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Keratinocyte overgrowth after UVB exposure is believed to 

contribute to skin photoageing and cancer development. 

However, little is known about the transcription factors 

that epigenetically regulate keratinocyte response to UVB. 

Recently, HIF-1α was found to play a role in epidermal 

homeostasis by controlling the keratinocyte cell cycle, and 

thus, we hypothesized that HIF-1α is involved in UVB-

induced keratinocyte growth. In cultured keratinocytes, 

HIF-1α was found to be down-regulated shortly after UVB 

exposure and to be involved in UVB-induced proliferation. 

In mice repeatedly treated with UVB, the epidermis be-

came hyperplasic and keratinocytes lacked HIF-1α in nu-

clei. Based on these results, we suggest that the deregula-

tion of HIF-1α is associated with UVB-induced hyperplasia 

of the epidermis. This work provides insight of the molecu-

lar mechanism underlying UV-induced photoageing and 

skin cancer development. 
 
 

INTRODUCTION 

 

Solar ultraviolet radiation (UV) is the most important cause of 
skin diseases, such as, photoaging and cancer. The primary 
event in UV-induced skin carcinogenesis is DNA injury and the 
subsequent formation of abnormal DNA adducts, which leads 
to cell cycle arrest, DNA mutation, and transformation (Melnik-
ova and Ananthaswamy, 2005). In addition, many lines of evi-
dence support the notion that UV dysregulates the expressions 
and activities of many transcription factors and by so doing 
alters gene expression (Matsumura and Ananthaswamy, 2002). 
Therefore, both DNA mutation and altered gene expression are 
believed to be responsible for UV-induced skin diseases. 

Ultraviolet B (UVB, 290-320 nm) is known to be primarily re-
sponsible for breaking DNA strands. UVB causes keratinocyte 
cell cycle arrest, which allows time for the repair of damaged 
cells, or for apoptosis, if the damage is beyond repair (Marrot 
and Meunier, 2008). However, several studies have demon-
strated that mouse skin thickens and the epidermal expression 
of PCNA increases at 48 h after UVB exposure (El-Abaseri et 
al., 2006; Lee et al., 2003; Ouhtit et al., 2000). This temporal 
switch from growth arrest to proliferation is likely to be neces- 

sary for the replacement of dead cells. However, if keratino-
cytes repeatedly undergo death and regeneration due to re-
peated UVB exposure, the coupling response to UVB could 
be deregulated and contribute to skin cancer development. 
However, little is known about the transcription factors that 
induce epigenetically regulated temporal changes in the cell 
cycle. 

HIF-1α is a key transcription factor and is responsible for the 
expressions of a variety of genes required for cellular adapta-
tion to hypoxia. HIF-1α belongs to the basic-helix-loop-helix 
Per-Arnt-Sim family, and is regulated at the post-translational 
level in an O2-dependent manner (Iyer et al., 1998; Wang and 
Semenza, 1995). In an aerobic environment, HIF-1α is prolyl-
hydroxylated by PHD1-3 enzymes, ubiquitinated by the E3 
complex including von Hippel-Lindau protein (pVHL), and finally 
degraded through 26S proteasomes (Schofield and Ratcliffe, 
2004). Since this hydroxylation process requires molecular 
oxygen, it is inhibited in hypoxic environments, and then HIF-1α, 
in association with HIF-1β (aryl-hydrocarbon receptor nuclear 
translocator, ARNT), targets and transactivates hypoxic genes 
(Park, 1999). In addition, HIF-1α participates in controlling cell 
cycle by antagonizing the p21 gene-repressive action of c-Myc 
and subsequently inducing p21 (Koshiji et al., 2004). 

Recently, we found that HIF-1α plays a role in epidermal 
homeostasis by controlling the keratinocyte cell cycle through 
p21 expression (Cho et al., 2008). At high cell densities, kerati-
nocytes underwent cell cycle arrest in the G1 phase. Further-
more, HIF-1α and p21 in keratinocytes were both substantially 
induced in a cell density-dependent manner, and were also 
highly expressed in the epidermal layers of normal human and 
mouse skin. Moreover, treatment with HIF-1α siRNAs released 
keratinocytes from growth arrest and induced epidermal hyper-
plasia in mice. Accordingly, we hypothesized that HIF-1α medi-
ates UVB-induced changes in keratinocyte growth. In the pre-
sent study, keratinocyte HIF-1α was found to be down-
regulated after UVB exposure and to be involved in UVB-
induced keratinocyte regrowth. When mice were repeatedly 
treated with UVB, their epidermises became hyperplasic, and 
HIF-1α was not expressed in keratinocyte nuclei. Based on 
these results, we suggest that the deregulation of HIF-1α is 
associated with UVB-induced epidermal hyperplasia. 

Molecules

and

Cells

©2009 KSMCB

 

1Department of Pharmacology, Ischemic/Hypoxic Disease Institute, Seoul National University College of Medicine, Seoul 110-799, Korea, 2Department

of Pharmacology, Chungbuk National University College of Medicine, Cheongju 361-763, Korea 

*Correspondence: parkjw@snu.ac.kr 

 

Received June 25, 2009; revised September 10, 2009; accepted September 14, 2009; published online November 19, 2009 

 

Keywords: hyperplasia, hypoxia-inducible factor-1alpha, keratinocyte, skin, ultraviolet 



538 HIF-1α Response to UVB 

 

 

 

 

MATERIALS AND METHODS 

 

Materials  

Desferrioxamine (DFO), cycloheximide (CHX), LY294002, 
rapamycin and other chemicals were purchased from Sigma-
Aldrich Corp (USA). Culture media and fetal bovine serum 
(FBS) were purchased from Invitrogen Corp. (USA). Anti-
human HIF-1α antiserum was generated in rabbits against 
bacterially expressed fragments encompassing amino acids 
418-698 of human HIF-1α, as previously described (Chun et al., 
2000). Antibodies against ARNT, PCNA, β-tubulin, and HRP-
conjugated secondary antibodies were purchased from Santa 
Cruz Biotechnology Inc. (USA). 
 
Cell culture and UV irradiation 

HaCaT (normal human keratinocyte) cells were cultured in 
RPMI-1640 medium, supplemented with 10% heat-inactivated 
FBS, 100 units/ml penicillin, and 100 μg/ml streptomycin. The 
cells were grown in a humidified 5% CO2 atmosphere at 37°C. 
When plating cells one day before experiments, cell numbers 
were adjusted to reach 80-100% of confluence at harvest. Cul-
tured cells were exposed to UVB for 3-12 seconds in a cham-
ber (Vilber Lourmat, France) equipped with five UV lamps 
(peak wavelength of 312 nm, 8 Watt) and stainless steel mir-
rors. Lids of culture dishes were opened and media were re-
placed with phosphate-buffered saline (PBS). Immediately after 
cells were irradiated with 5-20 mJ/cm2 of UVB, PBS was re-
placed with RPMI-1640 plus 10% FBS medium, which had 
been preincubated in a CO2 chamber. 
 

UV irradiation to mice 

Male nude (BALB/cAnNCrj–nu/nu) mice were purchased from 
Charles River Japan Inc. (Shin-Yokohama, Japan), and housed 
in a specific pathogen-free room under controlled temperature 
and humidity. All animal procedures were performed according to 
the procedures stipulated in the Seoul National University Labo-
ratory Animal Maintenance Manual. During UVB irradiation, the 
left backs of mice were open and the right backs were screened 
with aluminum foil as the control skins. Mice were irradiated once 
a day for four days with 460 mJ/cm2 of UVB and further kept in 
cages for two days. Left and right back skins were excised, fixed 
with 4% paraformaldehyde, and embedded into paraffin blocks. 
 

Immunohistochemistry 

HIF-1α and PCNA (proliferating cell nuclear antigen) were ana-
lyzed by immunohistochemistry staining in paraffin-embedded 
specimens of rat skins. Six-micrometer serial sections were cut 
from each paraffin block, and immunostained following deparaf-
finization and rehydration through a graded alcohol series. An-
tigens were retrieved by heating the sections in a microwave for 
5 min in 10 mM sodium citrate (pH 6.0). After blocking nonspe-
cific sites, sections were incubated overnight at 4°C with anti-
HIF-1α (1:100) or anti-PCNA (1:100) antibodies. To visualize 
HIF-1α or PCNA, the sections were immunostained with sec-
ondary antibodies (1:400), as previously described (Cho et al., 
2008). Avidin-biotin-horseradish peroxidase complex was used 
to localize bound antibodies, and diaminobenzidine was used 
as the final chromogen.  

 

Immunoblotting 

Total proteins were separated on 8% or 10% SDS/polyacryla-
mide gels, and transferred to Immobilon-P membranes (Millipore, 
USA), which were then blocked with 5% nonfat milk in Tris-
buffered saline containing 0.1% Tween-20 (TTBS) at room tem-
perature for 1 h, and incubated overnight at 4°C with primary 

antibodies (1:1000) in 5% nonfat milk in TTBS. Membranes were 
then incubated for 1 h with horseradish peroxidase-conjugated 
secondary antibodies (1:5000) in 5% milk-containing TTBS. Anti-
gen-antibody complexes were visualized using an Enhanced 
Chemiluminescence Plus kit (Amersham Biosciences, USA). 
 

Reporter gene construction and luciferase assay 

To evaluate the cap-dependent translation of HIF-1α mRNA, 
we cloned the 5′-UTR (1-284) segment of HIF-1α mRNA using 
RT-PCR, and then inserted the cloned DNA between thymidine 
kinase promoter and luciferase in GL3 promoter plasmid (Kim 
et al., 2009). To evaluate the IRES-mediated translation of HIF-
1α mRNA, we inserted the 5′-UTR segment between the GFP 
gene (5′ side) and the luciferase gene (3′ side) in the pcDNA 
plasmid. HaCaT cells were co-transfected with 3 μg each of the 
luciferase reporter plasmid and the β-galactosidase plasmid 
using Lipofectamine (Invitrogen). Transfected cells were split 
into several aliquots and incubated for 24 h. After stabilized, the 
cells were exposed to UVB and further incubated for 12 h. 
Luciferase activities were determined using a luminometer. 
Differences in transfection efficiencies and sample preparations 
were corrected by normalizing luciferase activities to β-gal ac-
tivities. 
 
Cell proliferation and cell cycle analysis 

To analyze cell proliferation, BrdU incorporation assays were 
performed using a FITC BrdU Flow Kit purchased from BD 
PharMingen (USA). Total DNAs were stained with 7-amino-
actinomycin D (7AAD). For cell cycle analysis, cells were fixed 
in 75% ethanol and labeled with propidium iodide (0.05 mg/ml) 
for 30 min. FITC, 7-AAD and propidium iodide were detected 
using a FACStar flow cytometer (BD Biosciences). 
 

HIF-1α knock-down using siRNA 

To inhibit HIF-1α expression, a synthesized siRNA duplex was 
obtained from Samchully Pharm. (Korea). The RNA sequence 
silencing HIF-1α (NM_001530) corresponded to nucleotides 
360-384 of the coding region and Stealth RNAi negative control 
was used as the control RNA (si-Con). To put siRNA into Ha-
CaT cells, about 40% confluent cells in 60-mm cell culture 
dishes were transfected with 40 nM siRNA using Lipofectamine 
(Invitrogen). Cells were allowed to stabilize for 48 h before be-
ing used in experiments. The gene-silencing efficacy of siRNA 
was evaluated by checking the HIF-1α protein level. 
 

Statistical analysis 

All data were analyzed using Microsoft Excel 2002 software, 
and results are expressed as means and standard deviations. 
The Mann-Whitney U test (http://faculty.vassar.edu/lowry/utest. 
html) was used to compare cell cycle phases and reporter ac-
tivities. Differences were considered statistically significant at 
the P < 0.05 level. All statistical tests were two-sided. 
 
RESULTS 

 
HIF-1α is suppressed by UVB 

As was observed previously (Cho et al., 2008), HIF-1α was 
stably expressed even under normoxic conditions in HaCaT 
cells cultured subconfluently. After HaCaT cells had been tran-
siently exposed to UVB, HIF-1α levels were noticeable reduced 
in a UVB dose-dependent manner, whereas ARNT and β-
tubulin levels were not (Fig. 1A). To determine whether UVB 
affects the transcription or mRNA stability of HIF-1α, we ana-
lyzed HIF-1α mRNA levels in HaCaT cells using a highly sensi- 
tive RT-PCR method. However, we found that HIF-1α mRNA
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time, and then harvested for immunoblotting. As a positive control for HIF-1α expression, HaCaT cells were treated with 130 μM of desferriox-

amine (DFO) for 8 h.  

 
 
expression was not altered by UVB (Fig. 1A). To determine the 
time of onset and the duration of UVB-induced HIF-1α sup-
pression, we checked HIF-1α levels at various times after UVB 
treatment. HIF-1α suppression was found to start from 5 min 
after treatment completion and to be maintained for at least 8 h. 
Also, we found that HIF-1α expression had substantially recov-
ered at 24 h after UVB treatment (Fig. 1B). Since HIF-1α had 
been reported to be overexpressed by UVB irradiation (Rezvani 
et al., 2007; Wunderlich et al., 2008), it should be examined if 
the post-UV expression of HIF-1α is just a recovery or an in-
duction over the control level. As we previously reported (Cho 
et al., 2008), cell density increased incubation time-dependently, 
and this increase was followed by HIF-1α expression. In addi-
tion, UVB attenuated the cell density-dependent expression of 
HIF-1α. However, HIF-1α levels in UVB-treated cells were not 
higher than those in untreated cells (Fig. 1C), which suggests 
that HIF-1α expression was recovered, rather induced, from the 
UVB-induced suppression. 
 
UVB represses HIF-1α at the translational level 

To understand how UVB suppresses HIF-1α, we first examined 
the possibility that UVB stimulates the degradation of HIF-1α in 
HaCaT cells. However, the degradation rate of HIF-1α was 
unchanged after UVB exposure (Fig. 2A). Next, we checked 
HIF-1α translation, and found that the de novo synthesis of 
HIF-1α was substantially impaired after UVB exposure (Fig. 
2B). These results suggest that UVB suppresses HIF-1α by 
blocking its protein synthesis. 
 
UVB inhibits the cap-dependent translation of HIF-1α 

With respect to the regulation of HIF-1α translation, two distinct 
mechanisms have been reported, namely, cap-dependent trans-
lation and IRES-dependent translation (Hudson et al., 2002; Lang 
et al., 2002). Furthermore, the HIF-1α 5′-UTR segment has been 
identified as the main target site for both of these mechanisms 
during translational regulation. In addition, in many cell types, 
the cap-dependent pathway is positively regulated by the 
PI3K/AKT/mTOR pathway (Arsham et al., 2002). To determine 
which translational mechanism is targeted by UVB, we con-
structed two reporter plasmids, as shown in Fig. 3. The activity 
of HIF-1α 5′-UTR-Luc reporter, which reflects cap-dependent 
translation, was found to be significantly inhibited after UVB 
exposure. Moreover, its activity was repressed by LY294002 (a 

A 
 
 
 
 
 
 
 
 

B 
 
 
 
 
 
 
 
 
 
Fig. 2. UVB inhibits de novo synthesis of HIF-1α. (A) HIF-1α protein 

stability. HaCaT cells were cultured to reach 80% confluence. 

Immediately after irradiated with 15 mJ/cm
2
 of UVB, cells were 

treated with 60 μg/ml of cycloheximide (CHX), and HIF-1α levels 

were analyzed at the indicated time by immunoblotting. (B) HIF-1α 

protein synthesis. HaCaT cells at 80% confluence were treated with 

60 μg/ml of cycloheximide for 30 min to remove remaining HIF-1α. 

To start HIF-1α synthesis, cells were washed with PBS and 

incubated in fresh media containing 10 μM MG132 (used to prevent 

the degradation of newly synthesized HIF-1α, and HIF-1α levels 

were determined at the indicated time by immunoblotting. 

 
 
PI3K inhibitor) and by rapamycin (a mTOR inhibitor) in control 
cells, whereas its activity was not further inhibited by these 
agents in UVB-treated cells (Fig. 3A). In contrast, the IRES 
activity of HIF-1α 5′-UTR was unaffected by UVB or by PI3K/ 
mTOR inhibitors (Fig. 3B). These results indicate that UVB 
inhibits the cap-dependent translation of HIF-1α. 
 
UVB induces keratinocyte proliferation by suppressing  

HIF-1α 

Previously, we found that HIF-1α was expressed cell density- 
dependently in epidermal keratinocytes, and that it mediated 

Fig. 1. UVB down-regulates HIF-1α. (A) UVB dose-

dependent suppression of HIF-1α. After HaCaT cells 

had been cultured to reach 80-100% of cell density, 

the cells were transiently irradiated with various 

doses of UVB. Two hours later, cells were harvested 

and subjected to immunoblotting for HIF-1α, ARNT, 

and β-tubulin. Alternatively, total RNAs were ex-

tracted from the UVB-treated cells and HIF-1α mRNA 

levels were determined by a semiquantitative RT-

PCR and autoradiography. (B) Time course of UVB-

induced HIF-1α suppression. After exposed to 15 

mJ/cm
2
 of UVB, HaCaT cells at 80% confluence

were harvested at the indicated time, and then sub-

jected to immunoblotting. (C) HIF-1α expression is 

not recovered above the control level. HaCaT cells 

were cultured to reach 30% of cell density, and ex-

posed to 15 mJ/cm
2
 of UVB. Untreated or UVB-

treated cells were further cultured for the indicated 
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Fig. 3. UVB inhibits the cap-dependent translation of HIF-1α mRNA. 

(A) Cap-dependent translational activity of HIF-1α 5′-UTR. The 

luciferase reporter plasmid contains the HIF-1α 5′-UTR segment 

between the tk promoter and the luciferase gene. HaCaT cells were 

co-transfected with the reporter plasmid (5 μg per 100-mm dish) 

and the β-gal plasmid (5 μg per 100-mm dish). The cells at 80-

100% confluence were treated with 10 μM LY294002 or 50 nM 

rapamycin for 1 h, and then irradiated with 15 mJ/cm
2
 of UVB. After 

8 hours, cells were lysed and subjected to luciferase assay. The 

reporter activities were analyzed by luminometry and normalized to 

the β-galactosidase activity. Each bar represents the mean and S.D. 

from 4 experiments. *denotes the significant difference (p < 0.05) 

and N.S. no significance. (B) IRES-dependent translational activity 

of HIF-1α 5′-UTR. The luciferase reporter plasmid contains the HIF-

1α 5′-UTR segment between the GFP gene and the luciferase 

gene. HaCaT cells were co-transfected with the reporter plasmid (5 

μg per 100-mm dish) and the β-gal plasmid (5 μg per 100-mm dish). 

The reporter activities were analyzed in cells at 80-100% conflu-

ence, as described previously. 

 
 
G0/G1 phase arrest at high cell densities (Cho et al., 2008). 
Therefore, we hypothesized that UVB releases keratinocytes 
from growth arrest by removing HIF-1α. As was expected, in 

A 
 
 
 
 
 
 
 
 
 
 
 
 
 

B 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4. UVB releases the cell density-dependent G1 arrest of Ha-

CaT cells. (A) Cell cycle. After HaCaT cells at 80% confluence were 

irradiated with 15 mJ/cm
2
 of UVB, total DNAs were labeled with 

propidium iodide at the indicated time and analyzed by flow cytome-

try. (B) Cell proliferation. Cell proliferation was analyzed by assaying 

the DNA incorporation of bromodeoxyuridine (BrdU). After irradi-

ated with 15 mJ/cm
2
 of UVB, HaCaT cells at 80-100% confluence 

were treated with 10 μM BrdU for 30 min. The incorporated BrdU 

was reacted with an FITC-conjugated anti-BrdU antibody and total 

DNAs were stained with 7-amino-actinomycin D. BrdU and DNA 

contents were analyzed by flow cytometry. Bivariate distributions of 

BrdU incorporation (y axis) versus DNA content (x axis) were plot-

ted. The boxes (R3) indicate BrdU-incorporated cells in the S-phase. 

The R1-3 populations with the squares were the mean values from 

three experiments. 
 
 
subconfluent cultures of untreated HaCaT cells, the proportion 
of cells in the G0/G1 phase increased in a time-dependent 
manner, and this was accompanied by a reduction in the S 
proportion. However, in UVB exposed HaCaT cells, the G0/G1 
proportion was noticeably lower and the S proportion higher 
(Fig. 4A). These results suggest that keratinocytes in the 
G0/G1 phase reenter the S phase after being exposed to UVB. 
Next, to examine whether this UVB-induced cell cycle restart is 
connected with proliferation, de novo synthesized DNA was 
stained with Brdu. When HaCaT cells were cultured at > 80% 
of confluence for 24 h, the Brdu (+)/S-phase population de- 
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creased by 14.2%. However, after UVB treatment, the Brdu (+)/ 
S-phase population increased by 12.4% (Fig. 4B, R3 values). 
Therefore, exposure to UVB is likely to induce keratinocyte 
growth by releasing cells from G0/G1 arrest. 

To determine whether UVB-induced HIF-1α suppression is 
responsible for keratinocyte reentry into the cell cycle, we first 
examined the role of HIF-1α in the cell cycle. In HIF-1α 
knocked-down keratinocytes (Fig. 5A, right panel), the G0/G1 
population was decreased and the S and G2/M populations 
increased significantly (Fig. 5A, left panel), which suggests that 
HIF-1α is responsible for cell cycle arrest in keratinocytes. We 
next examined if the effect of UVB on the cell cycle is reversed 
by HIF-1α induction in UVB-treated cells. We confirmed that 
HIF-1α was expressed in UVB-treated HaCaT cells by DMOG 
(a 2-oxoglutarate analogue) and desferrioxamine (an iron che-
lator), which are known HIF-1α inducers (Fig. 5B, right panel). 
After HaCaT cells had been treated with these HIF-1α inducers, 
we found that the UVB effect on the cell cycle was abolished, 
that is, the Go/G1 population increased but the S population 
decreased (Fig. 5, left panel). These findings suggest that UVB 
induces keratinocyte proliferation by suppressing HIF-1α. 
 

UVB suppresses epidermal HIF-1α and induces skin 

hyperplasia in vivo  

To examine the in vivo effect of UVB on epidermal homeostasis, 
nude mice were transiently exposed to UVB and their back 
skins were prepared for immunohistochemistry. When skin 
slides were stained with H&E, the epidermal layers in UVB-

exposed skins were found to be substantially thicker than con-
tra-lateral non-exposed skins (Fig. 6A). Also, keratinocytes in 
UVB-exposed skins robustly expressed PCNA in their nuclei 
(Fig. 6B), which indicates that the skin had become hyperplasic. 
More importantly, the intensity of HIF-1α staining in the epider-
mis faded after UVB exposure (Fig. 6C). These in vivo findings 
concur with the observed effects of UVB on HIF-1α expression 
(Fig. 1) and cell proliferation (Fig. 4) in cultured HaCaT cells. 
 

DISCUSSION 

 

In the present study, we tested the hypothesis that HIF-1α is 
involved in development of post-UVB epidermal hyperplasia. 
Initially, HIF-1α was found to be suppressed in keratinocytes 
shortly after UVB exposure and to recover 16 h later. Mechanisti-
cally, UVB was found to impair the de novo synthesis of HIF-1α 
protein by inhibiting the cap-dependent translation of HIF-1α 
mRNA. In addition, UVB was found to initiate the transition from 
G0/G1 to the S phase in growth-arrested keratinocytes, which in 
turn increased DNA synthesis. Furthermore, when keratinocytes 
were treated with HIF-1α inducers to overcome HIF-1α suppres-
sion by UVB, the effect of UVB on the cell cycle was reversed. To 
examine the in vivo effect of UVB on epidermal homeostasis, 
nude mice were exposed to UVB and their skins were examined 
immunohistochemically. After UVB exposure, mouse skins were 
found to be hyperplasic and keratinocytes lost HIF-1α nuclear 
expression. These results suggest that the deregulation of HIF- 
1α is associated with UVB-induced skin hyperplasia. 

Fig. 5. HIF-1α negatively regulates 

cell cyle in keratinocytes. (A) Cell 

cycle change by HIF-1α knock-down. 

HaCaT cells were transfected with 40 

nM of a HIF-1α-targeting siRNA (si-

HIF) or a scrambled RNA control (si-

Con). The gene-silencing effect of 

siRNA was verified by immunoblot-

ting (right panel). After 48 h, the cells 

at 80% confluence were harvested, 

and cell cycle was analyzed by pro-

0pidium iodide staining and flow cy-

tometry (left panel). Cell populations 

(%) of G0/G1, S, and G2/M phases 

were presented as the mean and 

S.D. from 4 experiments, and signifi-

cantly different between two groups 

(p < 0.05). (B) The UVB-in-duced 

proliferation is reversed by HIF-1α

inducers. HaCaT cells at 80% conflu-

ence were pretreated with HIF-1α

inducers, DMOG (1 mM) and DFO 

(130 μM) 4 h before UVB irradiation. 

After irradiated with 15 mJ/cm
2

of 

UVB, cell cycle was analyzed by DNA 

staining with propidium iodide and 

flow cytometry. Each bar represents 

the mean and S.D. from 4 experi-

ments. * denotes p < 0.05 vs. the un-

treated control; #, p < 0.05 vs. the 

UVB-treated group. 
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In addition to its role in hypoxic gene regulation, HIF-1α plays 
a pivotal role in determining cell fate. Given the information 
currently available, HIF-1α appears to inhibit tumor growth un-
der hypoxic conditions by directly binding and inhibiting tran-
scription factors related to cell proliferation. For example, HIF-
1α antagonizes the function of c-Myc by sequestering MAX, 
and thus, repressing the expression of Myc-targeted genes, 
and c-Myc inhibition also increases the transcription of 
p21WAF1/Cip1, which arrests the cell cycle by inhibiting cyclin-
dependent kinases (Huang, 2008). In addition, HIF-1α dissoci-
ates β-catenin/TCF4 complex by directly interacting with β-
catenin. Furthermore, because the c-Myc gene is transacti-
vated by β-catenin/TCF4 complex, the HIF-1α interaction with 
β-catenin results in c-Myc down-regulation and subsequent p21 
up-regulation (Kaidi et al., 2007). Recently, it was also demon-
strated that HIF-1α blocks the ARD1 acetylation/activation of β-
catenin by sequestering ARD1, and by so doing inhibits the 
proliferation of cancer cells (Lim et al., 2008). Likewise, HIF-1α 
has been reported to control the proliferation of normal cells. In 
a subconfluent culture of primary keratinocytes, the cell cycle 
was arrested at the G0/G1 phase, and this arrest was attributed 

to the inductions of HIF-1α and p21. Furthermore, this effect of 
HIF-1α was demonstrated in normal human and mouse skin 
(Cho et al., 2008). These findings suggest that the cell cycle 
control exercised by HIF-1α is likely to be shared by normal 
and cancer cells. 

UV stimulates various signaling pathways, some of which are 
known to alter gene expression by regulating transcription fac-
tors. Of these signaling pathways, epidermal growth factor 
receptor (EGFR) has been intensively studied and found to 
play important roles in cellular responses to UV. Indeed, EGFR 
is acutely activated by UV, and subsequently positively regu-
lates keratinocyte proliferation and survival (El-Abaseri et al., 
2006). Also, UV-induced oxidative stress is regarded to activate 
EGFR (Peus et al., 1999). Therefore, oxidative stress and 
EGFR activation plausibly contribute to the UV-induced sup-
pression of HIF-1α, and conversely, EGFR stimulation and 
oxidative stress have both been reported to up-regulate HIF-1α 
by stabilizing HIF-1α protein due to the inhibition of prolyl-
hydroxylation or due to increased HIF-1α synthesis through the 
PI3K and MAPK signaling pathways (Gerald et al., 2004; 
Zhong et al., 2000). According to this scenario, HIF-1α expres-

Fig. 6. In vivo effects of UVB on epidermal 

growth and HIF-1α expression. During UVB 

irradiation, the left backs of mice were open as 

the UVB-treated skins (+UV) and the right backs 

were screened with aluminum foil as the control 

skins (-UV). Six mice were irradiated with 460 

mJ/cm
2

of UVB once a day for four days. After 

two days had passed, back skins were excised, 

fixed, and embedded into paraffin blocks. (A)

Epidermal thickening by UVB. Skin specimens 

were stained with H&E dyes, and the thickness 

of the epidermis was analyzed at a magnification 

of 100X. The results were obtained from six

mice (animal number, I to VI). (B) PCNA expres-

sion in mouse epidermal keratinocytes. Mouse 

skin sections were incubated with anti-PCNA

antiserum, and nuclear PCNA expression was 

identified at a magnification of 100X. (C) HIF-1α

expression in mouse epidermal keratinocytes. 

Mouse skin sections were incubated with anti-

HIF-1α antiserum, and nuclear HIF-1α expres-

sion was identified at a magnification of 100X. 
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sion could be induced in keratinocytes or mouse skin by UV. 
However, in the present study, keratinocyte HIF-1α was found 
to be down-regulated immediately after UV exposure. There-
fore, HIF-1α suppression by UV appears to occur independ-
ently of EGFR activation or oxidative stress. The detailed 
mechanism responsible for the effect of UVB on HIF-1α regula-
tion remains an open question. 

In terms of the effect of UVB on HIF-1α expression, two re-
cent studies demonstrated a biphasic HIF-1α response (Rez-
vani et al., 2007; Wunderlich et al., 2008). HIF-1α suppression 
in keratinocytes was found to start as early as 0.5-1 h after UVB 
exposure and to be maintained until 5-6 h. However, in these 
studies HIF-1α expression was found to increase above the 
control level after 10 h, which suggests that HIF-1α is induced 
by UVB. We also found that HIF-1α levels fluctuated after UVB 
exposure, i.e., HIF-1α disappeared as early as 10 min after 
treatment and reappeared after 16 h. However, HIF-1α levels 
at 16 and 24 h post-UV were lower than in the control level, 
indicating that HIF-1α expression during the late phase is due 
to recovery from UVB exposure, rather than being due to HIF-
1α induction by UVB. We also found that HIF-1α expression in 
mouse skin was consistently suppressed, not induced, at 24 
and 48 h post-UV. Therefore, we focused on UVB-induced 
suppression of HIF-1α, and represented little to the HIF-1α 
recovery. 

In conclusion, UVB was found to suppress HIF-1α acutely in 
cultured keratinocytes and mouse skins, which we believe may 
be associated with restart of the keratinocyte cell cycle and 
epidermal thickening in mice. This work provides insight of the 
molecular mechanism underlying UV-induced hyperproliferative 
skin diseases, such as, premature photoageing and skin can-
cer. We also propose that HIF-1α be viewed as therapeutic 
target for preventing skin hyperplasia, and in particular, that its 
induction offers a possible means of preventing UVB-induced 
skin diseases. 
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