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ABSTRACT

Solar ultraviolet B (UVB) radiation-induced DNA damage is a well-known initiator of skin carcinomas. The UVB-induced DNA damage response (DDR) involves series
of signaling cascades that are activated to maintain cell integrity. Among the different biological processes, little is known about the role of energy metabolism in the

DDR.

We sought to determine whether UVB-induced nuclear and/or mitochondrial cyclobutane pyrimidine dimers (CPDs) alter cellular energy metabolism. To gain
insight into this question, we took advantage of keratinocytes expressing nuclear or mitochondrial CPD photolyase. Applying a quantitative proteomic approach and
targeted metabolomics, we observed biphasic alterations in multiple metabolic pathways and in the abundance of various metabolites, largely influenced by the
presence of genomic CPDs. The heightened oxygen consumption rate post-irradiation, along with mitochondrial structural rearrangements, was found to be

dependent on both mitochondrial and nuclear CPDs.

Understanding the influence of nuclear and mitochondrial DNA damage on keratinocyte responses to UVB irradiation deepens current knowledge regarding skin

cancer prevention, initiation, and therapy.

1. Introduction

Solar ultraviolet (UV) radiation is the main risk factor for develop-
ment of non-melanoma skin cancers (NMSCs), the most common type of
human malignancy worldwide. The incidence of NMSCs including basal
cell carcinomas and cutaneous squamous cell carcinomas (cSCCs) is
increasing by 5-7% per year, mainly due to UV exposure and the ageing
of the population [1]. In 2012, 3.3 million patients in the USA were
affected [2].

Solar radiation affects skin homeostasis through the induction of
well-defined structural alterations in DNA, which in turn, triggers the
DNA damage response (DDR) network. The DDR involves sensing
damage and subsequently signaling to downstream effectors. The
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balance between different activated signaling pathways, which is
dependent on the type and extent of the damage and DNA repair ca-
pacity, ultimately determines whether a cell remains quiescent, pro-
liferates, differentiates, or undergoes apoptosis [3,4]. The major DNA
damage induced by UVB irradiation include cyclobutane pyrimidine
dimers (CPDs) and 6-4 photoproducts (6-4 PPs). These lesions are
mainly repaired by the nucleotide excision repair (NER) DNA system
through the release of a 24-mer to 32-mer oligonucleotide containing
the damage and its replacement by a newly synthesized DNA fragment
[5].

Characterizing and understanding the molecular basis underlying
the cross-talk among different programs forming part of the DDR
network are currently the subject of intense investigation. A growing
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body of literature suggests that there may be crosstalk between the DDR
network and energy metabolism. Therefore, the main aim of this study
was to determine whether reprogramming of metabolic pathways also
occurs after acute UVB irradiation. If so, the two following scenarios
should be taken into account. First, reprogramming of metabolic path-
ways is an adaptive response and, therefore, reprogramming could be
considered as a sub-program of the DDR network supporting the ho-
meostasis of stressed cells. Second, energy metabolism alterations occur
prior to DDR activation and therefore play decisive roles in launching
and orchestrating the DDR network. The former scenario is supported by
evidence showing that sensors (e.g. PARP1), transducers (e.g. ATM), and
effectors (e.g. p53, CDK) of the DDR network activate numerous en-
zymes involved in energy metabolism [6-9]. Evidence for the second
scenario comes from data showing that different genotoxic-induced
DNA damage results in the early activation of numerous enzymes
involved in energy metabolism (such as AMPK, HIF-1, and TIGAR).
These metabolic enzymes function as important regulators of diverse
cellular processes, including transcriptional regulation, the cell cycle,
senescence, apoptosis, and autophagy[9-11]. Moreover, we and others
have shown that modifying key regulators of energy metabolism (such
as HIF-1la and Tfam) can impact the repair efficiency of UVB-induced
DNA damage [12-14] epidermal differentiation and hair growth
[15-20], suggesting that energy metabolism may influence various
cellular processes in the skin.

To unravel the role of metabolism in keratinocyte responses to acute
UVB irradiation, we took advantage of keratinocytes expressing nuclear
or mitochondrial CPD photolyase (Nu-PL and Mt-PL, respectively). We
showed here that exposure of keratinocytes to acute UVB light leads to
biphasic alterations in numerous metabolic pathways, which are largely
dependent on nuclear CPDs and independent of mitochondrial CPDs.
The abundance of numerous metabolites in keratinocytes exposed to
UVB irradiation also changes in a biphasic manner, and is partially
restored in Nu-PL cells. The presence of nuclear and mitochondrial CPDs
also affects the structure of the mitochondrial network.

Taken together, the current data provide substantial insights into the
links between UVB-induced DNA damage and metabolic alterations in
orchestrating DDR network.

2. Materials and methods
2.1. KHAT cell line and culture media

Human keratinocytes were isolated from normal human skin in pa-
tients undergoing plastic surgery and grown in keratinocyte serum-free
medium (KSFM) supplemented with 50 pg/mL bovine pituitary extract
and 0,5 ng/mL epidermal growth factor (Gibco; Thermo Fisher Scien-
tific) in a humidified atmosphere of 5 % CO5 at 37 °C. The KHAT cell line
was generated through immortalization of human primary keratinocytes
following transduction with a lentiviral vector expressing hTERT and a
large tumor antigen (also called large T-antigen). Transduced kerati-
nocytes were cultivated in parallel with the non-transduced cells in
KSFM. Immortalization was considered to occur when KHAT cells grew
for 50 population doublings beyond the life span of the parental kera-
tinocytes. These immortalized cells formed a normally stratified
epidermis when used in organotypic culture (Fig. S1A). KHAT cells can
also form pigmented epidermis when human primary melanocytes are
incorporated in skin equivalents (Fig. S1B). The human keratinocytes
utilized in this study were obtained with the consent of the patients from
surgical excision skin biopsies collected from post-routine medical
procedures performed for therapeutic purposes. The collection and use
of these biopsies were conducted in strict accordance with Article L.
1243-3 of the French Code of Public Health, under the agreement DC-
2008-412 with the University Hospital Center of Bordeaux, France.

460

Free Radical Biology and Medicine 227 (2025) 459-471
2.2. UVB irradiation procedure

KHAT cells were irradiated at a dose of 15 mJ.cm™ using a Biotronic
device (Vilber Lourmat, Marne la Vallée, France), equipped with a
dosimeter, in which the UVB lamp emitted a continuous band between
280 and 380 nm (major peak at 312 nm), as previously described [21].
To determine the optimal dose, a propidium iodide (PI) exclusion assay
was initially performed to evaluate the viability of keratinocytes
following irradiation at different doses. The viability of irradiated ker-
atinocytes was approximately 70 % compared with that of the
non-irradiated controls 24 h after irradiation at a dose of 15 mJ.cm ™2
(Fig. S1). This dose was selected for further experiments. For photo-
activation of CPD photolyase after irradiation, the cells were incubated
for 30 min under 450 nm blue light in a 37 °C 5 % CO2 incubator.

2.3. Western blot procedure

Western blotting was performed as previously described [22].
Briefly, equal amounts of total protein were resolved by SDS-polya-
crylamide gel electrophoresis (SDS-PAGE) and electrophoretically
transferred to nitocellulose membrane for AMPK and p-AMPK; and to a
PDVF membrane for OXPHOS. The membranes were then incubated
overnight at 4 °C with primary antibodies (Table 1). After additional
incubation with a 1:1000 dilution of an anti-immunoglobulin horse-
radish peroxidase-linked antibody (Vector Laboratories, Biovalley S.A.,
Marne la Vallée, France) for 1 h, blots were developed using the
chemiluminescence ECL reagent (Bio-Rad).

2.4. Statistics

Comparisons between two groups were performed using Student’s t-
test (two-tailed), and a p value < 0.05 (*) was considered to indicate
statistical significance. The results were presented as the means + SEM.
Comparisons between more than two groups were performed with one-
way analysis of variance (ANOVA) followed by Bonferroni’s multiple
comparison test if the values normally distributed (Shapiro and Wilk
test). If the data were not normally distributed, a nonparametric Krus-
kal-Wallis test associated with Dunn’s multiple comparison test was
performed. If two independent variables needed to be tested, two-way
ANOVA followed by a post hoc Bonferroni correction was used. If the
distribution did not follow normality, a mixed-effects model followed by
Bonferroni correction was used for multiple comparisons. A p value <
0.05 was considered to indicate statistical significance. The results are
presented as the means + SEMs. PCA was performed using GraphPad
Prism software.

Additional materials and methods details are found in Supplemen-
tary materials and methods.

Table 1

List of antibodies used in this study.
Protein Reference Dilution
B-Actine A2228 - Sigma 1/5000
Tubulin ab7291 1/5000
OXPHOS tot ab110411 1/500
Fis-1 Sc-376469 1/500
p-AMPK Sc101630 1/1000
AMPK Sc25792 1/1000
LC3B Cell-Signaling - 38685 1/1000
Cleaved Caspase-3 Cell-Signaling- 9664L 1/1000
TOM20 Sc-17764 1/100
Alexa Fluor™ 488 Phalloidin Invitrogen-A12379 1/500
Atto 647N Sigma-50185 1/500
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Fig. 1. Quantitative proteomic analyses revealed biphasic variations in the activities of several signaling pathways following UVB irradiation. A) Cyclopyrimidine
dimer (CPD) levels were quantified in the KHAT cell line by immuno-dot blot analysis at different time points after irradiation B) The expression levels of AMPK,
cleaved caspase-3 and LC3 were analyzed via western blotting. p-Actin was used as a loading control. C) Ctrl, Nu-PL and Mt-PL keratinocytes were exposed to acute
UVB irradiation. The cells were then harvested at the indicated time points after UV treatment and subjected to label-free quantitative proteome analysis. Heatmap of
the z-scores for activated canonical pathways at different hours after acute irradiation, n = 3 per condition. The color indicates canonical pathway activation z-scores;
blue: downregulated and orange: upregulated. Nu-PL: keratinocytes expressing nuclear CPD photolyase, Mt-PL: keratinocytes expressing mitochondrial CPD pho-
tolyase. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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3. Results

3.1. Biphasic variations in energy metabolism pathways induced by UVB
irradiation

To study the crosstalk between different programs of the DDR
network and metabolism following acute UVB irradiation, we used
immortalized human keratinocytes called KHAT. Even though they are
immortal, they still retain the ability to form a fully stratified epidermis
when used in an organotypic culture (Fig. S1). These keratinocytes were
irradiated with a single dose of UVB (15 mJ.cm~2). The CPD level was
first analyzed at different time points after irradiation using immune-dot
blotting (Fig. 1A). The results showed a gradual removal of CPD with a
peak between 3 h and 9 h. In addition to the DNA repair machinery,
other DDR signaling pathways, such apoptosis (activated caspase 3
expression), were also triggered in these cells, as shown by western
blotting (Fig. 1B). Metabolic sensors, such as AMPK were activated at 10
h and 24 h after acute UVB irradiation (Fig. 1B). To obtain a global
overview of signaling pathways triggered by a single exposure to UVB
irradiation, we performed a quantitative label-free differential proteo-
mic analysis of samples at different time points after UVB irradiation.
Ingenuity Computational Pathway Analysis (IPA®) software (www.inge
nuity.com) was used to elucidate the global implications of the differ-
entially expressed proteins (DEPs) as well as the potentially modified
molecular pathways at different time points after irradiation. First of all,
the modified canonical pathways have been identified by applying Z-
score >2 as the threshold of significant activation. Indeed, the Z-score
activation for a canonical pathway is calculated by considering the
expression levels of DEPs related to that pathway in our proteomics
dataset, as well as the causal relationships with other proteins in the
pathway (i.e., activation and inhibition interactions based on literature
findings). This Z-score algorithm also predicts the end-point functions of
the pathway. For example, IPA indicated an upregulation of “death re-
ceptor signaling” at 24 h post-irradiation compared to non-irradiated
cells by considering the changes in 36 proteins in our proteomic data
(Fig. S2). The top enriched canonical pathways identified via IPA are
shown in Fig. 1C. As expected, numerous well-known signaling path-
ways, such as the EIF2 signaling pathway, integrin signaling pathway,
senescence pathway, death receptor signaling pathway, cell cycle con-
trol pathway and ATM signaling pathway, which classically contribute
to the DDR programs, are among the enriched canonical pathways.
Notably, as shown in the Ctrl column, the majority of these signaling
pathways were modified in a biphasic manner, with early down-
regulation followed by late upregulation (Fig. 1C).

Besides those pathways, we found that the metabolic pathways
involved in energy metabolism, such as oxidative phosphorylation
(OXPHOS), glycolysis, the TCA cycle and fatty acid p-oxidation, were
also modified in a time-dependent manner (Fig. 1C). Examining the
expression levels of proteins implicated in glycolysis, the TCA cycle, and
OXPHOS, we observed a significant decrease in the relative expression
of several of these proteins at 2 h post-irradiation. However, the
expression of several of these proteins was subsequently restored in the
following hours (Fig. 2A-C). Regarding OXPHOS, it is important to
distinguish between the predictions made by IPA and the up- or down-
regulation observed in our proteomic data, as indicated by the color
coding in Fig. 2C. This indicates that the reprogramming of metabolic
pathways serves as an adaptive response and could considered a sub-
program of the DDR network. Finally, proteins differentially expressed
2 h after irradiation were categorized according to related diseases and
biological functions by IPA enrichment analysis. The top enriched gene
ontology terms for diseases and biological functions with a p value less
than 107! are listed in Fig. 2D. Metabolic diseases were found among
this list with a p-value less than 10730 (Fig. 2D).

Experiments were also performed on the HaCat keratinocyte cell
line. The results revealed biphasic changes in the majority of canonical
pathways and in the expression levels of proteins involved in OXPHOS,
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similar to our findings in KHAT cells but with differing kinetics (Fig. S3).
Hereinafter only the results obtained with KHAT are shown.

Regulation of energy metabolism rewiring by nuclear and mito-
chondrial DNA damage following acute UVB irradiation.

To determine whether the presence of nuclear and/or mitochondrial
CPDs plays a decisive role in launching UVB-induced metabolic alter-
ations, KHAT keratinocytes were transduced with lentiviral vectors
expressing nuclear or mitochondrial CPD photolyase (Nu-PL and Mt-PL,
respectively) (Fig. S4A). Of note, CPD photolyases are DNA repair en-
zymes that efficiently remove CPD lesions from DNA. These enzymes
require blue light (400-500 nm) as a source of energy to efficiently
repair CPD lesions [23,24]. Measurement of the CPD levels indicated
that the majority of the CPDs were removed from genomic DNA within
30 min after irradiation in Nu-PL cells, while the repair kinetics of the
CPDs in Mt-PL cells were very similar to those in their control coun-
terparts (Fig. S4B). The evaluation of CPD removal from mitochondrial
DNA (mtDNA) showed that most CPDs were rapidly removed from the
mtDNA of Mt-PL cells. In contrast, the removal kinetics of CPDs from
mtDNA in Nu-PL cells were very similar to those observed in the control
cells (Fig. S4C).

Focusing on proteomic data, we found that biphasic modifications in
canonical pathways observed in control KHAT were largely restored in
Nu-PL cells, with no significant alterations detected in the latter
(Fig. 1C). On the contrary, biphasic changes in the activity of canonical
pathways persisted in Mt-PL cells and were characterized by an initial
decrease between 5 and 9 h after acute UVB exposure, followed by a late
increase (Fig. 1C). Of note, we observed a delayed restoration in the
activities of canonical pathways when comparing the Ctrl and Mt-PL
cells.

In accordance with earlier results, no significant decreases were
observed in the expression levels of proteins involved in glycolysis, the
TCA cycle, or OXPHOS in Nu-PL cells at various time points after irra-
diation (Fig. 2A-C). In contrast, the expression levels of proteins
involved in TCA pathway were lower in irradiated Mt-PL cells than in
their non-irradiated counterparts, and the majority of these decreases
were persisted for up to 48 h after irradiation (Fig. 2A-C). Moreover, the
prediction made by IPA for OXPHOS indicated that the expression of
proteins involved in OXPHOS, particularly those associated with com-
plexes III and IV, remains consistently downregulated in Mt-PL cells for
at least 48 h post-irradiation (Fig. 2C).

Altogether, our results suggest that UVB irradiation triggers biphasic
changes in metabolic pathways associated with energy metabolism, with
this response predominantly reliant on UVB-induced damage to nuclear
DNA.

3.2. Biphasic variations in the relative abundance of metabolites following
acute UVB irradiation

To further examine the effects of acute UVB irradiation on metabolic
signatures, KHAT keratinocytes (Ctrl, Nu-PL and Mt-PL) harvested at
different time points after UVB irradiation were subjected to metab-
olomics. Focusing on Ctrl KHAT cells, the results revealed time-
dependent alterations in the abundance of metabolites. Based on the
kinetics of changes in their expression levels and utilizing K-means
clustering (Fig. 3B) and principal component analyses (Fig. 3C), the
metabolites were classified into two distinct categories (Fig. 3A-C). The
abundance of the first group decreased at 5 h and increased at 48 h after
irradiation. Glutamine, glutamate, fumarate and malate were among
these metabolites (Fig. 3B-G). In the second group, the abundance of
metabolites varied in an inverse manner compared to that in the first
group; i.e., the abundance of metabolites increased at 5 h after irradia-
tion and decreased in the following hours (Fig. 3A-C). Saturated fatty
acids (palmitate and myristic acids) (Fig. 3C, H-I), alpha-ketoglutarate,
NADP, uracil, fructose 6 phosphate and phosphoenolpyruvate were
among the metabolites of this group (Fig. 3A-C).

The analysis of metabolomics data revealed that the changes in the
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Fig. 2. Rapid repair of nuclear and mitochondrial CPDs critically affects the expression patterns of proteins involved in glycolysis, the TCA cycle and OXPHOS A-C)
Proteomic analysis was used to investigate the effects of acute UVB irradiation on the expression profiles of proteins involved in energy metabolism. A heatmap
showing the fold change in the expression levels of proteins involved in glycolysis (A), the TCA cycle (B) and OXPHOS (C) at the indicated time points after acute
irradiation in the Ctrl, Nu-PL and Mt-PL cells. n = 3 per condition. The color indicates the fold change in the expression level; green: low expression, red: high
expression, blue: predicted downregulation, brown: predicted upregulation. D) Gene set enrichment analysis comparing 2 h-postirradiated cells with non-irradiated
cells showed that metabolic diseases were among the top 16 enriched Gene Ontology (GO) terms for diseases and biological functions. (For interpretation of the
references to color in this figure legend, the reader is referred to the Web version of this article.)

463



L. Dousset et al. Free Radical Biology and Medicine 227 (2025) 459-471

A Ctrl ' Nu-PL ' Mt-PL B

1 1
nr 5 9 24 48, nir 5 9 24 48 nlr 5 9 24 48 Time(h) 2

B | | SCCEEEEN [ class
[ MYRISTIC ACID

K-Means Clustering of Metabolite Profiles

3
PALMITATE 2
ALPHA-KG
1
a

I | NADP
URACIL
F6P

‘ Cluster

L] i PEP ‘ - ;
Il | |GaBa

s ADP

GDPG 2 El

PHENYLALANINE

CYSTATHIONINE 3

GDP

I

I

|

1
=
-

cine 2
CARNITINE
FANTHINE nir 5 9 24 438
SAH

|
1
- D |

TRYPTOPHAN Time (h)
Gap
LYSINE
ORMNITHINE

SUCCINATE
| ARGININE

SERINE
i LEUCINE
. METHIONINE PCA of Metabolites
VALINE
ASPARAGINE e
GLUTAMINE 2 . S
5-OXO-PROLINE i . R
THREONINE ARGINNE FUMARATE
NADH —
] N CIS-ACONITATE 1 e oo vate s

[ FUMARATE & peeoamaagToe ¢
-

ISOLEUCINE 1
TYROSINE 0 s aw® o
I ASPARTATE s | -~ R

|| \ .
- s arg'Pe of

CREATININE wo? in@steaco

) N Y A

T 1T

CISACONTATE
®

| I |

GLUTAMNE
°

[ TTT
| |

T Cluster
1
2

PC2

N . ° TYROSKE g coe i
AMP VAT san aaea gy =y

o i amp 4 o o B St
aoee

CMmp s ®evsTahonne

[ CREATINE oo

i | ALANINE 2 .
GLUTAMATE

PROLINE ke ssearra

NAD PC1

) N N Y I

| N N O I I

upp
I ALPHA-AMINCADIPATE
NAM

[ [ % } f PYRUVATE

enlr =5h +«9nh v 24h «48h
F

Glutamine Glutamate Fumarate

O
m

»
o

ook
%

i geJal 0 (TR

ctrl Nu-PL Mt-PL ctrl Nu-PL mt-PL ctrl Nu-PL mt-PL
Malate H Palmitate I Myristic Acid

ok

P
)

=
°

Relative abundance of
I
o

fumarate [ % of nir Ctrl cells ]

14
°

Relative abundance of
glutamine [ % of nlir Ctrl cells ]
Relative abundance of

glutamate [ % of nir Ctrl cells ]
ol |
padl
il

@

2.5,

2.04

1.5

.

1.04 X

°
Relative abundance of

Relative abundance of
palmitate[ % of nir Ctrl cells ]
myristic acid [ % of nir Ctrl cells ]

Relative abundance of
malate [ % of nir Ctrl cells ]

oalll

(3

e
°

ctrl Nu-PL MEPL cirl T NuPL MEPL p NuPL NP
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glutamine (F), glutamate (G), malate (H), fumarate (I) were compared at different time points after UVB irradiation in control, Nu-PL and Mt-PL cells. *P < 0.05,
**<0.01 and ****p < 0.0001 for irradiated versus the respective non-irradiated cells. (For interpretation of the references to color in this figure legend, the reader is
referred to the Web version of this article.)
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abundance of metabolites were partially restored in Nu-PL cells exposed
to UVB (Fig. 3A). Of note, the primary impact of Nu-PL expression was
observed on the first group of metabolites, characterized by marked
early downregulation followed by later significant upregulation in both
control and Mt-PL cells. Indeed, 5 h after irradiation, no significant
downregulation of several of these metabolites was detected in Nu-PL
cells, although a tendency toward decreased levels was still observed
(Fig. 3A, D-G). The late upregulation of the abundances of the majority
of these metabolites was similar among the control, Mt-PL and Nu-PL
cells (Fig. 3A, D-G).

Altogether, our results indicate that keratinocytes respond to UVB
exposure by altering their metabolic patterns as an adaptive mechanism.

3.3. Upregulation of OXPHOS as a late keratinocyte response to UVB
irradiation

To further investigate the effects of acute UVB irradiation on energy
metabolism, biochemical functional analyses were performed on kera-
tinocytes. While no significant differences were detected in the basal
extracellular acidification rate (ECAR) between irradiated cells at either
time point (5, 9, or 24 h) and non-irradiated cells (Fig. 4A-C), the
glucose-stimulated glycolysis and the maximal glycolytic capacity were
significantly greater at 24 h after irradiation than in non-irradiated
keratinocytes (Fig. 4D-F). To evaluate OXPHOS activity following
irradiation, the basal oxygen consumption rate (OCR) was measured. By
comparing non-irradiated and irradiated cells at different time points,
we observed a significant increase in both basal OCR and maximal res-
piratory capacity only at 24 h post-irradiation (Fig. 4G). To further
examine the effect of acute UVB irradiation on OXPHOS activity,
maximal respiration via different mitochondrial complexes was evalu-
ated. CI- and CII-dependent respiration was modified following UVB
irradiation in a biphasic manner (Fig. 4H-I). While no significant
modification in the CIII-linked OCR was observed over time (Fig. 4J), a
significant increase in the CIV-dependent OCR was detected at 24 h post-
irradiation (Fig. 4K). In agreement with these findings, the expression
levels of nuclear-encoded mitochondrial complex I's subunit NDUFBS,
II’s subunit SDHB, III’s subunit UQCRC2, and IV’s subunit COX II were
upregulated in cells at 24 h post-irradiation compared to those in non-
irradiated keratinocytes (Fig. 4L).

Biochemical functional analyses revealed that, similarly to those in
control cells, glucose-stimulated glycolysis and glycolytic capacity were
greater in Nu-PL cells at 24 h post-irradiation than in non-irradiated Nu-
PL keratinocytes (Fig. S5A). Although not significantly different, there
was a tendency toward increased glucose-stimulated glycolysis and
glycolytic capacity in Mt-PL cells at 24 h after irradiation (Fig. S5B).
Measurement of oxygen consumption in Nu-PL or Mt-PL cells at 24 h
after irradiation indicated that, unlike those in control cells, neither the
basal nor uncoupled OCR levels were significantly different from the
levels found in their respective non-irradiated counterpart cells (Fig. 4M
and N). However, similar to those in control cells, the CI- and CIV-
dependent respiration in Nu-PL cells at 24 h after irradiation was
higher than that in non-irradiated cells (Fig. S5 C-F). In agreement, the
protein expression levels of the mitochondrial subunits tended to in-
crease at 9 and 24 h after irradiation in these cells (Fig. S5G). No sig-
nificant differences in CI-, CII-, CII-, CIII-, or CIV-linked respiration rates
were detected between irradiated Mt-PL cells and their respective non-
irradiated counterparts (Figs. SSH-K).

Altogether, our data reveal that OXPHOS is upregulated as a late
response to UVB irradiation. Both nuclear and mitochondrial DNA
damage are pivotal in driving this response.

3.4. Dynamic morphological and structural remodeling of the
mitochondrial network following UVB exposure

Mitochondrial network morphology is critically linked to bio-
energetics, and consequently undergoes changes upon metabolic or
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environmental stress[22,25-27]. The morphology of the mitochondrial
network is dependent mainly on the balance between mitochondrial
fusion and fission. Generally, while mitochondrial fission allows the
exclusion of damaged mitochondria, mitochondrial fusion enables the
exchange between functional mitochondria [28].

To examine the effect of UVB irradiation on mitochondrial network
features, we first wondered whether the mitochondrial DNA content is
modified following irradiation. The results indicated that the mtDNA to
genomic DNA ratio in the irradiated cells was not significantly different
from that in the non-irradiated samples (Fig. 5A). We then examined the
morphological and structural remodeling of the mitochondrial network
at different time points after UVB irradiation. To this end, the Mito-
SegNet model was generated with a training set of 40 1024 x 1024-pixel
confocal microscopy images, depicting mitochondria in the body wall of
keratinocytes (Fig. 5B and methods). As shown in Fig. 5C, dynamic
rearrangement of the mitochondrial network was observed at different
time points after irradiation. Principal component analysis (PCA) indi-
cated that the mitochondrial network features in cells at 9 h after irra-
diation were farthest from those in the other groups (Fig. 6A-D, and
Fig. S6). Quantification analysis indicated that the average major axis,
minor axis, perimeter and eccentricity of mitochondria increased 9 h
after irradiation. In contrast, the average solidity, number of branches
and total branch length were diminished in these cells (Fig. 6C), sug-
gesting an increase in fission process at 9 h after irradiation. In agree-
ment, the expression of mitochondrial fission 1 protein (Fis-1) was
rapidly upregulated following irradiation. This increase in expression
was followed by a decrease 24 h post-irradiation (Fig. 6D).

Overall, our results indicate that mitochondrial network features are
dynamically modified at different time points after UVB exposure, as
indicated by molecular and morphological evidence of fission.

Mitochondrial network features at different time points after UVB
irradiation were ultimately evaluated in Nu-PL and Mt-PL cells and
compared with those in control cells. PCA indicated that the mito-
chondrial network features of irradiated cells at any time point after
irradiation were very similar and could not be discriminated from each
other in either Nu-PL or Mt-PL cells. However, there were several dif-
ferences between irradiated and non-irradiated cells under both condi-
tions (Fig. 6E and F). Analyses of cells at 9 h after irradiation indicated
that the average major axis, minor axis, and perimeter of mitochondria
were lower in irradiated cells than in non-irradiated cells. In contrast,
the average solidity was greater in both cells compared to that in their
non-irradiated counterpart cells (Fig. 6G and H), suggesting that the
mitochondrial fusion process increased after irradiation in these cells.

Collectively, our findings show that both nuclear and mitochondrial
CPDs are key regulators of keratinocyte responses to UVB, influencing
mitochondrial features (morphology and function) by controlling/syn-
chronizing metabolic protein expression patterns.

4. Discussion

Overwhelming evidence indicates that DDR network activation al-
ters the metabolic functions of the host organism, and vice versa, that
the metabolic profile of the host regulates DDR [5,29,30]. The reprog-
ramming of metabolic pathways following acute UVB irradiation may
reflect either an adaptive response to support the homeostasis of stressed
cells or a role as a key organizer of DDR network activation. Dis-
tinguishing between these two scenarios is inherently challenging. The
presence of nuclear CPDs and the associated cell cycle arrest, along with
the increased demand for nucleotide biosynthesis, the repair of other
UV-induced damage (such as oxidized proteins and lipids), and the
restoration of oxidative balance post-UV irradiation, could all signifi-
cantly influence metabolic changes. Considering the bidirectional rela-
tionship between DDR network activation and metabolic
reprogramming, we aimed to study the effect of UVB-induced nuclear
and mitochondrial CPDs on the metabolic signatures of keratinocytes.
Overall, our results indicated that rapid removal of CPD in Nu-PL cells



L. Dousset et al.

A

(@)

Relative Basal ECAR

@

Relative OCR [% of nir cells]

.

Free Radical Biology and Medicine 227 (2025) 459-471

40 2-DG B Antimycin
% 20007 Guese Oligomysin 206 Rotenone onir
5 \ £ 5h
° \ < 3 ey
% \ Glycolytic ‘s 1500 4 T +9h
x Reserve N * 24h
s2 \ =
23 \ o 1000
e \ :
£ \ O
£ \ w
= \ ) \
E \ g 500 A
\ 5 \
[ —— & A -
Non-glycolytic acidification ] 0 T T T T 1
T T T J 0 20 40 60 80 100
20 ) 49 60 80 Time [minutes]
Time [minutes]
Basal ECAR Dw Glycolysis E Glycolytic reserve F Glycolytic capacity
D *kk
3 2 15 Q 25 1.5 :
8 GE) > . e
o =
9 1.0 Q s 2 10 Cad
ks S 15 . £38
: B Z g . g
1 - ° g > 1.0 = H = 2>
° T 0.5 g % 8 0.5
>
o = 05 (128N
g K
0 T 00 & o0 0.0
nlr  5h  9h 24h ¥ nir 5h 9h 24h nir  5h  9h 24h nir  5h  9h 24h
Antimycin H Complex | activity I Complex Il activity
200 Oligomycin 2,4 DNP Rotenone Onlr 400 X 200
B [ oEk ek ww 14 Q
5h 8 o .
L9 55300 . 2 S50 .
cuh 23 $3 .
= o =g
6‘ E 200 % 5100 o |°°
2 g e o go <
) & 2100 22 50
| o) N ©
| 2 5 5
0 ; — ; . 0 14 0
0 20 40 60 80 nir  5h  9h 24h nir  5h 9h 24h
Time [minutes]
K L nir 5h 9h 24h
Complex Il activity
V- ATP5A (54kDa)
o 300 g 400 [Il- UQCRC2 (48kDa)| " - e w—
= o)
Q. . bt
° Z @ 300
£ 5200 . €83
T T 3= 200 Il- SDHB (29kDa)| e p—
O% Oos
0 2100 oo |0 Qe 100 IV- COX Il (22kDa)
oo O =
55— o T~ I- NDUFBS (18kDa) —
) [9]
x o o
nr 5h 9h 24h nir - 5h 9h  24h Actine (43 kDa) ——-——-|
M Nu-PL N Mt-PL
E . ) Antimycin @ 3 ) Antimycin
E 150 Oligomycin 2,4 DNP Rt s onir = 200 Ollg?mycm 2,4‘DNP Rm&:‘ e onlir
fa : u24h = ‘ ‘ = 24h
[ (= i -
w“ “
© 100 o
& )
4 o
(] 5]
O 504 o
[ [
2 =
¢ o T g o
N 20 40 60 80 VO 20 40 60 80

Time [minutes]

Time [minutes]

Fig. 4. OXPHOS is upregulated at 24 h after acute UVB irradiation A) Schematic representation of ECAR kinetics in cell response to glucose, oligomycin and 2-DG. B-
F) Extracellular acidification (ECAR) (B) basal ECAR (C), glucose-stimulated ECAR (D), glycolytic reserves (E) and glycolytic capacity (F) of KHAT at different times
after irradiation were measured. 3 < n < 7 [B-F], and significant p values (<0.05) from the mixed-effect model [B], and one way ANOVA [C-F]. G-K) The oxygen
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restored the early downregulation of canonical pathways; the expression
levels of proteins involved in glycolysis, the TCA cycle and OXPHOS; and
the early decrease in the abundance of the majority of metabolites.
Furthermore, rapid removal of nuclear CPD blocked the UVB-induced
mitochondrial fission process observed in UVB-irradiated control cells.
Rapid removal of CPDs from mtDNA in Mt-PL cells led to modified
patterns of canonical pathway activation, increases in the levels of
several metabolites, alterations in mitochondrial-dependent metabolism
and changes in mitochondrial network features compared to those in
UVB-irradiated control cells. It is worth noting that when comparing
Nu-PL and Mt-PL cells to control cells under non-irradiated (baseline)
conditions, the activation z-scores for various canonical pathways and
the fold changes in proteins involved in glycolysis and the TCA cycle
differ among Nu-PL, Mt-PL cells, and the control cells. However, the
magnitude of these differences is significantly smaller than the changes
observed after irradiation (Fig. S7). Similarly, baseline levels (non-ir-
radiated conditions) of certain metabolites differ among Ctrl, Nu-PL, and
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Mt-PL cells (Fig. 3C-J), suggesting that photolyase expression may have
specific effects on cellular metabolism. Further investigations are
required to elucidate the mechanisms underlying these modifications.

4.1. Metabolism reprogramming upon UVB irradiation

DDR programs are highly energy demanding processes [29,31].
Moreover, several DDR components (such as ATM, p53 and CDK) have
been shown to modulate the activities of several enzymes involved in
energy metabolism[6- [9,29]. Therefore, it is not surprising that geno-
toxic stress-induced DDR network triggers metabolic alterations. It has
been shown that the exposure of HaCat cells to acute UVB irradiation
leads to the upregulation of glycolysis, mitochondrial respiration and
fatty acid p-oxidation 24 h post-irradiation [32,33]. Similarly, exposure
of skin equivalents to UVB has been shown to induce an immediate
upregulation of G6PD, the key enzyme initiating glucose metabolism
through the oxidative branch of the pentose phosphate pathway (PPP),
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Fig. 6. The effects of nuclear and mitochondrial CPDs on the dynamics of mitochondrial morphology modifications A-B) PCA plot comparing mitochondrial
morphology features (including solidity, eccentricity, major and minor axis length, area and perimeter) among non-irradiated (nlr) and irradiated (Ir) cellsat 5h, 9 h
and 24 h post-irradiation. C) Mitochondrial morphology features were compared between Ctrl cells that were not irradiated and those that were 9 h post-irradiation.
D) Representative western blot showing Fis-1 expression levels at the indicated time points after UVB irradiation. Tubulin was used as a loading control. E-F) PCA
plot comparing mitochondrial morphology features (including solidity, eccentricity, major and minor axis length, area and perimeter) among non-irradiated (nIr) and
irradiated cells at 5 h, 9 h and 24 h post-irradiation in both Nu-PL (E) and Mt-PL (F) cells. G-H) Mitochondrial morphology features were compared between Nu-PL
(‘G) and Mt-PL (H) cells under non-irradiated condition and 9 h post-irradiation.

across all layers of the epidermis [34]. Activation of the oxidative PPP
flux 1) results in an increased NADPH/NADP" ratio, thereby enhancing
ROS clearance mechanisms, and 2) provides building blocks for de novo
nucleotide biosynthesis [35]. Our results showed that most metabolic
pathways were altered in a biphasic manner with early downregulation
followed by significant upregulation in both examined keratinocyte cell
lines (Figs. 1-3 and S3). Therefore, examining cell response kinetics is
key to better understanding the essence of the crosstalk between DDR
activation and metabolism (i.e., maintenance of cell survival and ho-
meostasis). In agreement, several studies have shown that acute exog-
enous genotoxic stress-induced DDR represses the expression of enzymes
involved in the TCA cycle and OXPHOS at the transcriptional level,
typically 1-2 h after exposure [36,37]. However, examination at longer
time points revealed a significant increase in the OCR and in the
expression levels of genes involved in mitochondrial respiration [38].
Late metabolic modifications likely occur to compensate for the deple-
tion of cellular ATP, NAD+ and other metabolites during the repair
process of DNA damage[32,33,39-41]. Accordingly, the biphasic mod-
ulations in metabolic pathways and upregulated mitochondrial respi-
ration 24 h after irradiation were abolished in cells expressing Nu-PL
(Figs. 1C and 4M). Moreover, modified metabolism has also been
demonstrated in several models of DNA repair-deficient diseases. For
example, cells from xeroderma pigmentosum (XP) patients (such as
XP-C, XP-D and XP-A patients) and Cockayne syndrome (CS) patients
have shown intrinsically altered metabolism, such as increased glycol-
ysis and decreased mitochondrial metabolism [5], indicating that cells
in which DNA damage persistently accumulates need to change their
metabolism to ensure homeostasis.

4.2. Functional mitochondria in cell responses to UVB irradiation

Owing to its central function in numerous cellular processes
including cell cycle progression, apoptosis/senescence and autophagy,
energy metabolism plays a crucial role in cellular homeostasis under
stress conditions. It is now widely accepted that OXPHOS and glycolysis
cooperate to sustain the variable energy demands and anabolic
(biosynthetic) needs of cells during their responses to stressors [42,43]
and that human cells achieve those needs through various regulatory
mechanisms referred to as metabolic reprogramming [44-46]. Besides
energy demands, functional mitochondria are also crucial for supporting
cellular biosynthetic fluxes, which are necessary for providing cellular
building blocks such as nucleic acids, proteins and membranes, but also
for redox resetting to acquire a new redox balance upon stress [42,43,
47]. Therefore, it is unsurprising that cells with the ability to rapidly
remove CPDs from their mtDNA (i.e., Mt-PL cells) exhibit different re-
sponses to UVB compared to control cells. Our data indeed revealed
significant differences in the activation profiles of canonical pathways
and mitochondrial network features following irradiation between
Mt-PL and control cells (Figs. 1, 2 and 6). One possible explanation is
that persistent mtDNA damage following UVB irradiation can induce
mitochondrial dysfunction by promoting mitochondrial ROS generation,
as observed in response to other genotoxic insults [48,49]. In addition to
the presence of CPD on mtDNA, ROS-mediated mitochondrial dysfunc-
tion may contribute to the observed modifications in control cells. In
Mt-PL cells, the removal of CPD from mtDNA contributes to the main-
tenance of mtDNA integrity. However, the persistence of nuclear CPDs
on genomic DNA and the consequent reduction in the expression of
nuclear-encoded mitochondrial enzymes leads to an imbalance between
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mitochondrial-encoded enzymes and nuclear-encoded enzymes. This
imbalance could explain the observed delay in the restoration of several
detected modifications.

A better understanding of the role of metabolism in keratinocyte
responses to UVB is crucial for developing adapted metabolic therapies
for the prevention and treatment of skin cancers, as proposed for iso-
citrate dehydrogenase (IDH) 1 and 2 mutant tumors [50,51]or for
oxidative human lung adenocarcinomas [52].
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