overexpression were detected by H
2
O

2
 treatment 

(p < 0.05; Fig. 2e).

Guanine deaminase mediated UV-induced keratinocyte 

senescence via reactive oxygen species production

GDA catalysed UV-induced DNA damage (Fig. 2c); 

however, GDA-induced DNA damage differed from 

UV-induced changes, but was similar to ROS-induced 

oxidative damage (Fig. 2d, e). The current study in-

vestigated whether GDA was involved in UV-induced 

keratinocyte senescence by ROS generation. Repeated 

exposure to UV increased the number and intensity of di-

hydroethidium (DHE)-positive cells, which was reduced 

by GDA knockdown (p < 0.05; Fig. 3a). The number of 

DHE-stained keratinocytes was also increased by GDA 

overexpression (p < 0.05; Fig. 3b). The proportion of cells 

stained with senescence-associated β-Gal (SA β-Gal), a 

convenient biomarker of replicative senescence in kera-

tinocytes (33, 34), and the levels of p16 and p21 proteins 

were increased in cultured keratinocytes under exposure 

to similar UV radiation, whereas the increased p16 and 

p21 levels upon repeated exposure to UV were reduced 

by GDA knockdown (p < 0.05; Fig. 3c). In addition to the 

proportion of SA β-Gal-positive cells, GDA overexpres-

sion increased the levels of p16 and p21, similar to H
2
O

2 

treatment, which were restored by N-acetyl-L-cysteine 

(NAC) pretreatment (p < 0.05; Fig. 3d, e, respectively).

Guanine deaminase metabolic products including uric 

acid enhanced keratinocyte senescence and generation 

of reactive oxygen species 

GDA overexpression increased the levels of xanthine and 

uric acid in keratinocytes (p < 0.05; Fig. 4a). Overexpres-

sion of loss-of-function mutants of GDA, GDAΔ(76–84) 
and GDAΔ(76–84 and 350–402), produced lower levels 
of uric acid compared with the wild-type overexpression 

(p < 0.05; Fig. 4b). GDAΔ(76–84) overexpression de-

Fig. 3. Guanine deaminase (GDA) mediated ultraviolet (UV)-induced 

keratinocyte (KC) senescence via reactive oxygen species (ROS) production. 

(a, b) Dihydroethidium (DHE) staining in primary cultures of normal human skin 

keratinocytes with or without UVB irradiation (300 mJ/cm2, 3 times) and (a) GDA 

knockdown or (b) GDA overexpression. (c–e) Immunofluorescence staining with 
senescence-associated (SA) β-Gal and western blot analysis of the relative ratios 
of p16 and p21 protein levels in KCs with or without UVB irradiation and (c) GDA 

knockdown, (d) GDA overexpression and N-acetyl-L-cysteine (NAC) pretreatment, or 

(e) H
2
O

2
 treatment and NAC pretreatment. Staining intensities were measured using 

Wright Cell Imaging Facility (WCIF) ImageJ software. β-Actin was used as an internal 
control for western blot analysis. Data represent means±standard deviation (SD) of 

3 or 4 independent experiments. *p < 0.05 vs. control KCs, #p < 0.05 vs. UV-exposed 

or H
2
O

2
-treated KCs.
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Fig. 4. Guanine deaminase (GDA) metabolic products including uric acid enhanced keratinocyte senescence and reactive oxygen species 

(ROS) generation. (a) Western blot analysis showing the relative ratios of xanthine and uric acid levels in primary cultures of normal human skin 
keratinocytes with or without GDA overexpression. (b–c) Representative immunofluorescent staining using (b) anti-uric acid antibody, (c) western blot 
analysis showing the relative ratios of p16 and p21 and immunofluorescent staining using anti-GDA, anti-p16, or anti-p21 antibody in keratinocytes 
(KCs) overexpressing wild-type GDA or deletion mutants (Δ75–84 or Δ75–84 and 350–402) of GDA, in which GDA protein levels were identified by 
western blot analysis. (d–e) Assay for uric acid concentration (d) and western blot analysis showing the relative ratios of p16 and p21 protein levels 

and dihydroethidium (DHE) staining in KCs with or without xanthine and allopurinol (e). β-Actin was used as an internal control in western blot analysis. 
Nuclei were counter-stained with Hoechst 33258 (bar 0.05 mm) and staining intensities were measured using Wright Cell Imaging Facility (WCIF) 
ImageJ software. Data represent mean ± standard deviation of 3–4 independent experiments. *p < 0.05 vs. control KCs, #p < 0.05 vs. wild-type GDA-

overexpressing KCs or KCs treated with xanthine.
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creased the levels of p16 and p21 and the overexpression 

of both GDAΔ(76–84) and GDAΔ(76–84 and 350–402) 
reduced the staining intensities against anti-p16 or anti-

p21 antibody compared with overexpressed wild-type, 

despite similar staining intensities against the anti-GDA 

antibody (p < 0.05; Fig. 4c). On the other hand, exoge-

nous xanthine treatment increased uric acid levels in 

keratinocytes (p < 0.05; Fig. 4d). Exogenous xanthine 

also increased the levels of p21 and p16 proteins and 

ROS, which were reversed by allopurinol, an XO inhi-

bitor (p < 0.05; Fig. 4e). 

Uric acid played the similar role as guanine 

deaminase in UV-induced keratinocyte senescence

Uric acid levels were also increased in SK with GDA 

upregulation (Fig. 1c), as in GDA-overexpressing 

keratinocytes (Fig. 4a). However, uric acid is not the 

only product generated during GDA metabolism. It 

was necessary to examine the role of uric acid alone in 

UV-induced keratinocyte senescence. Repeated expo-

sure to UV radiation increased the levels of uric acid 

in keratinocytes, which were reduced by allopurinol 

(p < 0.05; Fig. 5a). Exogenous uric acid increased ROS 

in a dose-dependent manner (p < 0.05; Fig. 5b). Uric 

acid treatment also increased the levels of γ-H2AX, 
p16, and p21 and the proportion of SA β-Gal-positive 
cells in a dose-dependent manner (p < 0.05; Fig. 5c, d, 

respectively).

DISCUSSION

Based on the analysis of DEGs associated with purine 

metabolism, GDA was selected as a candidate gene in 

SK (Table I). Higher levels of GDA mRNA and stronger 

GDA staining intensities with higher uric acid levels in 

patients diagnosed with SK (Fig. 1a–c) and enhanced 

levels of p21 protein, which is also a marker for cellular 

senescence along with p16 (35), in epidermal keratino-

cytes of SK with GDA upregulation (Fig. 1d) suggested 

the clinical significance of GDA and prompted investi-
gation into the role of GDA in UV-induced keratinocyte 

senescence in SK. 

Although the expression of GDA in human keratinocy-

tes has yet to be elucidated, real-time PCR and western 

blot analysis revealed keratinocytes as the main source 

of GDA in the skin (Fig 2a). Repeated exposure to UV 

radiation (UVA or UVB) increased GDA levels, along 

with DNA damage, as shown by the increased γ-H2AX 
levels and CPD-positive cells, ROS production, and 

cellular senescence (Fig. 2b, c; Fig. 3a, c). These UV-

induced changes were restored by GDA knockdown 

(Fig. 2c; Fig. 3a, c), suggesting that GDA was invol-

ved in UV-induced double-stranded breaks and CPD 

formation, ROS production, and cellular senescence in 

keratinocytes. However, the lack of significant effect of 
GDA overexpression on the number of CPD-positive 

keratinocytes (Fig. 2d) suggested that DNA damage 

induced by repeated UV irradiation differed from that 

Fig. 5. Uric acid played the same role as guanine deaminase (GDA) in ultraviolet (UV)-induced keratinocyte (KC) senescence. (a) Assay for 

uric acid concentration in primary cultures of normal human skin keratinocytes with or without UVB irradiation and allopurinol. (b–d) dihydroethidium (DHE) 

staining (b) and western blot analysis showing the relative ratios of γ-H2AX (c), p16 and p21 levels and immunofluorescence staining with senescence-
associated (SA) β-Gal (d) in KCs with or without exposure to different doses of uric acid. Staining intensities were measured using Wright Cell Imaging 
Facility (WCIF) ImageJ software. β-Actin was used as an internal control for western blot analysis. Data represent means ± standard deviation (SD) of 

3–4 independent experiments. *p < 0.05 vs. control KCs, #p < 0.05 vs. UV-exposed keratinocytes.
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of GDA upregulation. DNA may be damaged directly 

by UV radiation and indirectly by ROS production (2, 

36). In this study, exposure to exogenous H2O2 did not 

alter the number of CPD-positive keratinocytes (Fig. 2e), 

although ROS were produced by both repeated UV and 

GDA overexpression (Fig. 3a, b, respectively). In fact, 

direct UV-induced DNA damage resulted in the forma-

tion of CPDs, unlike the indirect damage induced by ROS 

(37, 38). In addition, the increased levels of senescence 

protein induced by GDA overexpression and exogenous 

H
2
O

2
, and the senescence markers increased by GDA 

overexpression were restored by NAC (Fig. 3d, e), which 

establish an important role of oxidative stress in GDA-

induced keratinocyte senescence. Overall, these results 

may suggest that upregulation of GDA by repeated UV 

irradiation as in SK exacerbated the DNA damage and 

keratinocyte senescence via ROS production.

GDA is an enzyme involved in conversion of guanine, 

which is formed by guanosine metabolism, into xanthine. 

Xanthine is further metabolized into uric acid by XO. 

This study also showed that the levels of xanthine and 

uric acid were increased by GDA overexpression in 

keratinocytes (Fig. 4a). Therefore, the foregoing GDA 

effect may be attributed to metabolic products generated 

by GDA enzymatic activity. The loss-of-function GDA 

mutant overexpression led to reduced production of 

uric acid, whereas treatment with exogenous xanthine 

increased the uric acid level, an end-product of guanine 

metabolism (Fig. 4b, d, respectively). Therefore, these 

conditions may be used to determine the role of meta-

bolites generated by GDA. The contrasting effects of 

loss-of-function mutant overexpression and exogenous 

xanthine supplementation on keratinocyte senescence 

(Fig. 4c, e) indicate the role of metabolites including 

uric acid in GDA-induced keratinocyte senescence. 

Exogenous xanthine also increased ROS generation and 

senescence marker protein levels, which were restored 

by allopurinol (Fig. 4e), suggesting that ROS may be 

involved in keratinocyte senescence induced by GDA 

metabolites, as in the case of GDA. However, the effects 

induced by allopurinol may be attributed to both uric 

acid and XO, because allopurinol is an XO inhibitor and 

inhibits production of uric acid. XO donates electrons 

to molecular oxygen, and generates ROS (4, 12, 14). 

Although it is disputed whether uric acid acts like an 

oxidant or an anti-oxidant, the increase in ROS by the 

exogenous uric acid (Fig. 5b) suggests that uric acid exhi-

bits an oxidant effect. Exposure to repeated UV radiation 

increased generation of uric acid (Fig. 5a) and the effect 

of uric acid on γ-H2AX and keratinocyte senescence was 
similar to that of GDA (Fig. 5c; Fig. 2d), indicating the 

role of GDA in UV-induced ROS production, γ-H2AX 
formation, and keratinocyte senescence via uric acid 

upregulation. Chronic sunlight exposure raised the levels 

of uric acid production (8). Although further studies in-

vestigating hyperuricaemia conditions, including gout, 

may elucidate the clinical significance of uric acid in 
skin photoageing, uric acid and keratinocyte senescence 

were increased in SK showing GDA upregulation (Fig. 

1a–c). The findings may be interpreted as UV-induced 
keratinocyte senescence in SK mediated by uric acid.

In summary, GDA upregulation in SK mediates UV-

induced keratinocyte senescence via production of uric 

acid as an end-product to generate ROS, resulting in 

DNA damage.
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