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Background: Ultraviolet A (UVA) rays reach the dermal skin layer and generate oxidative stress,
DNA damage, and cell inflammation, which in turn lead to photo-aging and photo-carcinogenesis.
While there have been many studies about the beneficial effects of topical epidermal growth
factor (EGF) treatment in the healing of wounds, the effect of EGF on UVA-induced skin irri-
tation remains unknown. To clarify the effects of EGF on UVA-induced skin damage, it was
investigated whether EGF signaling can affect intracellular reactive oxygen species (ROS) and
DNA damages in UVA-irradiated human dermal fibroblasts.

Materials and methods: Fibroblasts cultured with or without thEGF were UVA-irradiated
at 40 mJ/cm? twice per day for 5 days. After the irradiation, the intracellular ROS levels and
expression of catalase and superoxide dismutase-1 (SOD-1) in the fibroblasts were ascertained.
Further investigation to determine the effects of EGF on UVA-induced DNA damage, including
a single cell gel electrophoresis assay and an enzyme-linked immunosorbent assay (ELISA),
was carried out. Moreover, the NF-kB activity was ascertained in order to investigate the effects
of EGF on UVA-irradiated fibroblasts.

Results: As a result, it was revealed that recombinant human EGF (thEGF) inhibited UVA-
increased intracellular ROS in the fibroblasts and increased the expression of catalase and
SOD-1. Moreover, in UVA-irradiated fibroblasts, the longest DNA-damaged tails were observed,
but this phenomenon was not detected in cells cotreated with both UVA and rhEGF. Also, it
was observed that DNA damage induction, including that of cyclobutene pyrimidine dimers,
pyrimidine (6-4) pyrimidone photoproducts, and 8-hydroxy-2-deoxyguanosine, was caused by
UVA irradiation. Similar to previous results, it was downregulated by rhEGF. Furthermore,
rhEGF also inhibited NF-xB gene expression and the NF-xB p65 protein level in the nucleus
induced by UVA irradiation.

Conclusion: These results suggest that EGF might be a useful material for preventing or
improving photo-aging.

Keywords: epidermal growth factor, UVA, catalase, superoxide dismutase-1, cyclobutane
pyrimidine dimers, pyrimidine (6-4) pyrimidone photoproducts, 8-hydroxy-2 -deoxyguanosine

Introduction
Skin aging can be divided into endogenous aging and extrinsic aging by internal or
environmental factors such as ultraviolet (UV) rays. In particular, skin — unlike most
other organs — is directly affected by UV radiation.

UV radiation from the sun is classified into three types: UVA (320—400 nm), UVB
(280-320 nm), and UVC (200-280 nm). While UVC is mostly absorbed by the ozone
layer, UVB and UVA reach the surface of the earth and affect human skin. UVB
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has greater energy than UVA, so it burns the epidermis in
a shorter period of time than UVA does. Conversely, UVA
penetrates deeper into the dermis than UVB does and affects
connective tissues such as collagen, which causes actual
aging of the skin, and is known as photo-aging. Recent studies
have revealed that UVA plays a key role in pigment changes
that occur with age, a major sign of skin photo-aging in
Asians.! The mechanism of UVA-induced skin aging is well
understood. UVA radiation directly induces major alterations
in the dermal compartment through the generation of reactive
oxygen species (ROS).2 UVA-induced, excess intracellular
ROS activate mitogen-activated protein kinases (MAPKs)
and nuclear factor-kappa B (NF-xB), which in turn induce
the transcriptional regulation of matrix metalloproteinases
(MMPs). Finally, this results in the degradation of collagen
and elastin, subsequently leading to photo-aging.’ UVA also
induces photoproducts such as pyrimidine dimers, including
cyclobutane pyrimidine dimers (CPDs), and pyrimidine (6-4)
pyrimidone photoproducts (6-4PP).*

Epidermal growth factor (EGF) and its receptor (EGFR)
control a broad spectrum of diverse biological effects, includ-
ing cellular proliferation, differentiation, wound healing, hair
follicle morphogenesis, and tumorigenesis. Notably, EGF
plays a key role in healing wounds through the stimulation,
proliferation, and migration of keratinocytes, endothelial
cells, and fibroblasts.® Interestingly, according to Chou et
al, urinary EGF started to decline in people in their 20s and
was lowest in people aged 71-80 years.® Also, aged dermal
fibroblasts exhibit reduced EGFR expression, which is associ-
ated with decreased cell migration and proliferation, and the
loss of flexibility and elasticity.”® On the skin side, EGF is a
useful agent for improving chronic skin ulcers, aging, acne,
and skin homeostasis.’ It is well known that topical treatment
with recombinant human EGF (thEGF) ointment encourages
the healing of wounds by inducing epidermal proliferation
and increasing wound contraction related to myofibroblast
proliferation and collagen deposition.'® However, the effect of
EGF on the production of ROS is much debated, and depends
on the concentration, time, and cell state.!'"'* Moreover,
the effect of EGF on the production of ROS or antioxidant
enzymes in skin cells is not well known.

Emerging evidence indicates that EGFR modulates cell
proliferation, differentiation, apoptosis, and DNA repair."
The modulation of DNA repair is suggested to occur in
radiation-induced DNA double-strand breaks (DSBs). Kriegs
et al revealed that EGFR signaling regulates the overall DSB
repair capacity by modeling nonhomologous end-joining via
the MAPK pathway.'® It has been established that UVB is
able to induce the formation of DSB, and it has also been

suggested that it occurs following the collapse of replication
forks at unrepaired CPDs, which are readily generated by
UVB.!” However, the use of UVA to induce DSB formation
has been debated. Furthermore, it is not well known whether
EGFR signaling regulates DNA damages induced by UVA
directly or indirectly.

Thus, this study sought to determine whether EGF
affects events in UVA-irradiated human dermal fibroblasts
by investigating the expression level of intracellular ROS,
antioxidant enzymes, and DNA damage-related molecules
in UVA-irradiated human dermal fibroblasts.

Materials and methods

Reagents

For the purposes of this study, rhEGF (Daewoong Phar-
maceutical Co., Ltd., Seoul, Korea) was used, and ascorbic
acid (Vitamin C) was purchased from Sigma-Aldrich Co.
(St Louis, MI, USA).

Cell culture

Normal human dermal fibroblasts (Thermo Fisher Scientific,
Waltham, MA, USA) were cultured in Medium 106 (Thermo
Fisher Scientific) with a low serum growth supplement (LSGS;
Thermo Fisher Scientific). Before the reagent treatment, the
cells were cultured overnight in Medium 106 without LSGS
(Thermo Fisher Scientific) to induce starvation. The cells were
maintained in a humidified atmosphere of 5% CO, at 37°C, and
the medium was replaced every 2 days. Fibroblasts cultured
with or without reagents were UVA-irradiated at 40 mJ/cm?
twice per day for a period of 5 days, totaling 400 mJ/cm?.

UVA irradiation

For the UVA irradiation, a UV Crosslinker (Ultra-Violet
Product Ltd., Cambridge, UK) was used, with a UV spectrum
of 365 nm. The cultured medium was removed gently and
the cells were washed with PBS. Then, the PBS was also
removed. After removing the PBS, the cell culture plates were
placed in the UV Crosslinker and UVA-irradiated at 40 mJ/
cm?. After the UVA irradiation, the cells were cultured with
or without reagents. This process was repeated twice daily
for a total of 5 days.

2’, 7’-Dichlorofluoresceindiacetate
(DCFDA) micro-plate assay

The intracellular ROS levels were determined in fibroblasts
using a DCFDA assay kit (Cell Biolabs, Inc., San Diego,
CA, USA). Briefly, the cells were UVA-irradiated at 40 mJ/
cm? twice daily for 5 days, with or without reagents, and
were washed with PBS three times. After that, the cells were
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treated with the DCFDA solution and incubated at 37°C for
1 h. Then, the cells were UVA-irradiated at 40 mJ/cm? once
more. Immediately thereafter, the fluorescence was read
with a fluorometric plate reader at 480/530 nm (Molecular
Devices, Sunnyvale, CA, USA).

Enzyme-linked immunosorbent assay
(ELISA)

The expression of catalase and superoxide dismutase-1
(SOD-1) in the cells was determined using specific ELISA
kits according to the manufacturer’s instructions. The
catalase and SOD-1-specific ELISA kits were obtained from
Abcam (Cambridge, UK). After treatment with UVA and/or
reagents, whole-cell lysates were collected using a cell lysis
buffer (Cell Signaling Technology, Danvers, MA, USA). The
expression of each enzyme was then measured according to
the supplier’s protocol. In addition, a specific ELISA assay
kit detected that DNA damage-related molecules —including
CPD, 6-4PP, and 8-hydroxy-2'—deoxyguanosine (8-OHdG) —
had been generated in the UVA-irradiated fibroblasts with or
without reagents. Briefly, after UVA irradiation, the genomic
DNA was extracted from the cells, using a QlAamp DNA
isolation kit (Qiagen, Hilden, Germany). CPD and 6-4PP
were evaluated with an OxiSelect™ UV-induced oxidative
DNA damage (CPD/6-4PP) ELISA kit (Cell Biolabs., Inc.),
according to the manufacturer’s protocol. Also, 8-OHdG
was detected using an OxiSelect™ DNA damage ELISA kit
(8-OHAG Quantitation) (Cell Biolabs., Inc.).

Single gel electrophoresis assay (comet

assay)

DNA damage caused by UVA was observed using the comet
assay. The UVA-irradiated cells treated with or without
reagents were harvested by trypsin-EDTA. The cell pellets
were washed by PBS and resuspended in 100 uLL PBS. The
comet assay was performed using the OxiSelect™ Comet
Assay Kit (Cell Biolabs, Inc.), according to the manufac-
turer’s manual. The slides were imaged with a Zeiss LSM
800 confocal microscope (Carl Zeiss, Jena, Germany), and
the images were analyzed using the ZEN 2012 software
(Carl Zeiss).

Real-time reverse-transcription
quantitative polymerase chain reaction
(RT-gPCR)

To confirm the level of NF-xB gene expression, the total
ribonucleic acid (RNA) was extracted from the cells using a

ReliaPrep™ RNA Cell Miniprep System (Promega, Madison,
WI, USA), after which 1 pg of the total RNA was converted
to cDNA using a TaKaRa RNA PCR Kit v2.1 (TaKaRa Bio
Inc., Shiga, Japan), under the following reaction conditions:
45°C for 45 min and 95°C for 5 min. Probes were obtained
from Applied Biosystems as Assays-on-Demand™ Gene
Expression Assays (glyceraldehyde-3-phosphate dehydroge-
nase [GAPDH]: Hs02758991_g1, NF-kB: Hs00765730_m1,
p38a: Hs01051152_ml). Reactions were carried out on an
ABI StepOnePlus™ (Applied Biosystems), and the relative
transcription levels were determined by GAPDH as the refer-
ence gene. The data were analyzed with the ABI StepOneP-
lus™ software (Applied Biosystems).

NF-xB p65 transcription factor assay
(ELISA)

To examine the NF-kB p65 transcription factor protein level,
nuclear extracts were collected using a nuclear extraction
kit (Cayman, Ann Arbor, MI, USA) in the UVA-irradiated
fibroblasts with or without reagents. The protein concentra-
tions were determined with a Bio-Rad reagent (Bio-Rad
Laboratories, Hercules, CA, USA). The activation of the
NF-xB (p65) transcription factor was detected using an
NF-xB (p65) transcription factor assay kit (Cayman). Briefly,
10 pg of nuclear proteins were added to the wells with a
complete transcription factor buffer and incubated overnight
at 4°C. Blank wells, a positive control, and nonspecific
binding samples were also included on the plate. After that,
NF-kB binding was detected by incubating monoclonal and
secondary antibodies against the NF-xB p65 subunit. The
reaction was quantified at 450 nm. The percentage change
in the activity of each test sample relative to the average of
the untreated samples was then determined.

Statistical analysis

All of the experiments were performed in triplicate, and
the results are expressed as the mean + standard deviation
(STDEV). P-values <0.05 were considered statistically
significant. A one-way analysis of variance with Dunnett’s
test was conducted using a GraphPad Prism v 7 (GraphPad
Software, San Diego, CA, USA).

Results
UVA-induced intracellular ROS were

inhibited by rhEGF
To confirm the UVA dosage, fibroblasts were UVA-irradiated
at 10, 20, or 40 mJ/cm? twice daily for 5 days, for a total of
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100, 200, or 400 mJ/cm?, respectively. The intracellular ROS
level was increased by UVA in a dose-dependent manner
(Figure 1A). Thus, we set the dose of UVA irradiation at 40
mJ/cm?, Then, fibroblasts with or without reagents — includ-
ing several concentrations of thEGF and 250 uM vitamin
C used as the positive control — were UVA-irradiated at
40 mJ/cm? twice daily for 5 days, for a total of 400 mJ/
cm?. Intracellular ROS increased by UVA were inhibited by
rhEGF in a concentration-dependent manner, and vitamin
C also inhibited the increment of intracellular ROS in the
UVA-treated cells (Figure 1B). To determine the reason for
the decrease of intracellular ROS production by rhEGE, we
measured the expression of antioxidative enzymes, including
catalase and SOD-1. As a result, hEGF increased the catalase
and SOD-1 expression in the UVA-treated human dermal
fibroblasts (Figure 1C and D). Moreover, 1 and 10 ng/mL
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rhEGF increased the expression of catalase and SOD-1 more
than that increased by 250 uM vitamin C (Figure 1C and D).

rhEGF protects against DNA damage

induced by UVA irradiation

Next, we assessed the UVA-induced DNA damage using
a single cell gel electrophoresis assay known as the comet
assay. As aresult, in the untreated control group, the presence
of a tail signifying DNA damage was not observed (Figure
2A). However, a tail was observed in the UVA-irradiated
cells (Figure 2B). On the other hand, no tail was observed in
the cells cotreated with UVA and various concentrations of
rhEGF (Figure 2C—E). Similarly, no tail was observed in the
cells cotreated with vitamin C and UVA (Figure 2F). After
that, we measured the length of the tail using the ZEN 2012
blue edition software. As a result, the tail was observed to
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Figure | rhEGF inhibited UVA-increased intracellular ROS in fibroblasts in a concentration-dependent manner: (A) Fibroblasts were UVA-irradiated at 10, 20, or 40 mJ/
cm? twice daily for 5 days (for a total of 100, 200, or 400 m)/cm?). The intracellular ROS level was increased by UVA in a dose-dependent manner. (B) Fibroblasts cultured
with or without reagents, including rhEGF and vitamin C, were UVA-irradiated at 40 mJ/cm? twice daily for 5 days, for a total of 400 mJ/cm? The UVA-induced intracellular
ROS level was inhibited by rhEGF and vitamin C. (C, D) rhEGF increased the expression of catalase and SOD-| in UVA-irradiated fibroblasts. Vitamin C also upregulated
the expression of catalase and SOD-1 in UVA-irradiated fibroblasts (* P<0.05, **P<0.01, ***P<0.001).

Abbreviations: ROS, reactive oxygen species; EGF, epidermal growth factor; UVA, ultraviolet A; STDEV, standard deviation; rhEGF, recombinant human EGF; SOD-I,

superoxide dismutase-|; Vit, vitamin.
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be longest in the UVA-irradiated cells, while the tail length
in the UVA and rhEGF or vitamin C cotreated cells was
similar to that of the untreated control (Figure 2G). Next, we
quantified the DNA damage using CPD, 6-4PP, and 8-OHdG
specific ELISA kits. In the UVA-irradiated fibroblasts, three
kinds of DNA damage molecules increased; and the detec-
tion expression level of 8-OHdG was the highest while that
of 6-4PP was the lowest (Figure 2H). Interestingly, 1 and 10
ng/mL rhEGF inhibited the increment, but 0.1 ng/mL thEGF
did not (Figure 2H).

rhEGF inhibited NF-kB gene expression
and the NF-kB p65 protein levels in the

nucleus induced by UVA irradiation

Finally, we examined the changes of NF-kB expression in the
UVA-irradiated cells with or without reagents. The mRNA
expression of NF-kB was induced by the UVA-irradiated
cells, but that increment was downregulated by 1 and 10 ng/
mL rhEGF and vitamin C (Figure 3A). The NF-xB p65 pro-
tein levels in the nucleus also increased in the UVA-irradiated
fibroblasts (Figure 3B). Interestingly, unlike the mRNA
expression result, only the 10 ng/mL rhEGF and vitamin C
decreased the NF-xB p65 protein levels in the nucleus of the
UVA-irradiated fibroblasts (Figure 3B).

Discussion

ROS are an important factor in several chronic human
diseases, including atherosclerosis, vascular diseases,
mutagenesis and cancer, neurodegeneration, immunologic
disorders, and even aging.'* In the skin, about 1.5-5% of
the consumed oxygen is converted into ROS by intrinsic
processes.'” ROS are continuously produced in the mito-
chondria via the aerobic metabolism, and are regarded as
the main cause of intrinsic aging.?® UV radiation, and even
visible wavelengths of radiation from the sun, can acceler-
ate ROS generation.?! An increase of ROS by UV leads to
the activation of MAPK p38, c-Jun amino-terminal kinase,
and extracellular signal-regulated kinase, and this in turn
provokes the expression of the transcription factor activator
protein 1, resulting in the expression of MMP1, 3, and 9 in
fibroblasts and keratinocytes.?>>* This process is reinforced
by the production of ROS, which also results in the activa-
tion of MAPK and leads to the expression of NF-kB. In this
study, we confirmed the induction of the intracellular ROS
level in UVA-irradiated human dermal fibroblasts, which was
inhibited by rhEGF in a dose-dependent manner. A previ-
ous study has revealed that thEGF treatment increased the

contractility of old human fibroblasts,’ and also showed that
topical treatment with thEGF induced collagen synthesis in
rats.!® It discussed the possibility that EGF has potential for
use as a regenerative agent for aging skin. The present study
confirmed the effects of ROS inhibition and DNA breaks
on the recovery of thEGF. Therefore, we considered that
these results may suggest a new mechanism for improving
the aging skin by EGF.

SOD is one of the most important enzymes that can
regulate ROS. In mammals, there are three isoforms of SOD,
including SOD-1, -2, and -3. All three human SODs have
a huge impact on aging skin. Normally, a deletion of SOD
is lethal, as demonstrated in mice, but the lifespan of mice
with SOD mimetics can be prolonged for several weeks.?
Sod1—/—mice show clear skin atrophy that is also observed
in aged human beings.?**’ Catalase is also a very important
enzyme in protecting cells from damage due to oxidation by
ROS. The catalase enzyme is very prominently expressed
in the skin, especially in the stratum corneum, where the
amount of catalase exceeds the amount of SOD. Moreover,
it was observed that the activity of this enzyme decreased
as it penetrated further into the skin layer. 2% It has been
revealed that UVB as well as UVA inhibit the expression
and activity of these enzymes. 32 In the present research,
rhEGF increased the expression of antioxidant-related
enzymes, including catalase and SOD-1, in UVA-irradiated
fibroblasts. As a result, the amount of SOD-1 expression
was higher than that of catalase, which is thought to be due
to the cell line.

It is well known that UV radiation can alter DNA strand
breaks. Direct UV rays induce two main photochemical
reactions in DNA, including CPD and 6-4PP.3334 Recently,
it was revealed that UVA induced CPD via a direct pho-
tochemical mechanism.*> Moreover, UVA-induced DNA
DSBs can be generated from the repair of clustered oxi-
dative DNA damages.’® On the other hand, UV radiation
indirectly affects DNA damage by increasing the ROS
level.*” Among the numerous types of oxidative DNA
damage, the formation of 8-OHdG is a ubiquitous marker
of oxidative stress. According to Cadet et al, UV radiation
also targets the DNA base guanine, giving rise to 8-OHdG
in the strand DNA.* In this study, rhEGF appears to have
a protective effect against UVA-induced DNA damages.
It was observed that the length of the tail, which signifies
DNA damage, was shorter in the groups cotreated with
UVA and rhEGF than in the group treated with UVA alone.
Also, the UVA-induced expression of CPD, 6-4PP, and
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Figure 2 rhEGF inhibited DNA damage induced by UVA irradiation in fibroblasts. (A-F) UVA-induced DNA damage was detected by a single cell gel electrophoresis assay:
(A\) untreated control, (B) UVA 400 m)/cm?, (C) UVA 400 m}/cm? + EGF 0.1 ng/mL, (D) UVA 400 m)/cm? + EGF | ng/mL, (E) UVA 400 m}/cm? + EGF 10 ng/mL, (F) UVA 400
mJ/em? + vitamin C 250 pM, (G) Tail length was measured by ZEN 2012 blue edition software. rhEGF and vitamin C had protective effect on DNA damage in UVA-irradiated
fibroblasts. (H) Directly or indirectly induced DNA damaged molecules by UVA irradiation were quantified using specific ELSIA kits. CPD, 6-4PP, and 8-OHdG expressions
were increased by UVA, but this was inhibited by rhEGF and vitamin C. (** P<0.01, *** P<0.00| compared with the untreated control; "P<0.05, “'P<0.01, *"P<0.00| compared
with UVA 400 mj/cm?).

Abbreviations: EGF, epidermal growth factor; UVA, ultraviolet A; STDEV, standard deviation; rhEGF, recombinant human EGF; Vit, vitamin; CPD, cyclobutene pyrimidine
dimmers; 6-4PP, pyrimidine (6-4) pyrimidone photoproduct; 8-OHdG, 8-hydroxy-2-deoxyguanosine; ELISA, enzyme-linked immunosorbent assay.
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Figure 3 rhEGF inhibited NF-kB mRNA expression and activity. (A) The mRNA expression level of NF-kB was increased by UVA, but this increment was downregulated by
rhEGF and vitamin C. (B) The activity of NF-kB was also increased by UVA, but this was inhibited by 10 ng/mL EGF and 250 pyM vitamin C. (** P<0.01, *** P<0.001 compared
with the untreated control, "P<0.05, “'P<0.01, *"P<0.001 compared with UV 400 m}/cm?).

Abbreviations: EGF, epidermal growth factor; UVA, ultraviolet A; STDEV, standard deviation; rhEGF, recombinant human EGF; Vit, vitamin.

8-OHdG was decreased by rhEGF in a dose-dependent
manner. These results suggest that thEGF might play a
role in protecting against DNA damage whether induced
directly or indirectly by UVA, leading us to conclude that
further studies of the related mechanisms are required. One
possibility is that the reduction in ROS by rhEGF may be
associated with a decrease in indirect lesion breaks and
8-OHdG by rhEGF. In addition, a possible mechanism
involved in the reduction of CPD and 6-4PP by rhEGF
could be that EGF may be helping cells to increase the
function of DNA repair proteins which were affected by
ROS after UVA irradiation.

As previously described, UVA increases MMPs expres-
sion through MAPK or NF-xB signaling. We have previ-
ously reported that thEGF regulates the signaling of NF-xB
to inhibit the expression of pro-inflammatory cytokines in
inflammatory milieu in vitro and in vivo.* Therefore, in this
study, we investigated whether thEGF affects the NF-xB
signaling induced by UVA. As aresult, it was confirmed that
not only the gene expression of NF-kB by UVA, but also its
activity was inhibited by rhEGF.

In conclusion, our results indicate that EGF plays an
important role in regulating UVA-induced skin damage
through the suppression of ROS expression and on DNA
damage in relation with NF-xB signaling. Therefore, these
findings suggest that EGF might have a beneficial effect on
skin aging, and more particularly photo-aging.
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