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Although UVB radiation is mainly absorbed by the epidermis, ~5-10% of its photons reach and affect the upper part of the dermis.
Physiologically relevant UVB doses, able to provoke erythema, induce apoptosis in human dermal fibroblasts in vitro, as well as in
the dermis of SKH-1 mice. Given the sparse and even contradictory existing information on the effect of UVB radiation on dermal
fibroblasts’ viability, aim of this work was to unravel the crucial signaling pathways regulating the survival of UVB-treated human
dermal fibroblasts. We found that UVB radiation immediately stimulates the phosphorylation of MAPK family members, as well as
Akt, and is genotoxic leading to the delayed ATM-p53 axis activation. Akt phosphorylation after UVB radiation is EGFR-mediated
and EGFR inhibition leads to a further decrease of viability, while the Akt activator SC79 rescues fibroblasts to an extent by a
mechanism involving Nrf2 activation. The known Nrf2 activator sulforaphane also exerts a partial protective effect, although by
acting in a distinct mechanism from SC79. On the other hand, inhibition of JNKs or of the ATM-p53 axis leads to a complete loss of
viability after UVB irradiation. Interestingly, JNKs activation is necessary for p53 phosphorylation, while the ATM-p53 pathway is
required for the long-term activation of JNKs and Akt, reassuring the protection from UVB. Although UVB radiation results in intense
and prolonged increase of intracellular ROS levels, classical anti-oxidants, such as Trolox, are unable to affect Akt, JNKs, or p53
phosphorylation and to reverse the loss of fibroblasts’ viability. Collectively, here we provide evidence that the main viability-
regulating UVB-triggered biochemical pathways act synergistically towards the protection of human dermal fibroblasts, with EGFR/
Akt and Nrf2 serving as auxiliary anti-apoptotic machineries, while JNKs/ATM-p53 activation and interplay being overriding and

indispensable for the perpetuation of cellular defense and the maintenance of cell viability.
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INTRODUCTION
The skin is the largest organ of the human body that, due to its
outermost anatomical location, acts as the first defense against
adverse physicochemical, biological and environmental insults, a
major being solar ultraviolet (UV) radiation that can result in short-
term sunburn (leading to erythema and edema) or to chronic sun
damage provoking premature skin aging (the so-called photoa-
ging) and even carcinogenesis [1-3]. While UVC (200-280 nm) is
mainly absorbed by the atmosphere, UVA (315-400 nm) and UVB
(280-315) are the UV fractions that actually reach the earth and
consequently affect human and animal skin [4]. UVA comprises
the main segment of terrestrial UV radiation and can penetrate the
skin to a depth of ~1000 um. UVB instead is mainly absorbed by
the epidermal cornified layer that allows 5-10% of its photons to
attain the papillary layer of the dermis, as it penetrates the skin to
a depth of ~160-180 um [5-8].

UV radiation-induced skin tissue impairment is the cumulative
result of the UV-triggered genotoxicity and production of reactive

oxygen species (ROS) [3]. While the effects of UVA are primarily
oxidative in nature [2], UVB has a multifaceted and still ambiguous
mode of action: UVB photons are much more energetic compared
to UVA ones, with a stronger cytotoxic and genotoxic effect on the
residing cells, as they are more capable of directly interacting with
DNA and introducing DNA damage to skin cells [9, 10]; yet, UVB
radiation can also interact with cellular chromophores that
provoke oxidative stress, which in its turn may cause indirect
DNA damage [11-14].

Given that UVB wavebands are mostly absorbed by the
epidermis, current literature has primarily focused on the effect
of UVB radiation on epidermal keratinocytes, having assessed
several physiological parameters. More specifically, UVB radiation
has been shown to induce an apoptotic cell death in keratinocytes
[15], which is ROS-mediated [16]. This UVB-induced apoptosis has
been shown to be significantly reduced in keratinocytes after the
activation of the transcription factor NF-E2-related factor 2 (Nrf2)
and the consequent reduction of ROS levels in transgenic mice
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in vivo [17, 18]. ERK1/2, JNKs, and p38 signaling pathways have
been reported to be activated via ROS in human keratinocytes as a
protective mechanism towards the ROS-mediated cell death
provoked by UVB treatment [19, 20]. In addition, increased ERK
and Akt activation have been demonstrated to enhance the survival
of keratinocytes after exposure to UVB radiation by suppressing PTEN
[21]. Furthermore, the key DNA damage response in UVB-treated
keratinocytes has been reported to be the ataxia telangiectasia and
Rad3-related (ATR)-Chk1 pathway [22], while UVB-triggered activation
of p53 signaling has been mainly associated with the induction of
apoptosis in these cells [23].

On the other hand, much less concern has been devoted to
the cytotoxic effect of UVB radiation on the dermis and its major
cell type, i.e, fibroblasts. Previous studies on UVB-irradiated
dermal fibroblasts have thus far concentrated mostly on
extracellular matrix and the induction of cellular senescence
and photoaging [5, 24, 25], with sparse and equivocal
information existing on the effect of UVB radiation on their
viability. Since data reported are conflicting and even some-
times contradictory, due to species-specific and irradiation dose-
dependent differences, here we aimed to unravel the crucial
intracellular biochemical pathways activated after exposure to
physiologically relevant UVB doses that ultimately determine
the fate of irradiated dermal fibroblasts towards UVB-induced
cell death or evasion from cytotoxicity.

MATERIALS AND METHODS

Chemical reagents

Primary antibodies specific to phospho-p38 (Thr180/Tyr182) MAPK, p38
MAPK, phospho-ATM (Ser1981), phospho-p53 (Ser15), phospho-Akt
(Ser473), phospho-Akt (Thr308), total Akt, phospho-SAPK/INK, SAPK/JNK,
phospho-EGF receptor (EGFR) (Tyr1068), caspase-3 and cleaved caspase-3
(Asp175), were purchased from Cell Signaling Technology (Beverly, MA,
USA). Phospho-ERK (Thr202/Tyr204) and panERK antibodies were supplied
by BD Pharmingen (Bedford, MA, USA) and the pan-actin antibody by
Neomarkers, Lab Vision (Fremont, CA, USA). Rabbit polyclonal antibody
against Nrf2 and mouse monoclonal antibody p53 (DO-1) were purchased
from Santa Cruz Biotechnology (Santa Cruz, CA, USA). Anti-phospho-H2A.X
(Ser139) used in immunofluorescence experiments was purchased from
Merck Millipore (Darmstadt, Germany), while anti-phospho-H2A.X (Ser139),
clone JBW301 used in immunohistochemical analysis was from Sigma (St.
Louis, MO, USA). Anti-a-tubulin clone DM1A was purchased from Sigma.
Secondary anti-mouse and anti-rabbit HRP-conjugated IgG antibodies
were purchased from Sigma and FITC-conjugated IgG was from Santa Cruz
Biotechnology. EGF was from Sigma. The specific to p38 MAPK (SB203580),
SAPK/JNKs (SP600125) and ERK (PD98059) inhibitors were obtained from
Sigma, the highly specific inhibitor of Akt1/2/3 (MK2206) was purchased
from TargetMol (Wellesley Hills, MA, USA) and the specific to ataxia
telangiectasia mutated (ATM) kinase inhibitor KU55933 was kindly
provided by KuDOS Pharmaceuticals (Cambridge, UK). The PDGF receptor
(PDGFR) kinase inhibitor STI571 was supplied by Novartis AG (Basel,
Switzerland), the VEGF receptor (VEGFR) and FGF receptor (FGFR) inhibitor
SU5402, the EGFR kinase inhibitor tyrphostin AG1478 and the IGFI receptor
(IGFIR) kinase inhibitor tyrphostin I-OMe-AG538 were from Calbiochem-
Merck KGaA (Darmstadt, Germany), the EGFR inhibitor PD153035 was from
MedChemExpress Co., Ltd (Monmouth Junction, NJ, USA) and the TGF-f
type | receptor (TGFBR1) kinase inhibitor SB431542 was purchased from
Sigma. The anti-oxidant 6-hydroxy-2,5,7,8-tetramethylchroman-2-car-
boxylic acid (Trolox), the growth factor receptor antagonist suramin
sodium salt, and the Nrf2 activator L-sulforaphane were supplied by Sigma,
while the PI3K/Akt activator SC79 was purchased from Tocris Bioscience
(Bristol, UK). Primer sequences, scramble, and siRNA sequences for p53 and
Nrf2 were purchased from Eurofins Genomics (Ebersberg, Germany).
SignalSilence” Akt siRNA | targeting Akt1 and Akt2 was supplied by Cell
Signaling Technology.

Cells and cell culture conditions

Neonatal foreskin fibroblasts (AG01523c) used in this study were from the
Coriell Institute for Medical Research (Camden, NJ, USA), primary human
dermal fibroblasts from an adult donor were from a preexisting cell bank of
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the Laboratory of Cell Proliferation and Ageing [26], while MDAHO041
fibroblasts from a Li-Fraumeni patient were a generous gift of Dr. M.
Agarwal. All cells were regularly tested for mycoplasma contamination.
Normal and MDAHO041 fibroblasts were grown in Dulbecco’s Modified
Eagle’s Medium (DMEM) supplemented with penicillin (100 U/mL)/strepto-
mycin (100 pg/mL) (all from Biochrom AG, Berlin, Germany) and 15% and
10% (v/v) fetal bovine serum (FBS, from Gibco BRL, Invitrogen, Paisley, UK),
respectively. Cell cultures were incubated at 37 °C in a humidified 5%-CO,-
in-air atmosphere and subcultured twice a week at a 1:2 split ratio using a
trypsin-citrate (0.25-0.3% w/v) solution.

UVB irradiation

Cells were cultured until 90% of confluence and culture medium was
replaced by serum-free and phenol red-free medium. For UVB irradiation,
culture dishes with the cells were placed in the center of a UV box and
irradiated under a UVB lamp (Sankyo Denki Co., Kanagawa, Japan) which
had an emission spectrum of 280-360 nm and a peak at 306 nm. Intensity
of the applied UVB light in mW/cm? was measured using a VarioControl
UV-meter (Waldmann Medizintechnik GmbH, Villingen-Schwenningen,
Germany), while total energy of the irradiation dose hitting the sample
in mJ/cm? was calculated by multiplying intensity value with the duration
of exposure in sec. UVB irradiation doses ranged from 35 to 3100 mJ/cm?.
After irradiation, cells were incubated at 37 °C in a humidified atmosphere
containing 5% CO, for the indicated time periods. Cells that were not
exposed to UVB radiation served as the untreated control.

Three months-old female SKH-1 hairless mice were exposed to UVB
irradiation doses of 140 and 350 mJ/cm? before sacrifice and surgical
removal of the dorsal skin at the designated time-points post-irradiation
and preparation of formalin-fixed, paraffin-embedded (FFPE) tissue
sections for immunohistochemical analysis. Mice that were not exposed
to UVB irradiation served as the untreated control. Five animals were
randomly allocated to each group. Experiments were performed under the
approval of the ethical committee of the NCSR “Demokritos” Animal
Facility (6879/19-12-2017).

Estimation of cell viability

Cell viability was estimated using the Neutral Red assay, as previously
described [27, 28]. In brief, cells were detached by trypsinization and
resuspended in culture medium. Neutral Red (Biochrom AG) was added at
a final concentration of 0.0075% (w/v) in the cell suspension and after a 15-
min incubation at 37°C, red-colored metabollicaly active cells were
measured using a haemocytometer.

Cell cycle analysis

Cell cycle analysis was performed by flow cytometry, as described
previously [29, 30]. Adhering and floating cells were collected via
trypsinization and centrifugation. Cell pellets were washed with
phosphate-buffered saline (PBS), fixed with 50% (v/v) ice-cold ethanol,
and stained with 50 pg/ml of propidium iodide (P, Sigma), in the presence
of 5mM MgCl, and 10 pg/ml RNAse A (Sigma). Samples were analyzed on
a FACS Calibur flow cytometer (Becton-Dickinson, San Jose, CA, USA) and
experimental results were processed with Modfit (Verity Software House,
Topsham, ME, USA).

Real-time reverse transcription polymerase chain reaction
(real-time RT-PCR)

Gene expression analysis was performed by reverse transcription-
guantitative polymerase chain reaction (RT-qPCR), as previously described
[31-33]. Total RNA was extracted with Trizol reagent (Invitrogen), while
RNA concentration and purity were determined using a Nanodrop ND-
1000 spectrophotometer (Nanodrop Technologies, Wilmington, DE, USA).
cDNA was synthesized from 0.5 pug of RNA to a total volume of 10 pl using
the PrimeScript RT Reagent Kit (Takara, Tokyo, Japan), according to the
manufacturer’s instructions. The gqPCR reaction (20 ul) was performed with
cDNA at a final dilution of 1:100 using the KAPA SYBR FAST gPCR kit (KAPA
Biosystems, Boston, MA, USA). Experiments were conducted in a Mx3000P
gPCR Systems Cycler and data analysis was performed with MxPro QPCR
Software (Stratagene, La Jolla, CA, USA). The 2724C method was applied to
quantify mRNA levels [34] and glyceraldehyde-3-phosphate dehydrogen-
ase (GAPDH) served as the reference gene. Sequences of highly purified
salt-free primers used in this study are the following: HO-1 (forward primer:
5'-GCC-CTT-CAG-CAT-CCT-CAG-TTC-C-3’, reverse primer: 5'-AGT-GGT-CAT-
GGC-CGT-GTC-AAC-3"), NQO1 (forward primer: 5'-ATG-GGA-GAC-AGC-CTC-
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TTA-CTT-GC-3’, reverse primer: 5-AAC-CAC-CAG-TGC-CAG-TCA-GC-3’), Bcl-
2 (forward primer: 5-GCA-TGC-GGC-CTC-TGT-TTG-ATT-TCT-3’, reverse
primer: 5-AGG-CAT-GTT-GAC-TTC-ACT-TGT-GGC-3’), Bax (forward primer:
5’-CTC-ACC-GCC-TCA-CTC-ACC-ATC-3, reverse primer: 5-CTC-AAG-ACC-
ACT-CTT-CCC-CAC-AC-3’), MDM2 (forward primer: 5'-TGG-GCA-GCT-TGA-
AGC-AGT-TG-3’, reverse primer: 5-CAG-GCT-GCC-ATG-TGA-CCT-AAG-A-3’)
and GAPDH (forward primer: 5-GAG-TCC-ACT-GGC-GTC-TTC-3’, reverse
primer: 5-GCA-TTG-CTG-ATG-ATC-TTG-AGG-3").

Western blot analysis

Western blot analysis was performed as described previously [26, 29, 35].
For total protein extraction, cells were washed twice with ice-cold Tris-
buffered saline (TBS, 10 mM Tris-HCl pH 7.4, 150 mM NaCl) and scraped off
in hot Laemmli sample buffer supplemented with protease- and
phosphatase-inhibitor cocktails (Sigma). Cell lysates were stored at
—30°C until use. SDS-PAGE was carried out in Bis-Tris polyacrylamide gels
and proteins were transferred to Amersham Hybond P 0.45 PVDF blotting
membranes (GE Healthcare, Buckinghamshire, UK). Membranes were
blocked with 5% (w/v) non-fat milk in TBS, 0.05% Tween-20 (TBS-T) buffer
for 1 h and incubated overnight with the appropriate primary antibodies at
4°C. The next day membranes were washed three times with 5% (w/v)
non-fat milk in TBS-T, incubated with either an anti-mouse or an anti-rabbit
horseradish peroxidase-conjugated antibody for 1.5h at room tempera-
ture, and washed again twice with 5% (w/v) non-fat milk in TBS-T and once
with TBS-T. Immunoreactive bands were visualized using an enhanced ECL
substrate kit (Immobilon Crescendo Western HRP substrate, Merck
Millipore). Membranes were stripped and re-probed with antibodies
against the respective non-phosphorylated forms of the proteins or with
an anti-actin or anti-a-tubulin antibody to verify equal loading.

Measurement of intracellular levels of reactive oxygen species
(ROS)

Intracellular ROS levels were measured using the 2,7 -dichlorfluorescein-
diacetate (DCFH-DA) assay [31, 36]. Human skin fibroblasts were cultured
in 96-well plates in DMEM supplemented with 15% FBS. When confluent,
cells were pre-incubated with 10 uM of freshly diluted in serum-free DMEM
DCFH-DA (Sigma) for 1 h at 37°C, then exposed to the appropriate UVB
irradiation dose and further incubated at 37 °C. Fluorescence was recorded
at the selected time-points using a fluorescent microplate reader (Fluostar,
Optima BMG LABTECH excitation wavelength: 485 nm, emission wave-
length: 520 nm). ROS production was expressed as a % ratio of the
untreated control.

Immunofluorescence

For immunofluorescence experiments assessing H2A.X phosphorylation on
Ser139 and Nrf2 localization, skin fibroblasts were cultured on glass
coverslips before treatment and they were then fixed with 4% (w/v)
formaldehyde in PBS. Labeling was performed as previously described
[31, 37] using antibodies against phospho-H2A.X (Ser139) and Nrf2 and a
FITC-conjugated IgG. Nuclear staining was performed with 2 ug/mL 4',6-
diamidino-2-phenylindole (DAPI) dihydrochloride (Sigma). Labeled cells
were visualized using a Zeiss AxioPlan 2 microscope (Carl Zeiss, Jena,
Germany) and a confocal laser scanning microscope (TCS SP8 multiphoton
confocal microscope, Leica, Mannheim, Germany).

Immunohistochemistry (IHC)

FFPE sections were deparaffinized (incubation at 60 °C for 30 min and one
wash in xylene for 20 min) and rehydrated in gradually decreased ethanol
solutions. The blocking of endogenous hydrogen peroxidase was
performed using the UltraVision Hydrogen Peroxide Block included in
the Ultravision Quanto Detection System HRP (Thermo Fisher Scientific,
Cleveland, OH, USA) for 10 min at room temperature and in the dark. The
next step after washes with TBS 1x was antigen retrieval, boiling tissue
samples with citric acid 1x (pH 6.0) in a microwave (700 W) for 25 min or in
a steamer for 40-50min. In order to block non-specific epitopes,
incubation with Ultra-V-Block buffer (included in the Ultravision Quanto
Detection System HRP) was performed for 5 min at room temperature. For
IHC experiments samples were incubated overnight at 4°C with four
different antibodies: a. anti-yH2A.X (Ser139), clone JBW301 diluted 1/1000
in TBS 1x supplemented with 1/20 goat serum (Thermo Fisher Scientific); b.
anti-phospho-Akt (Ser473) (D9E) diluted 1/200 in TBS 1X%; c. anti-cleaved
caspase-3 (Asp175) diluted 1/100 in TBS 1x%; d. anti-phospho-SAPK/JNK
(Thr183/Tyr185) diluted in 1/100 in TBS 1x supplemented with 1/20 goat
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serum. The samples were incubated with Primary Antibody Amplifier
Quanto (Thermo Fisher Scientific) for 10 min at room temperature and
then with HRP Polymer Quanto (Thermo Fisher Scientific) for 15 min at
room temperature in the dark. DAB Plus Chromogen diluted 1/100 in DAB
Plus Substrate (Thermo Fisher Scientific) was used and the staining
reaction was monitored under a light microscope for 50s-1 min After
washes with tap water, samples were counterstained with hematoxylin,
dehydrated with gradually increased ethanol solutions and washed in
xylene for 15 min. Mounting was performed using permanent mounting
media (Agilent Technologies, Santa Clara, CA, USA). Slides were assessed in
a randomized order by two blinded observers.

siRNA transfection

Transfection of siRNA for p53, Nrf2, and Akt was performed as previously
described [29, 30, 351. In brief, human skin fibroblasts were plated in DMEM
containing 15% (v/v) FBS until they reached 70% confluence. Then,
cells were transfected with 50nM of either a predesigned scramble
(5"-UAAUGUAUUGGAACGCAUATT-3’), or the human p53 siRNA sequence
(5"-CUACUUCCUGAAAACAACGTT-3’), or the human Nrf2 siRNA sequence
(5"-AAGAGUAUGAGCUGGAAAAACTT-3") or SignalSilence” Akt siRNA | in
serum-free OpitiMEM | medium using lipofectamine 2000 (Invitrogen). Five
hours later, the transfection medium was replaced by culture medium
supplemented with 15% (v/v) FBS and cells were incubated for another
48 h before any other treatment. Specificity of the selected human p53 and
Nrf2 siRNA sequences has been confirmed previously [38, 39].

Statistical analysis

Data presented are the means of at least three repeats + standard
deviation. Differences between groups of equal variance were considered
significant when p <0.05 (Student’s t test). Graphs were created using
Microsoft Office Excel and GraphPad Prism version 5.0 (GraphPad Software,
San Diego, CA, USA).

RESULTS

UVB radiation induces apoptotic cell death in dermal
fibroblasts in vitro and in vivo

Here we showed that UVB radiation is cytotoxic for a commercially
available cell line of human skin fibroblasts in a dose- and time-
dependent manner (Fig. 1A). This was also demonstrated using a
series of primary human dermal fibroblasts (Fig. 1A and data not
shown). It is noteworthy that cytotoxic UVB irradiation doses
found in the current study are physiologically relevant, as they are
in between the minimal erythema doses (MED) estimated for fair-
and darker-skinned phototypes [40-42]. UVB-induced cell death
was found to be apoptotic, as evidenced by typical traits,
including DNA fragmentation, UVB dose-dependent up-regulation
of the pro-apoptotic gene bax (Supplementary Fig. 1A) along with
down-regulation of the anti-apoptotic gene bcl-2, as well as
caspase-3 activation (Fig. 1B), in accordance to previous reports
[4, 43-45]. UVB-induced apoptosis was also shown to occur
in vivo, as we observed an increased proportion of cells expressing
activated caspase-3 in the skin of irradiated SKH-1 hairless mice 24
and 48 h after exposure to UVB radiation (Fig. 1C). Interestingly,
cleaved caspase-3-positive cells were found not only in the
epidermis, but also in the dermis of UVB-irradiated skin,
confirming the ability of UVB radiation to reach and damage the
embedded fibroblasts.

UVB-mediated Akt and JNKs activation is cytoprotective for
human dermal fibroblasts

Exposure to UVB radiation led to a rapid and sustained
phosphorylation of p38 MAPK and JNKs and a delayed activation
of ERKs in human dermal fibroblasts (Fig. 2A), consistent with the
activation of MAPK family members reported earlier for these cells
[46, 47]. In addition, we found that UVB treatment leads to an
immediate and long-lasting phosphorylation of Akt at both Ser473
and Thr308 (Fig. 2A), in agreement with previous reports [48, 49].
Inhibition of each one of the UVB-activated kinases shown here
using their selective pharmacological inhibitors (i.e., SB203580 for
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Fig 1 Exposure of human skin fibroblasts to UVB radiation leads them to a programmed cell death in vitro and in vivo. A AG01523c and
primary human dermal fibroblasts from an adult donor (HDFs) were irradiated under a UVB lamp for durations corresponding to irradiation
doses ranging from 35 to 3100 mJ/cm?. After incubation at 37 °C for 72 h, cells were detached by trypsinization and red-colored metabollicaly
active cells after stalnmg2 with Neutral Red were measured using a haemocytometer. In addition, AG01523c fibroblasts were irradiated with a
UVB dose of 700 mJ/cm* before staining with Neutral Red and cell counting 24, 48, and 72 h post-irradiation. Untreated cells served as the
reference sample for the estimation of cell viability. Representative graphs out of at least three similar ones from independent experiments are
shown here. Asterisks denote statistically 5|gn|ﬁcant differences compared to the untreated control at the respective time-point (p < 0.05,
Student’s t test). B Cells exposed to a 700 mJ/cm? UVB irradiation dose were observed under a light or fluorescence [after staining with 2 pg/
mL 4”,6-diamidino-2-phenylindole (DAPI)] optical microscope for the presence of typical apoptotic features; fixed with 50% (v/v) ice-cold
ethanol and stained with Pl before cell cycle analysis to reveal the incidence of characteristic sub-G1 peaks; subjected to RNA and protein
extraction to assess bcl-2 and bax mRNA levels by RT-gPCR and caspase-3 activation by western blot analysis, respectively. Representative
microscopic images, histogram plots, relative gene expression graphs, and western blots of three independent experiments are shown.
Arrows in the fluorescence microscopic pictures depict regions of condensed/fragmented chromatin in the DAPI stained nuclei (scale
bar =20 pm). M1 marker designates the sub-G1 peak corresponding to apoptotic cells with fragmented DNA preceding the characteristic G1
and G2/M peaks in the histogram plots of Pl-stained cells. Asterisks denote statistically significant differences in the gene expression of UVB-
exposed fibroblasts in comparison to the untreated control (p < 0.05, Student'’s t test). Staurosporine was used as a known apoptosis inducer
leading to caspase- -3 cleavage, while western blot analysis against actin served as the loading control. C SKH-1 hairless mice were exposed to
350 mJ/cm? of UVB radiation and the dorsal skin was surgically removed 24 and 48 h post-irradiation for the assessment of cleaved caspase-3
in situ expression in the skin sections after immunohistochemical staining. Pictures shown here are representative of three independent

experiments. Scale bar =50 pm.

p38 MAPK, PD98059 for ERKs, MK2206 for Akt and SP600125 for
JNKs) revealed that Akt and JNKs play a key role in cytoprotection.
JNKs were found to be more pivotal for survival than Akt, since
pre-treatment with SP600125 rendered cells entirely defenseless
towards UVB radiation, whereas pre-treatment  with
MK2206 sensitized UVB-exposed fibroblasts, but still allowed the
incidence of viable cells after irradiation (Fig. 2B). Akt and JNKs
pathways were not found to be mutually reliant, since Akt
inhibition did not block UVB-mediated JNKs phosphorylation and
vice-versa (Fig. 2C). Interestingly, UVB-induced Akt and JNKs
activation was confirmed in vivo by the observation of positive for
phospho-Akt and phospho-JNKs cells in the dermis of SKH-1 mice
shortly after UVB irradiation (Fig. 2D).

JNKs are implicated in the activation of the DNA damage
response of dermal fibroblasts after UVB treatment

We demonstrated that UVB radiation is genotoxic for human
dermal fibroblasts, resulting in the phosphorylation of ATM and its
substrates p53 and Chk2 (Fig. 3A and data not shown), in the
dose-dependent down-regulation of the p53 target gene mdm2
(Supplementary Fig. 1B) in accordance to previous studies in
keratinocytes [50, 51], as well as in the accumulation of yH2A.X
foci in the nuclei of the cells (Fig. 3B). The phenomenon was
verified in vivo, since yH2A X-positive cells were observed not only
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in the epidermis, but also in the dermis of SKH-1 hairless mice, in
accordance to previous data [10], once more confirming the ability
of UVB radiation to reach the dermis, exerting its damaging effects
on the embedded fibroblasts. Although ATR has been reported to
be phosphorylated in UVB-exposed human keratinocytes [22, 52],
we did not observe any ATR nor Chk1 phosphorylation in our cell
model, also validated by the lack of effect of the highly selective
and potent ATR inhibitor VE821 on UVB-induced loss of viability in
human dermal fibroblasts (data not shown). Interestingly, JNKs
activation was found to be required for the activation of the DNA
damage response, given that treatment with SP600125 was
shown for the first time to block UVB-induced p53 phosphoryla-
tion at Ser15 in UVB-treated human dermal fibroblasts (Fig. 3D).
This finding is in accordance to the previously reported linkage of
the JNK signaling pathway with the DNA damage response and
with p53 stability and activity mainly regulating apoptosis in other
cell and animal models [53, 54].

UVB-induced loss of viability is not ROS-mediated in human
dermal fibroblasts

Intracellular ROS levels were elevated immediately after UVB
irradiation in human dermal fibroblasts and remained high for at
least 24 h, depending on the irradiation dose used (Fig. 3E). The
transcription factor Nrf2 is considered the master regulator of anti-
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Fig. 2 Akt and JNKs are the key players in the cellular response of human dermal fibroblasts towards UVB radiation. A Cells were
irradiated with an irradiation dose of 700 mJ/cm? and further incubated at 37 °C for the designated time periods before total protein
extraction, SDS-PAGE, protein transfer and western blot analysis with antibodies against the phosphorylated forms of JNKs, p38 MAPK, ERKs,
and Akt. Representative blots of three independent experiments are shown here. Western blot analysis for the non-phosphorylated forms of
the kinases was performed to verify equal loading. B Cells were pre-treated with the specific MAPKs and Akt inhibitors [SB203580 for p38
MAPK (10 pM); PD98059 for ERKs (25 pM), SP600125 for JNKs (5 pM), and MK2206 for Akt (1 pM)] for 1 h before UVB treatment with 700 mJ/
cm?. Cells were further incubated at 37 °C for 72 h before trypsinization, staining with Neutral Red and cell counting (N = 4). p for statistically
significant differences in comparison to the respective sample without any inhibitor (Student’s t test) is presented in the graph. C Cell cuItures
were pre-incubated with 1 pM of the Akt inhibitor MK2206 and 5 pM of the JNKs inhibitor SP600125 for 1 h before exposure to 700 mJ/cm? of
UVB radiation, total protein extraction and western blot analysis for phospho-Akt at Ser473 and phospho-JNKs. The non-phosphorylated
forms of the kinases served as Ioadlng controls. Western blot analyses Jwere repeated three times and a representative experiment is
presented here. D SKH-1 hairless mice were exposed to 140 and 350 mJ/cm? of UVB radiation before sacrifice 1 h post-irradiation and removal
of the dorsal skin. Non-irradiated (control) vs. irradiated tissue sections were stained using antibodies against the phosphorylated forms of Akt
at Ser473 and of JNKs. Pictures of pAkt and pJNKs in situ expression shown here are representative of three independent experiments. Scale

bar =50 pm.

oxidative responses [55] and there are some previous data on
UVB-induced Nrf2 activation in keratinocytes and fibroblasts [56].
Interestingly, here UVB-induced oxidative stress did not result in
the launching of an anti-oxidative response controlled by the
transcription factor Nrf2, as shown by the down-regulation of its
target genes HO-1 and NQOT1 at the transcriptional level (Fig. 3F).
This divergence may be ascribed to the different irradiation doses
used between previous studies and ours. In the same vein, in our
study, the use of a classical anti-oxidant (i.e., Trolox) had no effect
on Akt, JNKs and p53 phosphorylation status nor on the UVB-
induced viability loss of skin fibroblasts (Fig. 3G, H).

EGFR activation participates in the mechanism leading to the
protection of human dermal fibroblasts from UVB-induced
cytotoxicity

Even though UV radiation can directly impair tissue and cellular
components, it has been well established that many of its effects
are mediated by growth factors and cytokines that trigger
intracellular signal transduction pathways [57-59]. In an attempt
to elucidate the initial signal leading to UVB-mediated biochem-
ical pathways’ activation in human dermal fibroblasts, we used the
general growth factor receptor antagonist suramin [60]. Suramin
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was found to be protective against UVB cytotoxicity in our cell
model (Fig. 4A), in agreement with its reported cytoprotective role
in other cell types under stressful conditions [61, 62]. Pre-
treatment with suramin totally abrogated Akt, JNKs and p53
phosphorylation in UVB-exposed human dermal fibroblasts (Fig.
4B); however, recording of suramin’s absorption spectrum
revealed here for the first time that this effect is attributed to
the ability of suramin to act as a UV shield (Fig. 4C). Thus, we
followed by using the specific inhibitors of selected growth factor
receptors, i.e., STI571 for PDGFR, SU5402 for FGFR and VEGFR,
SB431542 for TGFBR1, -OMe-AG538 for IGFIR and AG1478 for
EGFR and deduced that only EGFR activation is necessary for
human skin fibroblasts’ survival towards UVB radiation, as its
inhibition further decreased UVB-induced cytotoxicity (Fig. 4D).
This finding was also verified using a second EGFR inhibitor,
PD153035 (Supplementary Fig. 2). EGFR was indeed rapidly
phosphorylated by UVB treatment (Supplementary Fig. 2) and its
inhibition by AG1478 abolished UVB-induced Akt phosphorylation,
but did not affect JNKs and p53 activation (Fig. 4E). In accordance
to the higher vulnerability of UVB-exposed cells after EGFR
inhibition, exogenous supply of EGF restored survival of irradiated
human dermal fibroblasts to an extent (Fig. 4F).
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Fig. 3 UVB radiation exerts a ROS-independent genotoxic effect on human dermal fibroblasts in vitro and in vivo. A Cells were exposed to
700 mJ/cm? of UVB radiation before protein extraction at the designated time-points post-irradiation and western blot analysis for phopsho-
ATM, phospho-p53, and total p53. Western blot analysis for actin was performed to verify equal loading. Experiments were repeated three
times and representative blots are presented. B Skin fibroblasts were cultured on glass coverslips before UVB treatment with 700 mJ/cm? and
further incubated at 37°C for 24 h. They were then fixed with 4% (w/v) formaldehyde followed by labeling using an antibody against
phospho-H2A X at Ser139 and a FITC-conjugated IgG. Labeled cells were visualized using a confocal laser scanning microscope. Cells exposed
to 10 Gy of ionizing radiation served as the positive control. Representatlve images of three independent experiments are shown here. Scale
bar = 20 pm. € SKH-1 hairless mice were exposed to 140 and 350 mJ/cm? of UVB radiation before sacrifice and removal of dorsal skin 6 h post-
irradiation. Non-irradiated (control) vs. irradiated tissue sections were subjected to immunohistochemical staining for the phosphorylated
form of H2A.X at Ser139. Pictures shown here are representative of three independent experiments and arrows depict YH2A X-positive cells in
the epidermis and dermis of SKH-1 hairless mouse skin. Scale bar =50 pm. D Cell cultures were pre-incubated with 1 pM of the Akt inhibitor
MK2206 and 5 uM of the JNKs inhibitor SP600125 for 1 h before exposure to 700 mJ/cm? of UVB radiation, protein extraction and western blot
analysis for phopsho-p53 at Ser15. Western blot anaIyS|s using an anti-actin antibody was performed for the validation of the equal loading. A
representative experiment of three similar ones is depicted here. E Human skin fibroblasts were cultured in 96-well plates. When confluent,
ceIIs were pre-incubated with 10 pM 2,7 -dichlorfluorescein-diacetate (DCFH-DA) for 1 h at 37 °C and then exposed to 140, 350, and 700 mJ/
cm? of UVB radiation. Intracellular levels of ROS were measured at the designated time-points post-irradiation by recording fluorescence
(excitation wavelength: 485 nm, emission wavelength 520 nm). ROS production was expressed as a % ratio of the untreated control. F Cells
were exposed to an irradiation dose of 700 mJ/cm* and further incubated at 37 °C for 2, 4, 6, and 10 h before RNA extraction and RT-qPCR
analysis using specific primers for HO-1 and NQO1. The 274 method was applied to quantify mRNA expre55|on and glyceraldehyde 3-
phosphate dehydrogenase (GAPDH) was used as the reference gene. A representative RT-gPCR analysis performed in triplicates is depicted
here. The asterisk denotes statistically significant differences in comparison to the untreated control (p < 0.05, Student’s t-test). G Cells were
pre-incubated with 20 pM of the known anti-oxidant Trolox before UVB treatment with 700 mJ/cm? and total proteln extraction at 1 and 12 h
for western blot analysis for phospho-Akt (Ser473)/JNKs and phospho-p53, respectively. Representative images of three independent
experiments with similar results are shown. The non-phosphorylated forms of the kinases, as well as actin served as the loading controls.
H Cells pre-incubated with 20 pM Trolox overnight were treated with 10 uM DCFH-DA for 1 h at 37 °C before measurement of intracellular ROS
levels. ROS production was expressed as a % ratio of the untreated control (N = 3). In parallel, cells pre-treated with 20 pM Trolox overnight
were exposed to 700 mJ/cm? of UVB radiation. Cultures were further incubated at 37 °C for 72 h before trypsinization and measurement of cell
number after staining with Neutral Red using a haemocytometer (N = 5, conducted in duplicates). Differences in comparison to the untreated
control are considered statistically significant when p < 0.05 (Student’s t test).
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Fig.4 UVB-induced cellular responses are EGFR-Akt mediated in human skin fibroblasts. A Human dermal fibroblasts were pre-incubated
with 100 pM suramin for 1 h before exposure to 700 mJ/cm? of UVB radiation. Then, cells were further incubated at 37 °C for 72 h and cell
number was counted after staining with Neutral Red. A representative experiment out of three similar ones is shown. p for statistically
significant differences in comparison to the respective samples in the absence of suramin (Student’s t test) is presented in the graph. B Cells
were pre-treated with 100 pM suramin for 1h before exposure to 700 mJ/cm? of UVB radiation. Protein extracts after 1 and 12 h were
subjected to western blot analysis for phospho-Akt (Ser473)/JNKs and phospho-p53, respectively. Representative blots of three independent
experiments with similar results are depicted here. The non-phosphorylated forms of the kinases and actin were analyzed to verify equal
loading. € A 100 pM suramin solution was analyzed spectrophotometrically in a range from 200 to 600 nm in order to assess its absorption
spectrum. PBS served as the negative control. Gray shading marks the wavelength range corresponding to the UVB band (280-315 nm).
D Cells were pre-incubated for 1 h with the growth factor receptor inhibitors [STI571 for PDGFR (2 uM); SU5402 for FGFR and VEGFR (20 pM);
SB431542 for TGFPR1 (10 uM); I-OMe-AG538 for IGFIR (12 uM); AG1478 for EGFR (10 uM)] and then exposed to 700 mJ/cm?® UVB radiation.
Cultures were further incubated at 37 °C for 72h, cells were detached by trypsinization, stained with Neutral Red and counted in a
haemocytometer. p for statistically significant differences in comparison to the respective samples with no inhibitor (Student’s t test) is
provided. E Cells were incubated with 10 uM of the EGFR inhibitor AG1478 for 1h, exposed to 700 mJ/cm? of UVB radiation and further
incubated at 37 °C for 1 or 12h before protein extraction and western blot analysis for phospho-Akt (Ser473)/JNKs or phospho-p53,
respectively. Representative blots of three independent experiments are shown here, while total Akt and JNKs, as well as actin were analyzed
to validate equal loading. F Cell cultures were treated with 100 ng/ml EGF, exposed to 700 mJ/cm? of UVB radiation and further incubated at
37 °C for 72 h. Neutral Red-positive cells were counted in a haemocytometer. A representative graph from three independent similar
experiments is presented. p for statistically significant differences in comparison to the respective samples in the absence of the growth factor
(Student’s t test) is shown.

The Akt activator SC79 protects human dermal fibroblasts
from the UVB-mediated cytotoxic effect
We next used the Akt-specific activator SC79 that has been
previously shown to protect retinal pigment epithelium cells from
UVB and UVA2 radiation via Akt-Nrf2 signaling [63]. We demon-
strated that SC79 is cytoprotective for UVB-exposed human
dermal fibroblasts (Fig. 5A) by activating Akt as expected and -
as shown here for the first time - by also activating JNKs (Fig. 5B).
SC79-mediated protection against UVB radiation was lost in Akt-
deficient cells or after inhibition of Akt activation by MK2206 (Fig.
5C), in agreement with previously reported data for retinal
pigment epithelium cells [63]. Notably, SC79 protective effect
against UVB radiation was also abrogated in human dermal
fibroblasts after JNKs' inhibition by SP600125 (Fig. 5C).

Despite the ROS-independent UVB-induced cytotoxicity shown
here for human dermal fibroblasts, SC79 was found to activate
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Nrf2, as demonstrated by its translocation to the nucleus and by
the up-regulation of its downstream target genes ho-1 and nqoT
(Fig. 6A), suggesting an implication of Nrf2 in SC79-conferred
cytoprotection of human dermal fibroblasts against UVB radiation.
Of note, Nrf2 knocking-down itself was found to sensitize human
dermal fibroblasts to UVB exposure and this was not reversed by
the presence of SC79 (Fig. 6B). As shown in Fig. 6C, SC79 acted by
enhancing the intrinsic response of human skin fibroblasts
towards UVB radiation, since it led to a more intense phosphor-
ylation of the already increased by UVB treatment phosphorylated
levels of both Akt and JNKs. Nrf2 activation seemed to lie
downstream of the activation of both kinases, as this response
remained unaltered by the loss-of-expression of Nrf2 (Fig. 6C). This
finding was further validated after the inhibition of Akt and JNKs
and the siRNA-mediated knocking-down of Akt that all attenuated
SC79-induced ho-1 and ngol up-regulation in human skin
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Fig. 5 The known Akt activator SC79 protects human dermal ﬁbroblasts from the cytotoxic effect of UVB radiation. A Cells were pre-
treated with 25 pM SC79 for 1 h before their exposure to 700 mJ/cm? UVB. After a further incubation at 37 °C for 72 h, cells were observed
under the microscope or detached by trypsinization and counted after staining with Neutral Red. In addition, RT-qPCR analysis for bcl-2 and
bax expression was performed in extracted RNA. Representative microscopic pictures are shown, while numerical values corresponding to the
columns of the graphs are means + standard deviations of three independent experiments conducted in triplicates. p for statistically
significant differences in comparison to the respective sample without SC79 (Student’s t test) is presented. In the graphs of gene expression
analysis, asterisks denote statistically significant differences in comparison to the respective sample without SC79 (p < 0.05, Student’s t test).
B Cells were treated with SC79 at different concentrations (0, 1, 5, 10, and 25 pM) before total protein extraction at 1 h post-treatment and
western blot analysis for the phosphorylated and non-phosphorylated forms of Akt and JNKs. Representative blots from three similar
experiments are shown. C Cells were pre-treated with 1 uM of the Akt inhibitor MK2206 and 5 uM of the JNKs inhibitor SP600125 for 1 h or
transfected with 50 nM scramble and SignalSilence® Akt siRNA | sequences, before adding 25 pM SC79 and treating the cells with 700 mJ/cm?
of UVB radiation. Cell number was counted after 72 h of further incubation at 37 °C and staining with Neutral Red. p for statistically significant
differences in comparison to SC79/UVB-treated cells in the absence of inhibitor or Akt siRNA (Student’s t test) is presented.

fibroblasts (Fig. 6D and Supplementary Fig. 3A, respectively). To
shed more light on the role of Nrf2 in UVB protection, we also
used the known Nrf2 activator sulforaphane, which has been
reported to possess photoprotective abilities in the skin [64]. We
demonstrated that sulforaphane enhanced ho-1 transcription, but
resulted in no phosphorylation of Akt nor JNKs in human skin
fibroblasts (Fig. 6E and Supplementary Fig. 3B), consistent with its
known mode of action through the modification of Keap1
cysteines leading to the dissociation of the Keap1-Nrf2 complex
[65]. Nrf2 knocking-down abolished its UVB protective effect (Fig.
6F). Given the overriding role of Nrf2 in ROS detoxification, we
assessed the anti-oxidative capacity of both UVB-protectants, SC79
and sulforaphane, in our cell model. As shown in Fig. 6G, SC79 and
sulforaphane protected human skin fibroblasts from UVB radiation
by a mechanism that does not involve ROS scavenging, since only
Trolox was found to lower UVB-induced intracellular ROS levels
(which did not though confer any protective effect, as shown in
Fig. 3H). Although they shared Nrf2 as a common molecular
target, SC79 and sulforaphane seemed to act by distinct
mechanisms, ultimately confirmed by their synergistic protective
effect against UVB cytotoxicity (Fig. 6H).

Activation of the ATM-p53 axis is indispensable for the
cytoprotection of human skin fibroblasts against UVB
radiation

Having shown the requirement of active JNKs for UVB-induced p53
phosphorylation in Fig. 3D, we next investigated the putative
inverse association between the UVB-induced DNA damage
response and the activation of the cytoprotective kinases Akt
and JNKs. We showed that ATM inhibition, using its specific
inhibitor KU55933, has no effect on Akt and JNKs phosphorylation
at early time-points (up to 6 h post-UVB exposure); however, at
later time-points, KU55933 completely blocked the activation of
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both kinases (Fig. 7A). Similarly, elimination of Akt and JNKs
phosphorylation 12 h post-UVB exposure was also observed after
p53 loss-of-expression using a specific siRNA sequence (Fig. 7A).
These findings suggest that UVB-mediated activation of the ATM-
p53 axis is essential for the generation of a second wave of Akt and
JNKs' activation, following initial phosphorylation that may explain
their prolonged activation for several hours shown in Fig. 2A. In
addition, any impairment of the DNA damage response (e.g., by
ATM inhibition with KU55933 or by siRNA-mediated p53 knocking-
down) was deleterious for UVB-exposed cells, leading to an
absolute loss of cell viability (Fig. 7B, C and Supplementary Fig. 4).
In line with this observation, fibroblasts derived from a Li-Fraumeni
patient [66] owning a frameshift mutation in one p53 allele [67]
demonstrated a much higher vulnerability towards UVB radiation
compared to normal dermal fibroblasts (Fig. 7D). All the above
evidence that the ATM-p53 axis is the most crucial anti-apoptotic
UVB-triggered biochemical pathway for human dermal fibroblasts.

DISCUSSION
The skin is ubiquitously and inevitably exposed to the sun-emitted
UVB and UVA radiation. UV radiation elicits a constellation of
pathological events, the severity of which depends on the
wavelength: the shorter UVB waveband is usually more toxic,
but largely absorbed by the epidermis [3]; the longer UVA
waveband, on the other hand, is much more penetrating, but less
energetic and harmful. Given the thus far limited and conflicting
information on the cellular mechanisms underlying UVB-triggered
toxic effects on human dermal fibroblasts, here we aimed to
elucidate the key biochemical pathways regulating survival of
these cells after their exposure to UVB radiation.

We showed that UVB radiation leads to the apoptotic cell death
of human dermal fibroblasts in accordance with a recently
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Fig. 6 The Akt activator SC79 and the Nrf2 inducer sulforaphane are photoprotective for human dermal fibroblasts through Nrf2
activation, but without the implication of ROS scavenging. A Skin fibroblasts were cultured on glass coverslips before treatment with 25 pM
of SC79 and they were then fixed with 4% (w/v) formaldehyde in PBS. Labeling was performed using an antibody against Nrf2 and a FITC-
conjugated IgG. Labeled cells were visualized using a confocal laser scanning microscope (Scale bar = 20 pm). In addition, RNA was extracted
and RT-gPCR analysis was performed to estimate ho-1 and ngo! mRNA levels. Representative microscopic pictures and representative graphs
of means + standard deviations from three independent experiments conducted in triplicates are depicted here. Asterisks show statistically
significant differences compared to the untreated control (p < 0.05, Student’s t-test). B Cells were transfected with 50 nM of either a scramble
or an siRNA sequence targeting Nrf2, treated with 25 pM of SC79 for 1 h and then exposed to 700 mJ/cm?. Cell number was measured after
72 h in Neutral Red-stained cells. A representative experiment is presented out of three independent experiments. p for statistically significant
difference in comparison to scramble SC79/UVB-treated cells (Student’s t-test) is provided. C Dermal ﬁbroblasts were transfected with 50 nM of
either scramble or Nrf2 siRNA, treated with 25 uM of SC79 for 1h and then exposed to 700 mJ/cm? UVB. Total protein extraction was
performed 1 h post-irradiation followed by western blot analysis for phospho-Akt (Ser473) and phospho-JNKs. Representative blots of three
independent experiments are shown. Western blot analysis of the non-phosphorylated forms of the kinases was done to evidence equal
loading. D Cells were pre-treated with 1 uM of the Akt inhibitor MK2206 and 5 pM of the JNKs inhibitor SP600125 for 1 h or transfected with
50 nM scramble and SignalSilence” Akt siRNA | sequences, before the addition of 25 uM SC79 for another 1 h. RT-qPCR analysis for ho-1 gene
expression was performed in the extracted RNA samples. A representative experiment from three similar ones is presented. Asterisks denote
statistically significant differences in comparison to the respective samples without any inhibitor or siRNA (p < 0.05, Students t test). E Cells
were treated with 25 pM SC79 or 10 uM sulforaphane (SFN) for 1 h and then exposed to an irradiation dose of 700 mJ/cm? UVB before protein
extraction and western blot analysis for phospho-Akt (Ser473) and phospho-JNKs, as well as their non-phosphorylated forms. Representative
blots of three independent experiments are shown. F CeIIs were transfected with 50 nM of a scramble or a Nrf2 siRNA sequence, treated with
10 uM of SFN for 1 h and then exposed to 700 mJ/cm?. Cell number was measured after 72 h in Neutral Red-stained cells. A representative
experiment out of three similar ones is presented p for statistically significant difference in comparison to scramble SFN/UVB-treated cells
(Student’s t test) is shown. G Cells were cultured in 96-well plates and treated with 20 pM Trolox, 25 uM SC79, or 10 pM SFN overnlg2 ht. They
were then incubated with 10 uM 2,7 -dichlorfluorescein-diacetate (DCFH-DA) for 1h at 37 °C before their exposure to 700 mJ/cm? of UVB
radiation. Intracellular levels of ROS were estimated by recording fluorescence (excitation wavelength: 485 nm, emission wavelength: 520 nm).
ROS production was expressed as a % ratio of the untreated control. Experiment was repeated three independent times and one
representative graph is depicted. p for statistically significant differences compared to the respective sample without Troon, SC79 or SFN
(Student’s t test) is presented H Cells were treated with 25 uM SC79, 10 pM SFN or both for 1 h and then exposed to 700 mJ/cm?. Cell number
was measured after 72 h in Neutral Red-stained cells. A representative graph of three independent experiments is shown here. p for
statistically significant difference in comparison to the UVB treated cells in the presence of SC79 or SFN alone (Student’s t test) is presented.

published work showing that UVB exposure may severely deplete apoptosis, congruent with the short wavelength of UVB [2, 3, 69].
papillary fibroblasts in human skin [68]. Based on the classification Akt and JNKs were revealed here to be crucial biochemical
of the mechanisms of UV-induced apoptosis as immediate or pathways for the regulation of cell viability in human dermal
delayed, the kinetics of caspase-3 activation (cleaved not before fibroblasts exposed to UVB radiation. In particular, UVB-induced
24 h post-UVB exposure, following the activation of the ATM-p53 Akt activation of human dermal fibroblasts was demonstrated to
axis) found here points rather to a delayed than an immediate be mediated by EGFR. It is worth mentioning that while EGFR
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Fig. 7 A functional DNA damage response is indispensable for the activation of human dermal fibroblasts’ defensive mechanisms
towards UVB-induced cytotoxicity. A Cells were pre-incubated with 5 pM of the specific ATM inhibitor KU55933 for 1 h, exposed to 700 mJ/
cm? of UVB radiation and further incubated at 37 °C for the designated time periods before total protein extraction and western blot analysis
using antibodies against phospho-ATM at Ser1981, phospho-Akt at Ser473 and phospho-JNKs. Addltlonally, cells were transfected with 50 nM
of either a predesigned scramble or the human p53 siRNA sequence before their exposure to 700 mJ/cm? of UVB radiation, protein extraction
12 h post-irradiation and western blot analysis for phospho-Akt at Ser473 and phospho-JNKs. The non-phosphorylated forms of Akt and JNKs,
as well as actin were analyzed in order to verify equal loading. Representative blots of three independent experiments are shown. Cells were
pre-incubated with 5 pM of the specific ATM inhibitor KU55933 for 1 h (B) or transfected with 50 nM of either scramble or p53 siRNA (C),
exposed to 700 mJ/cm? of UVB radiation and further incubated at 37 °C for 72 h before staining with Neutral Red and cell counting. Graphs
are representative of three independent experiments and p for statistically significant differences in comparison to the respective sample
without the inhibitor (B) or to the respective scramble (C) is presented. D MDAHO041 fibroblasts from a Li-Fraumeni patient were irradiated with
UVB irradiation doses ranging from 35 to 3100 mJ/cm?. After incubation at 37 °C for 72 h, cells were detached by trypsinization, stained with
Neutral Red, and measured using a haemocytometer. Untreated cells served as the reference sample for the estimation of cell viability. A
representative graph out of three similar ones from independent experiments is shown here. Asterisks denote statistically significant
differences in comparison to the respective untreated control (p < 0.05, Student’s t test).

signaling has been shown to participate in the protection of decreased HO-1 and NQO1 expression, similarly to our results [45].
human keratinocytes from UVB-induced apoptosis [70], this is the In any case, the absence of Nrf2 activation and the down-regulation
first time EGFR is shown to be implicated in the survival of human of the main ROS-elimination pathway observed in the current study
dermal fibroblasts after exposure to UVB radiation. Even though could explicate the observed maintenance of high ROS levels for
Akt has a well-known survival role in general that has been also several hours post-UVB exposure in human dermal fibroblasts.
shown previously in UVB-treated keratinocytes [21, 71-73], the SC79 conferred a protective effect on UVB-treated skin
anti-apoptotic role of JNKs in UVB-exposed dermal fibroblasts is fibroblasts dependent on Akt, as shown in other cell models
more unconventional and in contradiction to the prominent under various stressful conditions [78-81]. Furthermore, SC79 was
function of the JNK pathway as a pro-apoptotic signal reported for shown here for the first time to induce JNKs' phosphorylation, as
UVB-treated keratinocytes [16] and UVC-irradiated fibroblasts [74]. well. SC79-induced JNKs' activation could contribute to its
However, in favor of our results, JNK inhibition by SP600125 has protective effect on UVB-exposed human dermal fibroblasts in
been demonstrated to augment UVB-induced apoptosis in retinal accordance with anisomycin-induced JNK activation previously
pigment epithelium cells [75]. reported to attenuate UVB-induced apoptosis in retinal pigment

Notably, UVB radiation induced ATM phosphorylation in human epithelium cells [75]. Interestingly, despite the known main role of
dermal fibroblasts in contrast to the ATR phosphorylation reported Nrf2 in the anti-oxidative response of the cells, protection
for UVB-exposed human keratinocytes [22], which may be attributed conferred by SC79, as well as by sulforaphane (that both activated
to the different cell type. Inability of human dermal fibroblasts to Nrf2) in UVB-exposed human dermal fibroblasts shown here did
activate an Nrf2-mediated anti-oxidative response, despite the high not rely on ROS scavenging. Nevertheless, recently reported
UVB-induced ROS production, is consistent with the absence of ROS- evidence that Nrf2 may protect cells against DNA damage by
induced Nrf2 activation reported in keratinocytes [76] and with the mechanisms other than anti-oxidation that preserve genomic
notion that ROS production may not necessarily be the main integrity [82] could justify the ROS-independent Nrf2-mediated
mediator of UVB signaling [58]. This is supported by previously protection against UVB geno- and cytotoxicity observed in our cell
published data: reduced nuclear Nrf2 and reduced cytosolic HO-1/ model. Moreover, given the established ability of Nrf2 to directly
NQO1 protein levels have been recently reported for UVB-treated regulate the expression of matrisome-coding genes [83, 84], Nrf2
human keratinocytes [77], while it has been shown that UVB activation in human dermal fibroblasts could result in the
radiation induces a Ca®"-dependent Nrf2 ubiquitination-mediated production of an extracellular matrix that may protect cells from
degradation in human dermal fibroblasts, accompanied by UVB-induced apoptosis.

SPRINGER NATURE Cell Death and Disease (2022)13:647



E. Mavrogonatou et al.

A.
uvB
AN
EGF \\
ROS Nrf2 SP600125 ATM KU55933
cytotoxicity,apoptosis JNE<———>
Bcl2/Bax |, caspase-3T
Akt € F’53 l\ .
sip53
MK2206
‘ siAkt

‘suramin’:

cytotoxicity,apoptosis
Bcl2/Bax |, caspase-St \

Fig. 8 Proposed model of the UVB-triggered biochemical pathways in human dermal fibroblasts. A UVB-induced inherent cellular
responses. UVB radiation leads human dermal fibroblasts to apoptosis in vitro and in vivo. UVB treatment induces in parallel the EGFR-Akt
signaling pathway and the JNKs MAPKs which intervene with the phosphorylation of p53, part of the ROS-independent DNA damage
response of the cells towards UVB genotoxicity. EGFR-Akt, JNKs, and ATM-p53 pathways seem to co-operate for the protection towards UVB
radiation and the retention of a sufficient percentage of viable cells in the exposed population. This is evidenced by the increased loss of
viability after Akt inhibition or siRNA-mediated knocking-down and the unmitigated cell death when directly (or indirectly through JNKs
inhibition) impeding the activation of the ATM-p53 pathway. B Interplay of exogenously supplied photoprotective molecules with the intrinsic
UVB-induced machinery to amplify the resistance of human skin fibroblasts against UVB radiation. Whereas the known anti-oxidant Trolox
does not increase cell survival rate after UVB exposure, extra protection is conferred by other exogenously supplied molecules: suramin acts as
a UV shield; EGF activates EGFR; SC79 enhances inherent cellular response (i.e., it activates further Akt and JNKs) and triggers Nrf2 activation
downstream of Akt; sulforaphane induces Nrf2 activation independent of the Akt or JNKs signaling pathways. Nrf2-mediated protection by
SC79 and sulforaphane is not based on ROS-scavenging and can be attributed to the transcription factor’s ability to safeguard genome

integrity or to produce a protective extracellular matrix.

The UVB-triggered DNA damage response manifested by the
activation of the ATM-p53 axis was shown to be responsible for
the long-lasting activation of Akt and JNKs in human dermal
fibroblasts, thus establishing a positive feedback loop with p53
that enhanced and sustained Akt and JNKs activation and thus
probably prolonged defense against UVB-induced cytotoxicity.
Stress-induced p53 up-regulation has been reported to elicit JNK
activation by preventing its rapid MAPK phosphatase-mediated
dephosphorylation [85]. The evidenced here central role of the
ATM-p53 axis could explain why a non-functional DNA damage
response (due to ATM pharmacological inhibition, siRNA-mediated
p53 knocking-down or p53 mutation ascribed to the Li-Fraumeni
syndrome) rendered human dermal fibroblasts entirely defense-
less towards UVB radiation, leading to a complete loss of cell
viability. The dominance of this pathway and its utter requirement
to warrant survival of human dermal fibroblasts towards UVB
radiation was further reinforced by the dramatic effect of JNKs
inhibition by SP600125 (that abolished UVB-induced p53 phos-
phorylation at Ser15). In contrast to the general notion that p53
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plays a pro-apoptotic role competing Akt-driven anti-apoptotic
signals in keratinocytes after exposure to UV radiation [86] and to
previous data showing that ATM or p53 inhibition improves the
viability of UVB-irradiated dermal cells from another species (i.e.,
mouse) [87], our findings in human dermal fibroblasts reveal an
opposite role of the ATM-p53 axis that does not drive apoptosis,
but instead co-operates with Akt and JNKs to secure survival in the
UVB-exposed cells.

In conclusion, we showed here that the main biochemical
pathways regulating cell viability after exposure of human dermal
fibroblasts to UVB radiation are the Akt, the JNKs, and the ATM-
p53 pathways (Fig. 8). In addition, while Nrf2 was not originally
activated in UVB-exposed cells, its presence and functionality were
shown to subserve protection against UVB-triggered cytotoxicity.
Our data provide strong evidence on the cell type- and species-
specificity, as well as on the dose dependence of UVB-induced
cellular responses. What is mainly divergent in human dermal
fibroblasts treated with a physiologically relevant UVB irradiation
dose from data previously reported in keratinocytes or mouse
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dermal fibroblasts is that all implicated biochemical pathways
found here act synergistically towards protection, with JNKs/ATM-
p53 activation and interplay being indispensable for the
perpetuation of cellular defense towards UVB radiation and the
retainment of cell viability, while EGFR/Akt and Nrf2 being
auxiliary anti-apoptotic machineries. Still, maintenance of
damaged cells in the tissue may not always be beneficial, since
accumulation of UVB-induced senescent dermal fibroblasts has
been connected to skin photoaging and photocarcinogenesis [5].
Given the ever-expanding requirement for protection against
photoaging and skin cancer due to the depletion of the ozone
layer, the contemporary outdoor lifestyle, and the longer life
expectancy, our data will hopefully contribute to the design of
novel and more effective photoprotective strategies.
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Additional data are available from the corresponding author on reasonable request.

REFERENCES

1. Gilchrest BA. Photoaging. J Investig Dermatol. 2013;133:E2-6.

2. Hirota A, Kawachi Y, Itoh K, Nakamura Y, Xu X, Banno T, et al. Ultraviolet A
irradiation induces NF-E2-related factor 2 activation in dermal fibroblasts: pro-
tective role in UVA-induced apoptosis. J Investig Dermatol. 2005;124:825-32.

3. lkehata H, Yamamoto M. Roles of the KEAP1-NRF2 system in mammalian skin
exposed to UV radiation. Toxicol Appl Pharmacol. 2018;360:69-77.

4. XuH, YanY, LiL, Peng S, Qu T, Wang B. Ultraviolet B-induced apoptosis of human
skin fibroblasts involves activation of caspase-8 and -3 with increased expression
of vimentin. Photodermatol, Photoimmunol Photomed. 2010;26:198-204.

5. Cavinato M, Jansen-Diirr P. Molecular mechanisms of UVB-induced senescence of
dermal fibroblasts and its relevance for photoaging of the human skin. Exp
Gerontol. 2017;94:78-82.

6. Sanches Silveira JE, Myaki Pedroso DM. UV light and skin aging. Rev Environ
Health. 2014;29:243-54.

7. Nichols JA, Katiyar SK. Skin photoprotection by natural polyphenols: anti-
inflammatory, antioxidant and DNA repair mechanisms. Arch Dermatol Res.
2010;302:71-83.

8. Khalil C, Shebaby W. UVB damage onset and progression 24 h post exposure in
human-derived skin cells. Toxicol Rep. 2017;4:441-9.

9. Ichihashi M, Ueda M, Budiyanto A, Bito T, Oka M, Fukunaga M, et al. UV-induced
skin damage. Toxicology. 2003;189:21-39.

10. Svobodova AR, Galandakové A, Sianska J, Dolezal D, Lichnovska R, Ulrichova J,
et al. DNA damage after acute exposure of mice skin to physiological doses of
UVB and UVA light. Arch Dermatol Res. 2012;304:407-12.

11. Trautinger F. Mechanisms of photodamage of the skin and its functional con-
sequences for skin ageing. Clin Exp Dermatol. 2001;26:573-7.

12. Cadet J, Mouret S, Ravanat JL, Douki T. Photoinduced damage to cellular
DNA: direct and photosensitized reactions. Photochem Photobiol.
2012;88:1048-65.

13. Cadet J, Sage E, Douki T. Ultraviolet radiation-mediated damage to cellular DNA.
Mutat Res. 2005;571:3-17.

14. Cadet J, Douki T, Ravanat JL. Oxidatively generated damage to cellular DNA by
UVB and UVA radiation. Photochem Photobiol. 2015;91:140-55.

15. Riese A, Eilert Y, Meyer Y, Arin M, Baron JM, Eming S, et al. Epidermal expression
of neuropilin 1 protects murine keratinocytes from UVB-induced apoptosis. PloS
One. 2012;7:e50944.

16. Ryu HC, Kim C, Kim JY, Chung JH, Kim JH. UVB radiation induces apoptosis in
keratinocytes by activating a pathway linked to “BLT2-reactive oxygen species”. J
Investig Dermatol. 2010;130:1095-106.

17. Schéfer M, Diitsch S, auf dem Keller U, Navid F, Schwarz A, Johnson DA, et al. Nrf2
establishes a glutathione-mediated gradient of UVB cytoprotection in the epi-
dermis. Genes Dev. 2010;24:1045-58.

18. Schéfer M, Ditsch S, auf dem Keller U, Werner S. Nrf2: a central regulator of UV
protection in the epidermis. Cell Cycle. 2010;9:2917-8.

19. Peus D, Vasa RA, Beyerle A, Meves A, Krautmacher C, Pittelkow MR. UVB activates
ERK1/2 and p38 signaling pathways via reactive oxygen species in cultured
keratinocytes. J Investig Dermatol. 1999;112:751-6.

20. Moriyama M, Moriyama H, Uda J, Kubo H, Nakajima Y, Goto A, et al. BNIP3
upregulation via stimulation of ERK and JNK activity is required for the protection
of keratinocytes from UVB-induced apoptosis. Cell Death Dis. 2017;8:e2576.

SPRINGER NATURE

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Ming M, Han W, Maddox J, Soltani K, Shea CR, Freeman DM, et al. UVB-induced
ERK/AKT-dependent PTEN suppression promotes survival of epidermal kerati-
nocytes. Oncogene 2010;29:492-502.

Heffernan TP, Kawasumi M, Blasina A, Anderes K, Conney AH, Nghiem P. ATR-
Chk1 pathway inhibition promotes apoptosis after UV treatment in primary
human keratinocytes: potential basis for the UV protective effects of caffeine. J
Investig Dermatol. 2009;129:1805-15.

Calapre L, Gray ES, Kurdykowski S, David A, Hart P, Descargues P, et al. Heat-
mediated reduction of apoptosis in UVB-damaged keratinocytes in vitro and in
human skin ex vivo. BMC Dermatol. 2016;16:6.

Qin D, Ren R, Jia G, Lu Y, Yang Q, Chen L, et al. Rapamycin protects skin fibroblasts
from ultraviolet B-induced photoaging by suppressing the production of reactive
oxygen species. Cell Physiol Biochem: Int J Exp Cell Physiol, Biochem, Pharmacol.
2018;46:1849-60.

Brenneisen P, Wenk J, Wlaschek M, Krieg T, Scharffetter-Kochanek K. Activation of
p70 ribosomal protein S6 kinase is an essential step in the DNA damage-
dependent signaling pathway responsible for the ultraviolet B-mediated increase
in interstitial collagenase (MMP-1) and stromelysin-1 (MMP-3) protein levels in
human dermal fibroblasts. J Biol Chem. 2000;275:4336-44.

Armatas AA, Pratsinis H, Mavrogonatou E, Angelopoulou MT, Kouroumalis A,
Karamanos NK, et al. The differential proliferative response of fetal and adult
human skin fibroblasts to TGF- is retained when cultured in the presence of
fibronectin or collagen. Biochim Biophys Acta. 2014;1840:2635-42.

Repetto G, del Peso A, Zurita JL. Neutral red uptake assay for the estimation of
cell viability/cytotoxicity. Nat Protoc. 2008;3:1125-31.

Bourkoula A, Mavrogonatou E, Pavli P, Petrou PS, Douvas AM, Argitis P, et al.
Guided cell adhesion, orientation, morphology and differentiation on silicon
substrates photolithographically micropatterned with a cell-repellent cross-linked
poly(vinyl alcohol) film. Biomed Mater. 2018;14:014101.

Mavrogonatou E, Kletsas D. High osmolality activates the G1 and G2 cell cycle
checkpoints and affects the DNA integrity of nucleus pulposus intervertebral disc
cells triggering an enhanced DNA repair response. DNA Repair. 2009;8:930-43.

Mavrogonatou E, Eliades T, Eliades G, Kletsas D. The effect of triethylene glycol
dimethacrylate on p53-dependent G2 arrest in human gingival fibroblasts. Bio-
materials 2010;31:8530-8.

Dimozi A, Mavrogonatou E, Sklirou A, Kletsas D. Oxidative stress inhibits the
proliferation, induces premature senescence and promotes a catabolic pheno-
type in human nucleus pulposus intervertebral disc cells. Eur Cells Mater.
2015;30:89-102.

Mavrogonatou E, Papadopoulou A, Fotopoulou A, Tsimelis S, Bassiony H, Yia-
coumettis AM, et al. Down-regulation of the proteoglycan decorin fills in the
tumor-promoting phenotype of ionizing radiation-induced senescent human
breast stromal fibroblasts. Cancers. 2021;13:1-24.

Vamvakas SS, Mavrogonatou E, Kletsas D. Human nucleus pulposus intervertebral
disc cells becoming senescent using different treatments exhibit a similar tran-
scriptional profile of catabolic and inflammatory genes. Eur Spine J.
2017;26:2063-71.

Livak KJ, Schmittgen TD. Analysis of relative gene expression data using real-time
quantitative PCR and the 2(-Delta Delta C(T)) Method. Methods. 2001;25:402-8.
Liakou E, Mavrogonatou E, Pratsinis H, Rizou S, Evangelou K, Panagiotou PN, et al.
lonizing radiation-mediated premature senescence and paracrine interactions
with cancer cells enhance the expression of syndecan 1 in human breast stromal
fibroblasts: the role of TGF-B. Aging. 2016;8:1650-69.

Mavrogonatou E, Angelopoulou MT, Kletsas D. The catabolic effect of TNFa on
bovine nucleus pulposus intervertebral disc cells and the restraining role of
glucosamine sulfate in the TNFa-mediated up-regulation of MMP-3. J Orthop Res.
2014;32:1701-7.

Mavrogonatou E, Kletsas D. Differential response of nucleus pulposus inter-
vertebral disc cells to high salt, sorbitol, and urea. J Cell Physiol.
2012;227:1179-87.

Lee HH, Park SA, Almazari |, Kim EH, Na HK, Surh YJ. Piceatannol induces heme
oxygenase-1 expression in human mammary epithelial cells through activation of
ARE-driven Nrf2 signaling. Arch Biochem Biophys. 2010;501:142-50.

Bollu LR, Shepherd J, Zhao D, Ma Y, Tahaney W, Speers C, et al. Mutant P53
induces MELK expression by release of wild-type P53-dependent suppression of
FOXM1. NPJ Breast cancer. 2020;6:2.

Dornelles S, Goldim J, Cestari T. Determination of the minimal erythema dose and
colorimetric measurements as indicators of skin sensitivity to UV-B radiation.
Photochem Photobiol. 2004;79:540-4.

Tejasvi T, Sharma VK, Kaur J. Determination of minimal erythemal dose for narrow
band-ultraviolet B radiation in north Indian patients: comparison of visual and
Dermaspectrometer readings. Indian J Dermatol, Venereol Leprol. 2007;73:97-9.
Li YW, Chu CY. The minimal erythema dose of broadband ultraviolet B in Tai-
wanese. J Formos Med Assoc = Taiwan yi zhi. 2007;106:975-8.

Cell Death and Disease (2022)13:647



43.

44,

45,

46.

47.

48.

49,

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

Gary AS, Rochette PJ. Apoptosis, the only cell death pathway that can be mea-
sured in human diploid dermal fibroblasts following lethal UVB irradiation. Sci
Rep. 2020;10:18946.

Zhang JA, Luan C, Huang D, Ju M, Chen K, Gu H. Induction of autophagy by
baicalin through the AMPK-mTOR pathway protects human skin fibroblasts from
ultraviolet B radiation-induced apoptosis. Drug Des, Dev Ther. 2020;14:417-28.
Huang KF, Ma KH, Jhap TY, Liu PS, Chueh SH. Ultraviolet B irradiation-induced
Nrf2 degradation occurs via activation of TRPV1 channels in human dermal
fibroblasts. Free Radic Biol Med. 2019;141:220-32.

Bae JY, Choi JS, Choi YJ, Shin SY, Kang SW, Han SJ, et al. (-)Epigallocatechin gallate
hampers collagen destruction and collagenase activation in ultraviolet-B-
irradiated human dermal fibroblasts: involvement of mitogen-activated protein
kinase. Food Chem Toxicol. 2008;46:1298-307.

Kuo YH, Wu PY, Chen CW, Lin P, Wen KC, Lin CY, et al. N-(4-bromophenethyl)
caffeamide protects skin from UVB-induced inflammation through MAPK/IL-6/NF-
kB-dependent signaling in human skin fibroblasts and hairless mouse skin.
Molecules. 2017;22:1-14.

Oh JH, Kim A, Park JM, Kim SH, Chung AS. Ultraviolet B-induced matrix
metalloproteinase-1 and -3 secretions are mediated via PTEN/Akt pathway in
human dermal fibroblasts. J Cell Physiol. 2006;209:775-85.

Hao D, Wen X, Liu L, Wang L, Zhou X, Li Y, et al. Sanshool improves UVB-induced
skin photodamage by targeting JAK2/STAT3-dependent autophagy. Cell Death
Dis. 2019;10:19.

Gélis C, Mavon A, Vicendo P. The contribution of calpains in the down-regulation
of Mdm2 and p53 proteolysis in reconstructed human epidermis in response to
solar irradiation. Photochem Photobiol. 2005;81:975-82.

Brash DE, Wikonkal NM, Remenyik E, van der Horst GT, Friedberg EC, Cheo DL,
et al. The DNA damage signal for Mdm2 regulation, Trp53 induction, and sunburn
cell formation in vivo originates from actively transcribed genes. J Investig Der-
matol. 2001;117:1234-40.

Lu YP, Lou YR, Peng QY, Xie JG, Nghiem P, Conney AH. Effect of caffeine on the
ATR/Chk1 pathway in the epidermis of UVB-irradiated mice. Cancer Res.
2008;68:2523-9.

Fuchs SY, Adler V, Pincus MR, Ronai Z. MEKK1/JNK signaling stabilizes and acti-
vates p53. Proc Natl Acad Sci USA 1998;95:10541-6.

Picco V, Pages G. Linking JNK activity to the DNA damage response. Genes
Cancer. 2013;4:360-8.

Vomund S, Schéfer A, Parnham MJ, Briine B, von Knethen A. Nrf2, the master
regulator of anti-oxidative responses. Int J Mol Sci. 2017;18:1-19.

Gegotek A, Biernacki M, Ambrozewicz E, Surazyniski A, Wronski A, Skrzydlewska E.
The cross-talk between electrophiles, antioxidant defence and the endocanna-
binoid system in fibroblasts and keratinocytes after UVA and UVB irradiation. J
Dermatol Sci. 2016;81:107-17.

Heck DE, Gerecke DR, Vetrano AM, Laskin JD. Solar ultraviolet radiation as a
trigger of cell signal transduction. Toxicol Appl Pharmacol. 2004;195:288-97.
Muthusamy V, Piva TJ. The UV response of the skin: a review of the MAPK,
NFkappaB and TNFalpha signal transduction pathways. Arch Dermatol Res.
2010;302:5-17.

Dent P, Yacoub A, Fisher PB, Hagan MP, Grant S. MAPK pathways in radiation
responses. Oncogene 2003;22:5885-96.

Coffey RJ Jr., Leof EB, Shipley GD, Moses HL. Suramin inhibition of growth factor
receptor binding and mitogenicity in AKR-2B cells. J Cell Physiol.
1987;132:143-8.

Wang A, Wang J, Wu J, Deng X, Zou Y. Suramin protects hepatocytes from LPS-
induced apoptosis by regulating mitochondrial stress and inactivating the JNK-
Mst1 signaling pathway. J Physiol Sci. 2019;69:489-502.

Wang X, Martindale JL, Holbrook NJ. Requirement for ERK activation in cisplatin-
induced apoptosis. J Biol Chem. 2000;275:39435-43.

Gong YQ, Huang W, Li KR, Liu YY, Cao GF, Cao C, et al. SC79 protects retinal
pigment epithelium cells from UV radiation via activating Akt-Nrf2 signaling.
Oncotarget 2016;7:60123-32.

Saw CL, Huang MT, Liu Y, Khor TO, Conney AH, Kong AN. Impact of Nrf2 on UVB-
induced skin inflammation/photoprotection and photoprotective effect of sul-
foraphane. Mol Carcinog. 2011;50:479-86.

Eggler AL, Liu G, Pezzuto JM, van Breemen RB, Mesecar AD. Modifying specific
cysteines of the electrophile-sensing human Keap1 protein is insufficient to
disrupt binding to the Nrf2 domain Neh2. Proc Natl Acad Sci USA
2005;102:10070-5.

Little JB, Nove J, Dahlberg WK, Troilo P, Nichols WW, Strong LC. Normal cytotoxic
response of skin fibroblasts from patients with Li-Fraumeni familial cancer syn-
drome to DNA-damaging agents in vitro. Cancer Res. 1987;47:4229-34.
Agarwal ML, Agarwal A, Taylor WR, Stark GR. p53 controls both the G2/M and the
G1 cell cycle checkpoints and mediates reversible growth arrest in human
fibroblasts. Proc Natl Acad Sci USA 1995;92:8493-7.

Cell Death and Disease (2022)13:647

E. Mavrogonatou et al.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

Rognoni E, Goss G, Hiratsuka T, Sipild KH, Kirk T, Kober Ki, et al. Role of distinct
fibroblast lineages and immune cells in dermal repair following UV radiation-
induced tissue damage. eLife. 2021;10:1-30.

Godar DE. Light and death: photons and apoptosis. J Investig Dermatol Symp
Proc. 1999;4:17-23.

Canguilhem B, Pradines A, Baudouin C, Boby C, Lajoie-Mazenc |, Charveron M,
et al. RhoB protects human keratinocytes from UVB-induced apoptosis through
epidermal growth factor receptor signaling. J Biol Chem. 2005;280:43257-63.
Gu M, Dhanalakshmi S, Mohan S, Singh RP, Agarwal R. Silibinin inhibits ultraviolet
B radiation-induced mitogenic and survival signaling, and associated biological
responses in SKH-1 mouse skin. Carcinogenesis 2005;26:1404-13.

Han W, Ming M, He YY. Caffeine promotes ultraviolet B-induced apoptosis in
human keratinocytes without complete DNA repair. J Biol Chem.
2011;286:22825-32.

TuY, JiC Yang B, Yang Z, Gu H, Lu CC, et al. DNA-dependent protein kinase catalytic
subunit (DNA-PKcs)-SINT association mediates ultraviolet B (UVB)-induced Akt Ser-
473 phosphorylation and skin cell survival. Mol Cancer. 2013;12:172.

Tournier C, Hess P, Yang DD, Xu J, Turner TK, Nimnual A, et al. Requirement of JNK
for stress-induced activation of the cytochrome c-mediated death pathway.
Science. 2000;288:870-4.

Cao G, Chen M, Song Q, Liu Y, Xie L, Han Y, et al. EGCG protects against UVB-
induced apoptosis via oxidative stress and the JNK1/c-Jun pathway in ARPE19
cells. Mol Med Rep. 2012;5:54-9.

Durchdewald M, Beyer TA, Johnson DA, Johnson JA, Werner S, auf dem Keller U.
Electrophilic chemicals but not UV irradiation or reactive oxygen species activate
Nrf2 in keratinocytes in vitro and in vivo. J Investig Dermatol. 2007;127:646-53.
Han EJ, Kim SY, Han HJ, Kim HS, Kim KN, Fernando IPS, et al. UVB protective
effects of Sargassum horneri through the regulation of Nrf2 mediated antioxidant
mechanism. Sci Rep. 2021;11:9963.

Li ST, Chen NN, Qiao YB, Zhu WL, Ruan JW, Zhou XZ. SC79 rescues osteoblasts
from dexamethasone though activating Akt-Nrf2 signaling. Biochem Biophys Res
Commun. 2016;479:54-60.

Zheng K, Zhang Q, Lin G, Li Y, Sheng Z, Wang J, et al. Activation of Akt by SC79
protects myocardiocytes from oxygen and glucose deprivation (OGD)/re-oxyge-
nation. Oncotarget 2017;8:14978-87.

Xu'Y, Gao YW, Yang Y. SC79 protects dopaminergic neurons from oxidative stress.
Oncotarget 2018;9:12639-48.

Liu W, Jing ZT, Wu SX, He Y, Lin YT, Chen WN, et al. A novel AKT activator, SC79,
prevents acute hepatic failure induced by Fas-mediated apoptosis of hepato-
cytes. Am J Pathol. 2018;188:1171-82.

Sun X, Wang Y, Ji K, Liu Y, Kong Y, Nie S, et al. NRF2 preserves genomic integrity
by facilitating ATR activation and G2 cell cycle arrest. Nucleic Acids Res.
2020;48:9109-23.

Hiebert P, Wietecha MS, Cangkrama M, Haertel E, Mavrogonatou E, Stumpe M,
et al. Nrf2-Mediated Fibroblast Reprogramming Drives Cellular Senescence By
Targeting The Matrisome. Dev Cell. 2018;46:145-61.e10.

Hiebert P. The Nrf2 transcription factor: a multifaceted regulator of the extra-
cellular matrix. Matrix Biol. 2021;10:100057.

Gowda PS, Zhou F, Chadwell LV, McEwen DG. p53 binding prevents
phosphatase-mediated inactivation of diphosphorylated c-Jun N-terminal kinase.
J Biol Chem. 2012;287:17554-67.

Strozyk E, Kulms D. The role of AKT/mTOR pathway in stress response to UV-
irradiation: implication in skin carcinogenesis by regulation of apoptosis,
autophagy and senescence. Int J Mol Sci. 2013;14:15260-85.

Liu W, Otkur W, Zhang Y, Li Q, Ye Y, Zang L, et al. Silibinin protects murine
fibroblast L929 cells from UVB-induced apoptosis through the simultaneous
inhibition of ATM-p53 pathway and autophagy. FEBS J. 2013;280:4572-84.

ACKNOWLEDGEMENTS

We would like to thank Dr. M. Agarwal for generously providing MDAHO041 fibroblasts
from a Li-Fraumeni patient and Dr. G. Smith from KuDOS Pharmaceuticals for kindly
supplying KU55933. This work was partly supported by the project “A Greek Research
Infastructure for Visualizing and Monitoring Fundamental Biological Processes
(Biolmaging-GR)” (MIS 5002755) which is implemented under the Action “Reinforce-
ment of the Research and Innovation Infrastructure”, funded by the Operational
Program “Competitiveness, Entrepreneurship and Innovation” (NSRF 2014-2020) and
co-financed by Greece and the European Union (European Regional Development
Fund). VGG is financially supported by the European Regional Development Fund of
the European Union and Greek national funds through the Operational Program
“Competitiveness, Entrepreneurship and Innovation”, under the call RESEARCH -
CREATE - INNOVATE (project code: T1EDK02939).

SPRINGER NATURE

13



E. Mavrogonatou et al.

14

AUTHOR CONTRIBUTIONS

EM performed most experiments, analyzed and interpreted the data, contributed to
the data research, prepared the figures, and wrote the manuscript; MA performed
part of the experiments; SVR conducted IHC experiments; HP performed flow
cytometry experiments and spectrophotometrical analysis of suramin’s absorption
spectrum and prepared the respective figures; VGG supervised IHC experiments,
discussed the project and critically read the manuscript; DK conceived the project,
designed the study, supervised the research, analyzed and interpreted the data and
wrote the manuscript. All authors read and approved the final manuscript.

COMPETING INTERESTS

The authors declare no competing interests.

ADDITIONAL INFORMATION

Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/s41419-022-05106-y.

Correspondence and requests for materials should be addressed to Dimitris Kletsas.

SPRINGER NATURE

Reprints and permission information is available at http://www.nature.com/
reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims
in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons

BY Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this license, visit http://
creativecommons.org/licenses/by/4.0/.

Cell Death and Disease (2022)13:647


https://doi.org/10.1038/s41419-022-05106-y
http://www.nature.com/reprints
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Activation of the JNKs/ATM-p53 axis is indispensable for the cytoprotection of dermal fibroblasts exposed to UVB radiation
	Introduction
	Materials and methods
	Chemical reagents
	Cells and cell culture conditions
	UVB irradiation
	Estimation of cell viability
	Cell cycle analysis
	Real-time reverse transcription polymerase chain reaction (real-time RT-PCR)
	Western blot analysis
	Measurement of intracellular levels of reactive oxygen species (ROS)
	Immunofluorescence
	Immunohistochemistry (IHC)
	siRNA transfection
	Statistical analysis

	Results
	UVB radiation induces apoptotic cell death in dermal fibroblasts in�vitro and in�vivo
	UVB-mediated Akt and JNKs activation is cytoprotective for human dermal fibroblasts
	JNKs are implicated in the activation of the DNA damage response of dermal fibroblasts after UVB treatment
	UVB-induced loss of viability is not ROS-mediated in human dermal fibroblasts
	EGFR activation participates in the mechanism leading to the protection of human dermal fibroblasts from UVB-induced cytotoxicity
	The Akt activator SC79 protects human dermal fibroblasts from the UVB-mediated cytotoxic effect
	Activation of the ATM-p53 axis is indispensable for the cytoprotection of human skin fibroblasts against UVB radiation

	Discussion
	References
	Acknowledgements
	ACKNOWLEDGMENTS
	Author contributions
	Competing interests
	ADDITIONAL INFORMATION




