Investigations of the UV-induced DNA
damage response in human cells and
zebrafish embryos

Dissertation

Zur Erlangung des Grades Doktor

der Naturwissenschaften

Am Fachbereich Biologie

Der Johannes Gutenberg-Universitat Mainz

Claudia Scalera
geb. am 21.03.1992 in Altamura, Italien

Mainz, Juni 2024






Summary

Organisms are constantly exposed to ultraviolet (UV) light by the sun, resulting in different DNA
lesions. Thus, cells have developed DNA repair pathways such as nucleotide excision repair (NER)
to efficiently repair UV light-induced DNA damage. Defects in the NER pathway are associated
with the development of diseases such as Cockayne syndrome and melanoma. Many studies
investigated the signaling pathways that are triggered by UV light irradiation in human cancer cell
lines. However, only a few studies investigated these signaling pathways in whole organisms.
Zebrafish experience UV-B light exposure in the wild, since UV-B light passes through clear water
[1]. Zebrafish develop cancers that resemble human tumors both at molecular and histopathological
level, and possess conserved DNA repair mechanisms, including NER pathway [2]. Therefore,
zebrafish display a well-suited model organism to study the DNA damage response to UV light. In
our study, we used UV-C irradiation since it generates DNA adducts, in particular cyclobutane
pyrimidine dimers (CPDs) and 6-4 photoproducts (6-4PPs), which inhibit RNA polymerase Il
elongation.

We explored the gene regulatory mechanisms that allow zebrafish embryos to oppose UV-C-
induced DNA damage. We applied state-of-the-art quantitative proteomics and genomics
approaches to study the response of zebrafish embryos to UV-C radiation. We compared the
changes in protein levels, phosohorylation- and ubiquitylation-dependent signaling and gene
expression at early and late response to UV-C irradiation.

Using quantitative phosphoproteomics, we identified increased phosphorylation of proteins
involved in translation and DNA repair. Moreover, UV-C-induced phosphorylation occurred on a
specific sequence motif (S/TQ) targeted by protein kinases ATM and ATR. We detected sites that
are present in human and to also be conserved in zebrafish embryos, such as VCP (S784) and
nucksla (S52). We found increased phosphorylation of Serine 115 in NELFE, which we have
previously shown to be important for transcription regulation after UV-C light-induced DNA
damage [3]. The prominent difference between the protein kinases that we could predict to be
activated in human cells and zebrafish embryos upon UV-C stress includes G protein-coupled
receptor kinases (GRKSs) and transforming growth factor receptors (TGFBR). Furthermore, the
exposure to UV-C radiation induces the decrease of total level of proteins involved in DNA
replication and ATP production. Increased levels were found for proteins belonging to
paraspeckles, mMRNA processing and splicing factors. Differentially expressed genes were enriched
for cell cycle arrest and DNA damage response. Finally, to investigate the changes in ubiquitin
signaling induced by UV-C irradiation, we combined a pulldown using a high-affinity ubiquitin-
binding domain (UBD) with quantitative proteomics in zebrafish embryos [4]. We found increased
ubiquitylation of proteins involved in RNA processing and DNA repair, in particular the factors
involved in Fanconi anemia (FA) repair pathway, FANCI and FANCD2, and in RNA processing.

In conclusion, this study provides the first overview of the UV-C-induced DNA damage response
in zebrafish embryos.



Zusammenfassung

Organismen sind durch die Sonne standig ultraviolettem (UV) Licht ausgesetzt, was zu
verschiedenen DNA-Schéaden flhrt. Daher haben die Zellen DNA-Reparaturwege wie die
Nukleotid-Exzisionsreparatur (NER) entwickelt, um durch UV-Licht verursachte DNA-Schéaden
effizient zu reparieren. Defekte im NER-Signalweg werden mit der Entstehung von Krankheiten
wie dem Cockayne-Syndrom und Melanomen in Verbindung gebracht. Viele Studien untersuchten
die Signalwege, die durch UV-Licht-Bestrahlung in menschlichen Krebszelllinien ausgeldst
werden, doch nur wenige Studien untersuchten diese Signalwege in ganzen Organismen.
Zebrafische sind in freier Wildbahn UV-B-Licht ausgesetzt, da UV-B-Licht durch klares Wasser
dringt [1]. Zebrafische entwickeln Krebsarten, die menschlichen Tumoren sowohl auf molekularer
als auch auf histopathologischer Ebene d&hneln, und verfligen Uber konservierte DNA-
Reparaturmechanismen, einschliellich des NER-Signalwegs [2]. Daher sind Zebrafische ein gut
geeigneter Modellorganismus zur Untersuchung der DNA-Schadensreaktion auf UV-Licht. In
unserer Studie verwendeten wir UV-C-Bestrahlung, da sie DNA-Addukte, insbesondere
Cyclobutan-Pyrimidin-Dimere (CPDs) und 6-4-Photoprodukte (6-4PPs), erzeugt welche die
Elongation der RNA-Polymerase 1l hemmen. Wir untersuchten die genregulatorischen
Mechanismen, die es Zebrafisch-Embryonen ermdoglichen, sich gegen UV-C-induzierte DNA-
Schéden zu wehren. Wir haben modernste quantitative Proteomik- und Genomikansatze
angewandt, um die Reaktion von Zebrafischembryonen auf UV-C-Strahlung zu untersuchen. Wir
verglichen die Verdnderungen der Proteinkonzentrationen, der von Phosphorylierung und
Ubiquitylierung abhangigen Signaltbertragung und der Genexpression bei der friihen und spéten
Reaktion auf UV-C-Bestrahlung. Mithilfe der quantitativen Phosphoproteomik konnten wir eine
erhdhte Phosphorylierung von Proteinen feststellen, die an der Translation und DNA-Reparatur
beteiligt sind. Dartber hinaus erfolgte die UV-C-induzierte Phosphorylierung an einem
spezifischen Sequenzmotiv (S/TQ), das von den Proteinkinasen ATM und ATR gesteuert wird.
Wir entdeckten Stellen, die beim Menschen vorkommen und auch in Zebrafisch-Embryonen
konserviert sind, wie VCP (S784) und nucksla (S52). Wir fanden eine erhéhte Phosphorylierung
von Serin 115 in NELFE, von dem wir zuvor gezeigt haben, dass es fir die
Transkriptionsregulation nach UV-C-Licht-induzierten DNA-Schéden wichtig ist [3]. Zu den
auffalligen Unterschieden zwischen den Proteinkinasen, die nach UV-C-Belastung in
menschlichen Zellen und Zebrafischembryonen aktiviert werden, gehéren G-Protein-gekoppelte
Rezeptorkinasen (GRKSs) und transformierende Wachstumsfaktor-Rezeptoren (TGFBR). Darlber
hinaus fihrt die Exposition gegenliber UV-C-Strahlung zu einer Verringerung des Gesamtniveaus
von Proteinen, die an der DNA-Replikation und ATP-Produktion beteiligt sind. Wir fanden eine
Anreicherung von Proteinen, die mit Paraspeckles, mRNA-Verarbeitung und Spleil3faktoren in
Verbindung gebracht werden. Die von uns gefundenen, differenziell exprimierten Gene sind mit
Zellzyklus-Stillstand und DNA-Schadensreaktion assoziiert. Um schlief3lich die durch UV-C-
Bestrahlung induzierten Veranderungen im Ubiquitin-Signalweg zu untersuchen, kombinierten wir
einen Pulldown mit einer hochaffinen Ubiquitin-Bindungsdoméne (UBD) mit quantitativer
Proteomik in Zebrafischembryonen [4]. Wir fanden eine erhdhte Ubiquitylierung von Proteinen,



die an der RNA-Verarbeitung und DNA-Reparatur beteiligt sind, insbesondere von Faktoren, die
am Reparaturweg der Fanconi-Andmie (FA), FANCI und FANCD2, beteiligt sind.
Zusammenfassend lasst sich sagen, dass diese Studie den ersten Uberblick tber die UV-C-
induzierte DNA-Schadensreaktion in Zebrafisch-Embryonen liefert.
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1 Introduction

Cells are constantly exposed to sources that can generate DNA lesions. To counteract the impact
of the DNA lesions, cells have evolved an intricate DNA damage response (DDR) network that
involves various pathways such as cell cycle arrest, DNA repair, apoptosis, senescence and
regulation of transcription [5], [6], [7]. Stress conditions and DNA damage lead to the activation
of cell cycle checkpoints and reallocating energy from regular cellular maintenance and specialized
functions towards the repair process. In fact, a temporary pause of cell growth occurs and serves
as a protective measure by preventing the replication and transmission of the damaged genome to
future cell generations, thereby maintaining the overall integrity of the genetic and functional
information of the cells [8]. Failure to remove DNA lesions can result in genetic mutations, which
have the potential to contribute to the development of diseases, including cancer [9]. To maintain
the overall health and integrity of the organism, across the evolution, cells developed also a
mechanism known as programmed cell death, acting as a safeguard and allowing the elimination
of those cells undergoing an extensive damage [10].

1.1  UV-light

The majority of living organisms are exposed to ultraviolet (UV) light, which can result in various
effects, such as DNA damage, sunburn, premature skin aging, and an elevated risk of skin cancer
[11], [12], [13]. UV radiation is emitted naturally from the sun and artificial sources, such as
sunlamps, UV lamps and fluorescent lamps. Depending on the wavelength, UV light can be divided
into three categories: UV-A (320-400 nm), UV-B (280-320 nm) and UV-C (100-280 nm). Among
them, almost all UV-C and some UV-B are absorbed by the ozone layer and do not affect organisms
[14], [15], [16]. The rest of the UV-B can be absorbed by the cells inducing the oxidative stress by
generating the reactive oxygen species (ROS), which can lead to premature aging [17], [18], and
erythema [19]. On the contrary, UV-A has a higher wavelength that, in human, can cause indirect
DNA damage along with collagen and elastin fibre degradation through oxidative stress pathways
[20] and is the major responsible of skin aging [21]. Since the maximal absorption of DNA occurs
at 260 nm, namely in the UV-C radiation, UV-C induces the most severe DNA damage in the form
of cyclobutane pyrimidine dimers (CPDs) and 6-4 photoproducts (6-4PPs), and RNA-protein
crosslinks (RPCs) [22], [23], [24], [25].

1.2 Lesions generated in response to UV-C irradiation
1.2.1 Transcription-blocking lesions (TBLS)

The molecular origins of several skin cancers, such as melanoma, is associated to the UV-induced
dimerization of adjacent pyrimidine nucleotides in DNA [26], [27], [28]. The exposure of cells to
UV-C radiation generates cyclobutane pyrimidine dimers (CPDs) and 6-4 photoproducts (6-4PPs),
both of which are DNA adducts that induce conformational alterations to the DNA double helix
[29]. These molecular distortions, when accumulated, are implicated in the rise of skin cancers, for
example cutaneous squamous cell carcinoma, basal cell carcinoma, and melanoma [30], [31], [32].
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The cyclobutane thymine—thymine dimer (TAT) represents the most cytotoxic of these UV-C-
induced lesions, but various pyrimidine bases are susceptible to dimerization yielding a variety of
CPDs due to the formation of covalent bonds at the C5-C6 positions. Conversely, 6-4PPs are
characterized by a noncyclic bond linkage between the C6 atom of one pyrimidine residue and the
C4 atom of the adjacent residue (Figure 1).

o o) o} o}
j\ /l\L HNWNH
7 e Ty e
Cyclobutane pyrimidine dimer Pyrimidine (6 — 4) pyrimidone photoproduct
CPD (6 —4)PP

Figure 1. The main UV-induced photoproducts
CPDs and 6-4PPs structures (from [398]).

Although additional photoproducts have been identified, such as the cytosine photohydrate, which
forms by water molecule addition to the cytosine double bond, known as cytosine photohydrate (6-
hydroxy-5, 6-dihydrocytosine) [26], and the adenine dimer [27], these lesions are relatively
unstable and considered to be less pathogenic.

The accumulation of such photoproducts presents a significant impediment to DNA replication and
transcription processes, thus compromising genomic stability [7]. During transcription, RNA
polymerase Il (Pol 1) is able to navigate past minor DNA anomalies, like oxidative lesions [28].
However, it cannot bypass substantial obstructions like CPDs and 6-4PPs, which are, for this
reason, categorized as transcription-blocking lesions (TBLs). Although individual genes are
upregulated, the presence of UV-C-induced lesions typically triggers a global cessation of
transcriptional process, with normal transcriptional function only restored upon lesion excision
[29], [30], [31]. The impaired cellular ability to remove the UV-induced DNA damages results in
persistent transcriptional suppression, as observed in cells from Cockayne syndrome (CS) and
Xeroderma Pigmentosum (XP) patients [31]. The primary mechanism employed by cells for the
resolution of CPDs and 6-4PPs is the nucleotide excision repair (NER) pathway, which
systematically excises the lesions, thus restoring DNA integrity and cellular function [32].

1.2.2 Oxidative damage

UV-C radiation can induce DNA damage indirectly through the generation of reactive free radical
species [33]. The hydroxyl radical (OH*), which is the most reactive oxygen species (ROS), can
be produced by the interaction of the superoxide radical (O2°) with hydrogen peroxide (H202) in
the presence of metal ions such as iron(11) (Fe?*) or copper(l) (Cu®) as catalytic agents [34], [35],
[36], [37], [38]. ROS have the potential to compromise DNA integrity by generating oxidized
nitrogen bases. Oxidation of pyrimidines can form hydrates and glycol derivatives mutagenic



lesions, instead oxidation of purines generates formamidopyrimidine derivative, 8-oxo derivatives,
in particular 7,8 dihydro-8-oxogusnine (also known as 8oxo-guanine or 8-0xo0-G) [39] (Figure 2).

NH, 0 0
] : :
$ T =) =T
I\ / )\ N /K
N NH; HoN N H HO N c

Formamidopyrimidine 7.8 dihydro-8-oxoguanine Thymine glycol
(8-0x0-G)

Figure 2. Oxidized DNA bases
Formamidopyrimidine derivative of adenine (Fapy-A), 7,8 dihydro-8-oxoguanine (8-0xo-G) and thymine glycol. The
red boxes highlight the modification of the proper base structures by ROS (from [398]).

Such oxidative damage is capable of interfering with DNA replication and transcription by causing
base modifications and provoking single-stranded DNA breaks (SSBs) by directly binding the
sugar-phosphate backbone of the DNA. If SSBs occur concurrently on opposing strands, they may
develop into the more severe double-stranded DNA breaks (DSBs). ROS not only damage nucleic
acids but also adversely impact lipids and proteins. Excessive OH* can initiate lipid peroxidation,
which in turn compromises cell membranes and lipoproteins [40]. This process may also yield
reactive aldehydes as malondialdehyde that can further form DNA adducts with bases such as
adenine, cytosine, or guanine [41], [42]. Oxidative stress can also affect proteins by structural
changes, potentially leading to the loss of function [35], [43], [44]. It has been shown that UV-C
exposure is associated with the inhibition of DNA topoisomerase | (top 1), potentially transforming
the cleaved top | complex into DSBs [45]. This supports the hypothesis that DSBs may be generated
in a top I-dependent fashion following UV-induced replication stress. Similarly, ROS can impair
topoisomerase Il (top II), leading to DSBs formation [46], [47].To mitigate oxidative DNA
damage, cells employ the base excision repair (BER) pathway [35], [43]. Instead, DSBs are
typically removed via repair mechanisms such as non-homologous end joining (NHEJ) and
homologous recombination (HR) [48].

1.2.3 RNA-protein crosslinks (RPCs)

Our recent publication [23] has revealed that, beyond causing DNA damage, both formaldehyde
(FA) and UV-C irradiation are capable of inducing RNA-protein crosslinks (RPCs), which
represent significant obstacles to the proper functioning of ribosomes, thereby disrupting the
translation process [49], [50]. RPCs lead to ribosome stalling and subsequent collisions, resulting
in the formation of di-ribosomes [51]. These di-ribosomes are subsequently targeted by the
ubiquitin E3 ligase ZNF598, which ubiquitylates the 40S ribosomal subunits RPS10 and RPS20, a
critical step in the activation of the ribosome-associated quality control (RQC) pathway. RQC
pathway plays a crucial role in resolving stalled ribosomes [52], [53], [54]. K6-linked
ubiquitylation is catalyzed by the E3 ligase RNF14 and targets RPCs proteins driving RPCs
resolution. RPCs removal is aided by valosin-containing protein (VCP or p97), the ubiquitin-
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dependent protein remodeler. RPCs induction and their resolution appear to be conserved across
the organisms. In yeast, FA-induced K6-linked ubiquitylation has been shown to rely on the RNF14
ortholog ITT1, underscoring the evolutionary conservation of this pathway [23], [55] (Figure 3).

Ribosome

%

l Reactive Aldehydes

RNA-Protein
Crosslink (RPC)

K6-Linked
Ubiquitylation

[ Resolution of K6-Ubiquitylated RPCs }

Figure 3. Formation of RPCs

Schematic representation of RPCs resolution. RPCs are formed in cells upon exposure to FA and UV-C. Translating
ribosomes stall at the RPC, and subsequent K6-linked ubiquitylation catalyzed by RNF14 marks the RPC. VCP
unfoldase is recruited to extract the protein and solved the RPC (from [23]).

1.3 DNA repair systems

Depending on the generated UV-induced DNA damage, different DNA repair mechanisms are
employed. The relevant pathways involved in the removal of the UV-induced DNA lesions are the
nucleotide excision repair (NER), the base excision repair (BER), the mismatch repair (MMR), and
the double-strand break repair (DSBR) that includes homologous recombination (HR) and non-
homologous end-joining (NHEJ) mechanisms, but cells employd also mechanisms such as
Transletion synthesis (TLS) and Fanconi anemia (FA) repair.

1.3.1 Nucleotide excision repair (NER) pathway

The nucleotide excision repair (NER) is the main pathway employed by the cells to remove CPDs
and 6-4PPs. This mechanism is highly conserved and is carried out by Xeroderma Pigmentosum
(XP) factors. Indeed earliest studies were performed both in bacteria and in human. In bacteria,
although the steps of the process and the protein functions are similar as in mammals, the pathway
is less complicated and involves fewer proteins [56]. NER is divided in two subpathways: global-
genome nucleotide excision repair (GG-NER) and transcription-coupled nucleotide excision repair
(TC-NER). The two subpathways differ in the DNA damage recognition. On the one hand, GG-
NER starts with the DNA damage recognition by XPC complex, consisting of XPC, the UV
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excision repair protein RAD23 homolog B (RAD23B), and centrin-2 (CEN2) [57], [58], which
bind the undamaged strand opposite to the lesion and recruit the transcription factor 11 H (TFIIH)
complex. On the other hand, TC-NER occurs in transcribed active genes. TC-NER is triggered by
the stalled-Pol 11 that functions as sensor for transcription-blocking lesions (TBLs) [59], [60], [61].
When transcribing Pol Il encounters a bulky DNA lesion, CSB forms a stable interaction with Pol
11 [62], [63], [64]. This stability may be due to the C-terminus of CSB latching onto Pol Il or
binding to DNA upstream of Pol Il, mediating the initial interaction before dissociating from the
ATPase domain [65]. Stalled Pol Il dissociates from the lesion through degradation or backtracking
[61], [66], [67]. This removal provides access to the DNA lesion for the multi-subunit transcription
factor Il H (TFIIH) complex [68]. TFIIH promotes the binding of XPA to ssDNA-dsDNA
junctions. XPA is involved in damage verification and serves as a scaffold for NER factors. RPA
binds the exposed ssSDNA. The structure-specific endonuclease XPF-ERCC1 heterodimer (which
cuts 50 of the lesion) and XPG (which cuts 30 of the lesion) are recruited by XPA. TFIIH binds
and displaces the excised ssDNA oligonucleotide containing the damage and the ssSDNA gap of
22-30 nt is then filled by DNA Pol 8 or DNA Pol ¢ and sealed by DNA ligase 1 [69] (Figure 4).

1.3.2 Base excision repair (BER) pathway

The base excision repair (BER) is a highly conserved pathway responsible for addressing damage
resulting from the alkylation, deamination, and oxidation of DNA bases, such as 8-oxo-G [70],
[71]. Although both prokaryotes and eukaryotes employ homologous proteins with analogous
functions, eukaryotes possess a range of broader enzymes in comparison [72].

In the initial step, a damage-specific DNA glycosylase recognizes the modified nucleotide,
cleaving the N-glycosyl bond between the sugar and the base and forming an abasic site (AP-site).
Mammalian cells possess over 11 glycosylases, categorized into mono- or bifunctional
glycosylases based on their reaction mechanism [71]. Monofunctional glycosylases, like uracil-
DNA glycosylase (UNG), require a partner, such as DNA-apurinic site endonuclease (APE1), for
the incision step. Instead, bifunctional enzymes, such as 8-oxoguanine DNA glycosylase (OGG1)
and endonuclease 8-like 1 (NEIL1), possess both glycosylation and lyase activities. The AP-site
generation results in SSBs. Spontaneous formation of AP-sites can also occur after depurination or
depyrimidination. The AP-site is cleaved by the AP endonuclease, marking the initiation of BER,
which then can diverge into short-patch or long-patch repair subpathway. In the short-patch
pathway, DNA polymerase B (Pol ) replaces the excised nucleotide, repairing the lesion. If Pol 8
encounters difficulty at the 5’ terminus, the long-patch BER ensues, rebuilding 2-6 nt around the
blocking terminus with the assistance of proliferating cell nuclear antigen (PCNA), Flap
endonuclease 1 (FEN1) and DNA polymerase 6/¢ (Pol d/¢). The final step involves the ligation and
removal of the remaining nick by the L1G1 and FEN1 or the Ligase 11I-XRCC1 complex [71], [73],
[74] (Figure 4).

1.3.3 Mismatch repair (MMR) pathway

The Mismatch repair (MMR) pathway plays a pivotal role in maintaining DNA integrity by
addressing base-base mismatches and insertion or deletion mispairs generated during DNA
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replication. The MMR machinery can recognize and remove DNA lesions induced by external
agents such as cisplatin [75], [76]. The MMR process involves the identification and cleavage of
the lesion, followed by the re-synthesis and ligation of the DNA [77].

In eukaryotes, the MMR recognition step include the activity of the MutS heterodimer (human
homologs are MSH2, MSH3, MSH6), which recognizes the lesion. MutS with the MutL
heterodimer (human homologs MLH1, MLH3, PMS1, PMS2) facilitate the recruitment and
binding of the exonuclease EXO1. The replication clamp, PCNA, binds to MutS and MutL,
supports EXO1 in the incision and starts the re-synthesis of the DNA [78], [79]. Subsequently,
RPA covers naked ssDNA stretches before the Pol & processes them into DSBs. At the end, the
remaining nick is ligated by LIG1 (Figure 4).

1.3.4 Double-strand break repair (DBSR) pathways

The double-strand breaks (DBSs) represent a category of lesions frequently encountered
consequently to UV irradiation [80]. DSBs are not generated directly by UV-light exposure, but
their formation is linked to both the photoproducts and the presence of ROS in the cells. This
occurrence is often associated with impediments in transcription or replication processes. DSBs
may also arise during DNA repair course, such as the BER pathway. Despite their relatively
infrequent incidence, DSBs represent one of the most severe form of DNA damage that cells may
confront. The homologous recombination (HR) and the non-homologous end-joining (NHEJ)
repair mechanisms belong to the DSBR pathway [6], [81]. Although both the repair processes share
general common steps (recognition, end processing, and ligation), the proteins participating are
different. HR relies on the DNA strands homology and utilizes sister-chromatid sequences as a
template and is specifically activated during the synthesis (S) and G2 phases of the cell cycle, where
the condensation of the chromatin facilitates homology searching [82], [83], [84]. During HR, the
MRN complex, consisting of MRE11, RAD50, and NBS1, recognizes DSBs [85]. The DNA repair
protein RAD50 (RADS50) tethers the broken DNA ends, the double-strand break repair protein
MRE11 (MRE11) exhibits endonuclease and exonuclease activities, and nibrin (NBS1) facilitates
protein-protein interactions promoting DNA repair. The generation of ssDNA is crucial for the
homology searching and is favored by the activity of MRN complex [6], [86], [87]. The resection
step is regulated by CtBP-interacting protein (CtIP). EXO1, DNA replication ATP-dependent
helicase/nuclease DNA2 (DNAZ2), Bloom syndrome protein (BLM), and Werner syndrome ATP-
dependent helicase (WRN) are also participating in the resection phase of HR [6], [88]. The
resulting ssDNA is coated with RPA that contributes to its stability [89], [90] and provides the
platform for RAD51 that plays a crucial role in nucleofilament formation and homology searching.
RADS51 works together with the E3 ubiquitin ligase breast cancer type 2 susceptibility protein
(BRCAZ2) to facilitate strand invasion onto an undamaged DNA duplex, forming a D-loop [91],
[92]. The invaded strand can be elongated by DNA polymerase and ligated to the untouched
sSDNA, creating a Holliday junction (HJ). This structure can be displaced by regulator of telomere
elongation helicase (RTELL) or cleaved by MUS81-EMEL1 nucleases. Alternatively, if the other
ssDNA undergoes invasion, a double Holliday junction (dHJ) is formed after elongation and
ligation. The resolution of dHJ involves either dissolution by the BLM-TOPOIII complex or
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cleavage by endonucleases GEN1, MUS81-EME1, or SLX1-SLX4, leading to crossover or non-
crossover HJ, respectively [93], [94], [95] (Figure 4).

The NHEJ functions throughout all the cell cycle and starts with the recognition of DSBs by the
Ku70-Ku80 heterodimer, which encircles the broken DNA ends. Ku70-Ku80 guides the
recruitment of downstream NHEJ factors [96]. The Ku70-Ku80-DNA complex attracts 5'
exonucleases ARTEMIS and APLF to the DSBs. DNA-PKcs phosphorylates ARTEMIS,
activating its endo- and exonuclease activities [97]. ARTEMIS processes the DNA ends, and the
XRCC4-XLF complex forms filaments, providing additional stability.

XRCC4-XLF also serves as a scaffold for downstream factors in case further end processing is
required. The recruitment of APLF removes an adenylate group covalently bound to a 5' phosphate.
DNA polymerase p (Pol p) copies the entire strand to fill the interrupted fragment and XRCC4-
Ligase 1V seals the DNA filaments (Figure 4).
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Figure 4. The main DNA repair pathways involved in the resolution of the UV-induced DNA damage

The mismatch repair (MMR), the base excision repair (BER), the nucleotide excision repair (NER), the homologous
recombination repair (HR) and the non-homologous end-joining repair (NHEJ). The steps of the repair mechanisms
are explained in the main text 1.3 (https://encyclopedia.pub/entry/42195).
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Alternatively, poly ADP-ribose polymerase 1/2 (PARP1/2) can recognize DSBs, directing them to
alternative NHEJ (alt-NHEJ). In alt-NHEJ, the MRN complex binds to PARP1/2, activating DSB
signaling similar to classical NHEJ, and processes ends into short flaps (5-25 nt). CtIP and BRCA1-
BARD1, together with MRN complex, execute the DSB resection. Pol 6 fills the gap using ssDNA
regions with microhomology, inhibiting HR events. Finally, XRCC1/Ligase 111 complex seals the
strands [6], [98]. NHEJ predominates during the G1 phase, while HR requires a sister chromatid
and prevails in late S and G2 phases [99], [100]. Alt-NHEJ can be activated in all the phases, with
increased activity during S-phase accompanied by CDK activity [101].

1.3.5 Tranlesion synthesis (TLYS)

Cells execute high-fidelity replication of genetic material mediated by DNA polymerases Pol 6 and
Pol &, ensuring genomic stability and minimizing mutagenesis. These polymerases are integral
components of repair pathways and exhibit differing fidelity and processivity. In response to UV
radiation, the translesion synthesis (TLS), an unconventional repair mechanism, can be employed
to avoid replication fork arrest [102]. TLS does not fully restore DNA sequence and structure,
thereby increasing the chance to introduce mutations due to the persistence of lesions within the
DNA strands. Eukaryotic cells employ a repertoire of TLS polymerases, including Y family (Pol
n, Pol 1, Pol ), B family (Pol {), X family (hPol B, A, n), and A family (0 and v) [103], and the
highly specialized dCMP transferase Revl [102]. TLS polymerases lack 3'-5' exonuclease
proofreading activity, further compromising repair accuracy [102], [104]. TLS polymerases
synthesize newly DNA bypassing UV-induced lesions, such as photoproducts. In particular, Pol n
and Pol  can overcome TAT dimers, while 6-4 TAT dimers require REV1, thereby facilitating
continuous DNA synthesis past damaged sites and preventing the formation of double-strand
breaks (DSBs) [102], [103]. TLS activity is tightly regulated and ubiquitylation of PCNA appears
to be crucial for lesion bypass [104], [105] even if conflicting findings exist regarding the
monoubiquitylation of PCNA and its role in TLS [106].

1.3.6 Fanconi anemia (FA) repair pathway

UV irradiation can affect DNA replication by causing stalling of DNA replication forks. The
Fanconi Anemia (FA) repair pathway plays a role in resolving this type of DNA damage [107]. In
particular, the primary function associated with the FA pathway is the elimination of DNA
interstrand crosslinks (ICLs), which are highly toxic DNA lesions that hinder replication by
impeding DNA strand separation [108], [109].

The FA pathway is a complex process that is dysfunctional in a genetic disorder characterized by
congenital abnormalities, bone marrow failure, and an increased predisposition to cancer.
Currently, 22 FA genes have been identified and are grouped into the FA core complex (consisting
of FANCA, B, C, E, F, G, L, and M subunits), the FANCI/FANCD2 (ID) complex, and
downstream effector proteins. When DNA replication is obstructed by ICLs, the E3 ubiquitin ligase
activity of the FA core complex monoubiquitylates the ID complex [109]. Ubiquitylated ID
complex recruits downstream factors involved in transletion synthesis (TLS) and homologous
recombination (HR) to initiate the removal of ICLs [110]. Recent investigations have demonstrated
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that monoubiquitylation of the ID complex alters its affinity for ICLs and transforms it into a sliding
DNA clamp, thereby facilitating the coordination of downstream repair reactions [111].

The process of ICLs removal is mediated by the SLX4/FANCP complex and its associated
endonuclease XPF/ERCC1, which generate incisions and unhook the ICLs [112], [113]. Other
nucleases, in particular MUS81/EMEL and the Fanconi-associated nuclease 1 (FANL1), have also
been implicated in ICLs incision [109], [114]. The remaining ICL is bypassed by TLS polymerases
REV1 and Pol { (a complex formed by REV3 and REV7) [115]. Finally, FANCD?2 is
deubiquitylated by the USP1-UAF1 complex to terminate the FA pathway [116], [117].

1.4 DNA damage response (DDR)

The DNA damage response (DDR) pathway is a complex network that aims to maintain cellular
integrity by regulating key processes such as replication, transcription, RNA metabolism, repair,
and protein synthesis. DDR is finely tuned by post-translational modifications (PTMSs), which are
covalent modifications of amino acid residues on target proteins, altering their properties and
functions. PTMs like phosphorylation and ubiquitylation are crucial in DDR since they enable
rapid, reversible, and dynamic responses to cellular stress [118].

Central to the DDR signaling are the serine-protein kinases ataxia telangiectasia mutated (ATM)
and ataxia telangiectasia and Rad3-related protein (ATR), along with the DNA-dependent protein
kinase catalytic subunit (DNA-PKcs) and poly [ADP-ribose] polymerases (PARPS). These
enzymes are pivotal in initiating the DDR to various stimuli, including UV radiation [119]. ATM
and DNA-PKcs primarily respond to double-strand breaks (DSBs), whereas ATR is activated by
single-strand breaks (SSBs) and replication-associated damage. The modulation of chromatin
structure near DNA damage sites through protein-protein interactions or PTMs facilitates an
effective repair environment [6], [120]. Both ATM and ATR are initially inactive dimers that
become active monomers upon activation [121], preferentially phosphorylating proteins at serine
or threonine residues followed by glutamine (S/TQ motif) [122], [123].

Following DNA damage, ATM and ATR phosphorylate numerous substrates, in particular the
histone H2AX at serine 139 (YH2AX) that marks the sites of damage and allows the recruitment of
DNA repair proteins. YH2AX attracts chromatin-remodeling complexes, aiding in the repair
process [120], [124]. The MRE11-RAD50-NBS1 (MRN) complex detects DNA damage,
activating ATM, which can also be directly phosphorylated by oxidative stress. Key substrates of
ATM include mediator of DNA damage checkpoint protein 1 (MDC1), nibrin (NBS1), TP53-
binding protein 1 (53BP1), and breast cancer type 1 susceptibility protein (BRCAL) [125].

ATR, on the other hand, is recruited to stalled replication forks, where the sSDNA produced by the
MCM2-7 complex helicase activity is coated with replication protein A (RPA). ATR recruitment
and activation are triggered by interactions with ATR-interacting protein (ATRIP) and are
dependent on DNA topoisomerase 2-binding protein 1 (TOPBP1) and the RAD9-RAD1-HUS1
complex [125], [126], [127].

Activation of ATM and ATR leads to the phosphorylation of downstream checkpoint kinases
CHK1 and CHKZ2, respectively, which then inhibit cyclin-dependent kinases (CDKs), affecting the
cell cycle progression. CHK1 targets CDC25 phosphatase, leading to cell cycle arrest, while CHK2
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activates the tumor suppressor protein TP53, which can induce cell cycle arrest or apoptosis in
response to DNA damage [128], [129]. TP53 activation is also directly influenced by ATM and
ATR, which can phosphorylate TP53, leading to the release of its inhibitor, MDM2 [130].
Ubiquitylation, another critical PTM in DDR, consists on the attachment of ubiquitin to substrate
proteins, affecting their function, localization, or stability. Ubiquitin is a small and highly
conserved regulatory protein (8.5 kDa; 76 amino acids) [131], [132] and its carboxyl-terminal
glycine residue forms an isopeptide bond with lysine residues in the substrate protein. Ubiquitin
itself has seven internal lysines (K6, K11, K27, K29, K33, K48 and K63), which enable the
formation of not only ubiquitylation of the substrate, but also the formation of ubiquitin chains.
Ubiquitin chains exhibit diversity, with some substrates receiving a single ubiquitin molecule
(monoubiquitylation), one molecule at multiple locations (multi-monoubiquitylation) or chains of
multiple ubiquitin moieties (polyubiquitylation), which may be branched or folded in various
conformations. The ubiquitin-proteasome system (UPS) plays a significant role in degrading
damaged proteins, with ubiquitylation being a reversible process. Three enzymes drive the
ubiquitylation process: E1 (ubiquitin-activating enzyme), E2 (ubiquitin-conjugating enzyme), and
E3 (ubiquitin ligase). E3 ligases primarily confer substrate specificity to the ubiquitylation process
[133]. In response to UV stress, E3 ligases, in particular RNF8 and RNF168, mediate the
ubiquitylation of proteins like TP53BP1 and BRCAL at damage sites, influencing the choice
between HR and NHEJ repair pathways. Ubiquitylation is also crucial in the regulation of GG-
NER. In fact, the UV-damaged DNA binding protein (UV-DDB) complex is involved in the
recognition and ubiquitylation of the histones, XPC, and DDB2 to start the repair of the DNA lesion
[134].

1.5 Transcription
1.5.1 General regulation of transcription

Transcription is an essential cellular process that takes place within the nucleus, where a strand of
RNA is synthesized using a DNA strand as template. This newly created strand, known as
messenger RNA (mMRNA), is a product of the enzyme RNA polymerase Il (Pol I1). As a
fundamental step in gene expression, transcription yields RNA sequences that will later be
translated into proteins. The process plays a crucial role in cellular function regulation, as it allows
cells to selectively produce specific genes in response to various stimuli. In the nucleus,
transcription begins when general transcription factors (GTFs) identify and bind to the promoter
region upstream of the transcription start site (TSS). This binding induces the assembly of the pre-
initiation complex, which includes Pol Il and additional factors like TFIIA, TFIIB, TFIID, TFIIE,
TFIIF, and TFIIH [135]. Following this, Pol Il unwinds the DNA to start the transcription of a
small DNA segment, resulting in the synthesis of short RNA molecules. When the RNA transcript
reaches beyond ten nucleotides, Pol 1l escapes the TSS and enters a phase known as promoter-
proximal pausing (PPP). The transition into the elongation phase of transcription is propelled by
the phosphorylation of the Pol Il C-terminal domain (CTD) at serine 5. Once a transcript of 40-60
nucleotides is generated, Pol 11 is temporarily halted at the PPP site, where it recruits factors that
aid in elongation and RNA processing, such as the capping binding complex (CBC), which protects
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RNA from degradation [136]. A crucial player in Pol Il pausing is the Negative Elongation Factor
(NELF) complex, known to inhibit Pol Il elongation activity [137]. Composed of four subunits,
NELFA, NELFB, NELFC/D, and NELFE, the NELF complex interacts directly with Pol Il via the
polymerase association domain of NELFA and the emerging RNA strand [138], [139]. NELFB
and NELFC have affinities for single-stranded oligonucleotides, while NELFE contains an RNA-
binding domain [138]. PPP is recognized as a critical regulatory juncture for the expression of
many genes, especially those related to development and stress responses [140]. The release of Pol
I from PPP, allowing for progression into efficient elongation, is facilitated by the detachment of
the NELF complex from the chromatin. Concurrently, splicing machinery components attach to
Pol 11, steering it into a phase of productive elongation to transcribe the gene [141]. This release
from pausing is governed by the Positive Transcription Elongation Factor b (P-TEFb) kinase
complex, comprising Cdk9 and Cyclin T, which phosphorylates both the Pol Il CTD at serine 2
and the NELF complex, prompting the release of Pol Il into the gene body for elongation [142].
The elongation phase culminates with the cleavage and the polyadenylation of pre-mRNAs at gene
3' ends, producing mature mRNA transcripts. The cleavage indicates the end of the 3' untranslated
region (UTR) and is associated with transcription termination at transcription termination site
(TTS) (Figure 5).

Errors in this process can lead to prematurely truncated gene products or transcriptional
readthrough, which may have implications for the initiation of subsequent genes or generate
extended 3' UTRs with potential regulatory functions [143], [144], [145]. Thus, meticulous
regulation of pre-mRNA cleavage and transcription termination is essential for proper gene
expression and avoiding detrimental effects.
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Figure 5. Schematic overview of the transcription steps

The preinitiation complex that recognizes and assembles on the upstream promoter region initiates transcription. RNA
pol 11 (Pol 1) binds to it and begins transcription with the help of the mediator complex. Shortly after the promoter
(TSS), Pol 1l is pause d by NELF complex and the DRB sensitivity inducing factor (DSIF), which directly bind to 5’
end of the nascent mRNA and regulate the recruitment of the RNA modifying proteins. The effective elongation is
started by p-TEFb, which phosphorylates NELF, DSIF, and Pol II. During elongation, mMRNA is processed directly
by the splicing machinery and is released from Pol 1l as soon as it runs on PolyA signal sequence (TTS).
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1.5.2 Regulation of transcription in response to UV-induced DNA damage

Following UV-light exposure, there is a rapid and widespread cessation of transcription across the
genome, affecting even genes that have not been damaged. This global transcriptional shutdown is
thought to be a protective strategy, allowing time for protein repair and preventing potential
conflicts between the repair process and the ongoing transcription, thereby reducing the likelihood
of additional damage [29], [30]. This regulation process involves the release of RNA polymerase
I1 (Pol 1) from promoter-proximal pause (PPP) site and its relocation into the gene body for
accelerating the repair through the recognition of the DNA lesions [146], [147].

Despite the initial shutdown, transcription does not halt entirely [148]. In the beginning,
transcription initiation resumes, albeit with a further reduction in elongation rates, affecting
primarily short fragments (20-25 kb) [149], [148]. Full restoration of transcriptional elongation is
observed at 48 hours after UV irradiation [148], [149]. The p38 signaling pathway is activated in
response to UV light, playing a crucial role in this recovery process. Specifically, p38
phosphorylates MK2, which in turn phosphorylates p-TEFb and NELFE at S115 [150], [151].
These phosphorylation events lead to NELF complex dissociation from the chromatin through the
recruitment of 14-3-3 proteins [151]. The removal of NELF allows Pol I1 to progress into the gene
body, enhancing transcriptional elongation and thereby improving lesion recognition and repair
[147], [152] (Figure 6).
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Figure 6. Regulation of Pol Il at promoter-proximal pausing (PPP) site upon UV stress

Model for the NELF complex regulation by p38-MK2. Exposure of human cells to UV light leads to rapid activation
of p38 and its downstream effector kinase MK2. MK2 triggers widespread phosphorylation of RNA-binding proteins,
including the NELF complex subunit NELFE. Site-specific NELFE phosphorylation on S115 induces its transient
interaction with 14-3-3. NELFE phosphorylation leads to dissociation of NELFE from chromatin that is accompanied
by Pol Il elongation and the acceleration of DNA damage recognition and repair.
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As previously mentioned, DNA damage temporarily impedes transcription, with stalled Pol 11
prompting the recruitment of transcription-coupled nucleotide excision repair (TC-NER) factors
[153]. For effective repair, stalled Pol Il must be either removed or relocated from the damage site,
a process regulated by PTMs. Ubiquitylation serves for Pol Il dislocation, facilitating its release
from DNA and subsequent degradation [146]. The residue K1268 has been identified as crucial for
the ubiquitylation and degradation of RPB1, the catalytic subunit of Pol I, following UV-induced
damage [154], [155]. Additionally, CSB, a factor involved in DNA damage recognition, can move
Pol 11 either forward or backward from the lesion, as observed in both mammalian and bacterial
systems [156].

The DDR-induced slowdown in transcription elongation also leads to changes in mRNA
processing, such as polyadenylation and transcriptional termination. This results in alternative
polyadenylation and premature termination, producing shorter RNA transcripts [157]. Several
proteins play dual roles in DNA repair and transcription. For example, general transcription factors
(GTFs) as TFIIH and TFIID, which include XPG and XPD, are essential for transcription initiation
and are components of the NER machinery [135].

Moreover, non-coding RNAs (ncRNAs) are transcribed following double-strand breaks (DSBs)
induction, potentially acting to recruit repair proteins to the damaged site [158], [159]. To increase
cellular survival following UV-induced DNA damage, transcription factors are activated, among
which p53 induces the transcription of p21, leading to cell cycle arrest and facilitating DNA repair
[160].

1.6  Other cellular responses to UV irradiation
1.6.1 Kinase signaling pathways

Kinase signaling pathways are integral to the DNA damage response (DDR) to UV stress and play
a pivotal role in determining cell fate through the regulation of processes such as replication,
transcription, RNA metabolism, and protein production. DDR is modulated by post-translational
modifications (PTMs), with phosphorylation and ubiquitylation being particularly significant.

Phosphorylation is mediated by protein kinases that add a phosphate group (PO.) to the R group of
amino acids. This modification transforms the nature of the protein from hydrophobic to
hydrophilic, enabling conformational changes that facilitate interactions with other molecules and
the dynamic assembly of protein complexes [161], [162], [163].

Upon UV exposure, cells activate signaling pathways by phosphorylating members of the mitogen-
activated protein kinases (MAPKs) family that include extracellular signal-regulated Kkinases
(ERKS), c-Jun NH2-terminal kinases (JNKs), and p38 kinases [164], [165]. These kinases
phosphorylate proteins on Ser/Thr residues, and transduce extracellular stimuli from membrane
receptors into cells, eliciting diverse responses [166], [167]. The MAPK pathway consists of a
highly conserved signaling cascade that triggers MAPK kinase kinase (MAP3K), MAPK kinase
(MAP2K) and MAPK. The cascade starts when a small GTP-binding protein of the Ras/Rho family
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phosphorylates MAP3K, which activates MAP2K and, subsequently, MAPK (Figure 7). MAPKs
are activated by dual phosphorylation within a conserved Thr-X-Tyr motif in the activation
sequence. UV light, oxidative stress, hypoxia, interleukin-1 (IL-1) and TNF-o stimulate p38
MAPK signaling cascade [165], [168], [169]. p38 has four homologs (p38a, p38p, p38y, and p385)
activated through phosphorylation of T180-G181-Y182, the activation loop sequence. These
homologs share 60% identity in the amino acid sequence and p38a is the most abundantly
expressed in mammalian cells. p38 MAPK pathway initiate the phosphorylation cascade from
MAP3Ks (e.g., MEKK1-3, MLK2/3, ASK1, TPL2, TAK1, TAO1/2, ZAK1) to MKK3/6 and
finally p38 MAPK activation. p38 MAPK phosphorylates numerous substrates, for example
MSK1/2, MNK1/2, and MK2/3, and influences transcription factors, protein synthesis, mMRNA
processing, and cell cycle regulation [170].
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Figure 7. Regulation of cell-fate decision by stress-induced p38/JNK MAPK signaling pathways
External and internal stress, and cytokines trigger p38/JNK MAPK signaling pathways and the signaling cascade starts

by activating MAPK kinase kinase (MAP3K), MAPK kinase (MAP2K), and MAPK (p38 and JNK) and induction of
cellular processes as apoptosis, cell cycle arrest and inflammation.

JNK is another member of the MAPKSs family and is activated by UV stress. JNK consists of three
homologs (JNK1, JNK2, and JNK3) with distinct tissue expressions [167]. Upon phosphorylation
of the activation loop sequence mediated by MKK4 and MKK?7, activated JNK can lead to
apoptosis, differentiation, or nuclear translocation, depending on the associated substrate [171]
(Figure 7). A well-studied JNK substrate is c-Jun that, after being phosphorylated, forms the
activator protein-1 (AP-1) complex with c-Fos, and modulate early gene transcription [167], [172],
[173]. INK phosphorylates various transcription factors and plays a role in repair of UV-induced
DNA lesions through the phosphorylation of DGCR8, a microRNA processing protein [174].
Focusing on the role of kinase signaling pathways in response to UV stress, studies have shown
that UV irradiation strongly activates both JNK and p38 [175], [176].

Furthermore, the activation of MAP3Ks, like MEKK4, by stress-inducible proteins such as
GADD45 a/b/g, which bind directly to MEKK4 and induce its dimerization and
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autophosphorylation, suggests a complex network of interactions leading to the activation of both
p38 and JNK in response to UV stress [177], [178].

TAO family of MAP3KSs is also implicated in UV-induced response, with sSiRNA knockdown of
TAO proteins resulting in decreased of p38 activation and reduction of UV-induced G2/M cell
cycle arrest [179]. The role of ROS in the activation of p38 and JNK in response to UV irradiation
has been demonstrated [180], [181]. For example, ASK1 activates p38 in response to oxidative
stress [182]. In summary, kinase signaling pathways, particularly those involving MAPKSs, are
essential for the cellular response to UV stress, mediating a range of outcomes from cell cycle
arrest to apoptosis and DNA repair [183]. These pathways are activated by a network of proteins
that respond to UV-induced damage and oxidative stress, highlighting the complexity of cellular
signaling in maintaining homeostasis and integrity in the face of environmental challenges.

1.6.2 Inflammatory response

As shown so far, UV irradiation is a potent environmental factor that can activate cellular signaling
pathways through both direct and indirect lesions. Directly, UV exposure can lead to the production
of ROS, while indirectly, it can cause DNA damage that subsequently triggers inflammatory
responses. ROS are generated as natural byproducts of oxygen metabolism and are essential for a
variety of physiological processes, including cellular signaling, defense against pathogens, and
regulation of cell proliferation. However, when cells are exposed to UV light, there is an increased
production of ROS, which can disrupt the delicate balance between ROS generation and the
antioxidant defense mechanisms of the cells. This imbalance can result in oxidative stress, a state
that has significant implications for cellular survival and homeostasis [184], [185].

It has been shown that UVB radiation exposure leads to a substantial increase in ROS production
in human epidermal keratinocytes (HaCaT), which is accompanied by a reduction in cell viability
[186]. Within the epidermis, several inflammatory signaling pathways are linked to different
surface receptors, including epidermal growth factor receptors (EGFR) [187], transforming growth
factor receptors (TGFR) [188], [189], toll-like receptors (TLRs) [190], IL-1 receptors, and tumor
necrosis factor receptors (TNFR) [191], [192].

EGFR signaling plays a key role in regulating different aspects of keratinocyte physiology, such
as proliferation, differentiation, cell adhesion, migration, and survival. The impact of EGFR on the
inflammatory response following UV radiation exposure is complex. A study from El-Abaseri et
al. (2013) demonstrated that UV-irradiated mice and keratinocytes treated with an EGFR inhibitor
exhibited suppressed inflammatory responses, characterized by reduced immune cell infiltration
and decreased levels of inflammatory cytokines, such as cyclooxygenases (COX2). This study also
indicated that EGFR is partially responsible for the inflammatory response activated by the p38
mitogen-activated protein kinase (MAPK) pathway [193]. The p38 MAPK signaling pathway is
known for its role in the production of pro-inflammatory cytokines and contributes to various skin
pathologies, including photoaging. The UV-induced expression of COX2 is predominantly
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dependent on the p38 MAPK signaling pathway [194], which regulates the secretion of
prostaglandin E2 (PGE2) and contributes to immune cell infiltration, swelling, and edema.

Nuclear factor kappa B (NF-kB) is a major mediator in cellular inflammatory processes. UV stress
enhances NF-«kB transcriptional activity, thereby inducing chronic inflammatory signals [195].
Human keratinocytes exposed to UV light exhibit increased expression of inflammatory cytokines,
including IL-1p, IL-6, IL-8, and TNF-a, through the NF-kB pathway. Members of the NF-xB
family include p65 (RelA), p50, RelB, cRel, and p52. These transcription factors are initially
sequestered in the cytoplasm, forming complexes with inhibitory proteins of the inhibitory kB
(IxkB) family, which includes IkBa, IkBp, Ixpe, NF-kB1, and NF-xB2. Activation of the NF-xB
pathway typically involves the phosphorylation of an IkB member, primarily by the IkB kinase
(IKK) complex. The phosphorylated IxB then undergoes ubiquitylation and subsequent
proteolysis, leading to the translocation of NF-«B into the nucleus to modulate gene transcription
[195]. IxBa plays a pivotal role in the early activation of NF-«kB following ligand stimulation [196].
NF-xB1 is a substrate for GRK5, and GRK5-mediated phosphorylation of NF-kB1 regulates
TLR4-induced NF-kB1 phosphorylation in macrophages [197].

G protein-coupled receptor kinases (GRKS) are serine/threonine kinases initially recognized for
their role in the phosphorylation of G protein-coupled receptors (GPCRs) [198]. Studies have
shown that GRKs phosphorylate a range of cytoplasmic and nuclear proteins, as well as other
classes of membrane-localized receptors [199], [200]. The seven GRKs are highly conserved and
divided into three subfamilies based on sequence and functional similarities: the rhodopsin kinase
subfamily (GRK1 and GRK7); the GRK2 subfamily (GRK2 and GRK3); and the GRK4 subfamily
(GRK4, GRKS5, and GRK6). GRKs share a similar structural organization, with N-terminal,
catalytic, and C-terminal domains [198].

TLRs transduce signals leading to NF-«kB activation, which stimulates the expression of pro-
inflammatory cytokines and chemokines in epidermal keratinocytes and Langerhans cells, playing
a crucial role in UV-mediated inflammation [201]. In human Langerhans cells, TLR4 is more
activated in response to UV stress, regulating UV-induced cutaneous immunosuppression [202].
UV-damaged keratinocytes release noncoding RNA that activates TLR3, triggering downstream
inflammatory responses involving IL-6 and TNF-a [203]. TNF Receptor (TNFR) responds to UV
irradiation by significantly increasing both soluble and full-length TNF-a. TNF-a, in turn, can
induce keratinocyte apoptosis through the UV-induced TNFR-1 or p55 receptor pathway.

TGF-p signaling plays a critical role in various physiological and pathological events [204]. TGF-
B acts as a growth inhibitor for keratinocytes and a growth stimulator for dermal fibroblasts [205].
Its growth-inhibitory effect positions TGF- as a potent tumor-suppressive factor at the early stage
of cancer. During photoaging, TGF-p is upregulated and activated, inducing excessive matrix
metalloproteinases (MMPS), leading to progressive collagen degradation and aberrant elastic fibers
[206], and pro-inflammatory cytokines. Furthermore, UV-irradiation induces loss-of-function
mutations/deletions in TGF-p signaling components, including TGF-p type I (TGFBRI) and TGF-
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B type II (TGFPBRII) receptors, and Smad4, acting as genetic drivers for the initiation and
progression of cutaneous squamous cell carcinoma [207], [208], [209], [210], [211]. TGF-B is
mainly expressed in basal layers and contributes to epithelial homeostasis, wound healing, and anti-
inflammatory responses. It has been shown that chronic UV irradiation reduces TGF-B2 synthesis
by diminishing TGFBRII mRNA expression [208], [212].

1.6.3 Cell cycle regulation in response to UV-induced DNA damage

The cell cycle encompasses a sequence of events during which cellular components undergo
duplication and are accurately distributed into daughter cells. In eukaryotes, DNA replication
specifically occurs in the Synthesis (S)-phase, while chromosome segregation takes place during
Mitosis (M)-phase. The S- and M-phases are interspersed by two Gap phases, G1 and G2, which
are not periods of cellular inactivity. Instead, they serve as stages where cells accumulate mass,
integrate growth signals, organize a replicated genome, and prepare for chromosome segregation.
Cells can also exit from the cell cycle to enter the GO phase, in which cells are in a state of
quiescence [213], [214].

The regulation of the cell cycle plays a crucial role in maintaining genome integrity. Cyclin-
dependent kinases (CDKs) drive the progression of the cell cycle, which are serine/threonine
protein Kinases responsible for phosphorylating key substrates to facilitate DNA synthesis and
mitotic progression. The catalytic subunits of CDKs remain inactive until bound by their
corresponding cyclin subunits. The synthesis and ubiquitin-dependent proteolysis of cyclins tightly
regulate their availability. Additionally, CDK activity is subject to negative regulation through the
binding of small inhibitory proteins (CKIs) or inhibitory tyrosine phosphorylation, which hinders
phosphate transfer to substrates [215]. Moreover, growth factors also contribute significantly to
cell cycle regulation, representing a group of proteins that stimulate tissue growth in a controlled
manner [213], [216].

1.6.3.1 G1 and G2 checkpoints: cell size control

To guarantee cell size and the equal distribution of genetic and biosynthetic material to daughter
cells, cells must precisely double their contents before division. The regulation of cell size is crucial
for managing nutrient allocation within the cell and for governing organ size and function in
multicellular organisms. The checkpoints in G1 and G2 play a role in coordinating cell size with
cell cycle progression. Early evidence suggests that the size of newly formed daughter cells post-
mitosis influences cell cycle dynamics, with larger daughter cells expediting progression through
G1 and/or G2, while smaller daughter cells impede exit from these growth phases [217], [218].

An example of the mechanism for size control involves monitoring protein translation. Ribosomal
mass, indicative of translational activity, is thought to correlate with cell size [219]. Translational
sizers, such as CIn3 and Cdc25, are proposed as products of translation that accumulate with cell
size, exerting control over the cell cycle after reaching a certain threshold. This mechanism also
explains how cell size and the cell cycle respond to nutritional status, as signaling pathways like
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PKA and TOR regulate ribosome biogenesis, making translational activity a cellular indicator of
nutritional status [220].

1.6.3.2 DNA damage checkpoint

As explained so far, DNA damage induces cell cycle arrest allowing repair pathways to act before
proceeding with the later phases of the cell cycle. Although DNA repair mechanisms exhibit lesion-
specific responses, common checkpoints are activated in response to different DNA lesions. First,
CDKs need to be in the inactive form until the DNA lesion is removed. Previous study has
demonstrated that UV irradiation induces both G1 and G2 cell cycle arrests, with a p53-dependent
or independent pathway, respectively [221]. The G1-S and intra-S checkpoints prevent the
replication of damaged DNA, while the G2-M checkpoint safeguards against the segregation of
damaged DNA to daughter cells [130].

CHKZ1 pathway is evolutionarily conserved from yeast to humans [222], [223], [224]. CHK1
activation occurs in response to various forms of DNA damage, with higher efficiency during S-
and G2-phases compared to G1, and is specifically limited to post-replicative lesions [225], [226],
[227]. The event triggering the DNA damage checkpoint is the formation of the sSDNA covered
by RPA [228], [229]. The recruitment of phosphorylated and active CHK1, substrate of ATR, aims
to maintain the mitotic CDK Cdc2 in its Y15 phosphorylated and inactive form. Eventually, CHK1
undergoes dephosphorylation by type 1 phosphatases, allowing cells to resume cycling into mitosis
[230], [231].

p53 plays a crucial role in DNA damage checkpoints, particularly during the G1 phase [232]. p53
undergoes regulation through a myriad of posttranslational modifications, including N-terminal
phosphorylation on S15 catalyzed by ATR, ATM and DNA-PKcs. Activated p53 triggers the
expression of numerous genes, including p21. Through this mechanism, CDKs involve in G1 are
inhibited, allowing the repair of the DNA damage before restarting DNA replication. However,
p53 can also repress gene expression and is essential for prolonged G2 arrest in the presence of
persistent DNA damage [233], [234]. Additionally, p53 can dictate alternative cell fates such as
apoptosis or senescence [235]. The function of p53 in cell cycle arrest appears to be a later-acquired
role, as Drosophila p53 primarily regulates apoptosis rather than cell cycle progression [236].

In addition, ATR plays a pivotal role in initiating subsequent events, such as the phosphorylation
of p53 or CHK1 [130]. Moreover, some proteins involved in DNA repair pathways, such as XPA
and XPD, could also play a role in regulating cell cycle upon UV stress. For example, XPA is
responsible for damage verification in NER system and can affect cell cycle checkpoint signaling
too [237], [238]. Mutations in XPA have profound effects on cellular physiology, participating in
both GG-NER and TC-NER, and are associated with Xeroderma pigmentosum (XP), characterized
by extreme UV radiation sensitivity and increased cancer predisposition [239]. Conversely, it has
been demonstrated that the overexpression of XPD induces G1 phase cell cycle arrest [238].

In addition, the DNA replication factor Cdtl (CDT1) is involved in the formation of the pre-
replication complex through replication licensing in the late M-phase or early G1-phase. In fact,
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upon UV irradiation, CDT1 degradation in the M-phase leads to the blockage of the "license™ after
the cell enters the G1 phase, resulting in G1 arrest [240]. In summary, defects in components of
the DNA damage response may compromise cell-cycle checkpoints and amplify genomic
instability in defective cells [17].

1.6.3.3 Mitotic spindle checkpoint

The separation of sister chromatids during anaphase is intricately regulated by the mitotic spindle,
a structure composed of microtubules and motor proteins located at both the centrosome and
kinetochore ends. Additional motors facilitate force generation between overlapping microtubules
that do not attach to kinetochores [241].

Proper spindle attachment occurs in a bi-oriented manner, ensuring tension on sister chromatids at
metaphase, where they are connected to both poles of the spindle. Once all kinetochores are
appropriately attached and aligned at the metaphase plate, the progression to anaphase is facilitated
by the Anaphase-Promoting Complex (APC), a large E3 ubiquitin ligase. APC targets crucial
proteins, including mitotic cyclins and securin. The degradation of mitotic cyclins terminates CDK
activity, while the degradation of securin releases separase, allowing it to cleave cohesin complexes
at the kinetochores. APC activity is regulated by two accessory proteins: cell division cycle protein
20 homolog (Cdc20), which operates up to metaphase-anaphase, and fizzy-related protein homolog
(CDH1), which continues to facilitate APC-mediated ubiquitination once cyclin and separase
degradation has commenced [242]. Upon the release of sister chromatid cohesion, spindle tension,
and associated motor proteins enable the separation of sister chromatids, leading to the formation
of identical daughter nuclei. The mitotic spindle checkpoint serves to prevent the activation of
APC/Cdc20 in situations where kinetochores lack spindle microtubule occupancy or are attached
but not under tension. Under these circumstances, the spindle checkpoint protein MAD?2 inhibits
Cdc20 activity, forming a mitotic checkpoint complex at unattached kinetochores. Additionally,
MAD?2 inhibits APC-bound molecules. The mitotic spindle checkpoint involves various proteins,
with its complexity increasing across evolutionary scales. The Polo, Aurora, and NIMA-related
(Nek) kinases regulate spindle formation and the detection and correction of spindle defects [243],
[244]. In summary, the mitotic spindle checkpoint prevents cell cycle transitions while effectors
correct genome-altering defects. However, the mitotic spindle checkpoint uniquely aims to
maintain CDK activity, distinguishing it from those acting in interphase, which aim to sustain CDK
inactivity.

1.6.3.4 Intra-S-phase checkpoint: regulation of DNA replication

During S-phase, cells face heightened susceptibility to DNA damage. Cells need to repair these
lesions as occurring in G1- and G2-phases, but these lesions also physically obstruct the replicative
polymerases. DNA replication starts at specific loci known as replication origins, which are
epigenetically defined by various proteins to ensure their activation occurs precisely once per cell
cycle. The initiation of replication is regulated by the phosphorylation of two key proteins, Cdtl
and Cdc6, which is catalyzed both CDKs and the Dbf4-dependent protein kinase (DDK) Cdc7. The
replication origin cannot undergo additional rounds of firing [245].
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When the DNA polymerase and its associated proteins (the replisome) encounters an obstacle
hindering its progression, it is crucial to maintain stable association with the replicating chromatid.
This ensures that replication can resume once the obstacle is removed. Such obstacles may include
modified deoxyribonucleotide triphosphates (dNTPs), abasic sites (AP-sites), protein-DNA
complexes, or depletion of dNTPs. The function of stabilizing the replisome in response to such
impediments is carried out by the intra-S-phase checkpoint.

The effector kinase of the intra-S-phase checkpoint is CHK2. When replication stalls, the replisome
component mediator of the replication checkpoint (MRC1) is phosphorylated by ATR. This
phosphorylation event creates a binding site for CDS1/CHK2, which is subsequently
phosphorylated by ATR and fully activated through autophosphorylation [246]. Activated
CDS1/CHK?2 then stabilizes the stalled replisome by phosphorylating several subunits, such as the
minichromosome maintenance (MCM) complex [247], [248].

1.6.3.5 S-M phases dependency

After encountering a DNA lesion, the replisome stops until it is resolved. Alternatively, cells can
utilize post-replication repair pathways to circumvent the lesion. This can involve recruiting
mutagenic bypass polymerases or switching templates through recombination, using the
complementary nascent strand as a template [249]. Regardless of the approach, checkpoints are
essential to prevent entry into mitosis until replication is completed, as premature mitosis can result
in decreased ploidy. Mitotic entry is inhibited through the phosphorylation of tyrosine 15 (Y15) on
Cdc2, a crucial step mediated by upstream checkpoint components. If the obstruction arises from
DNA damage, the CHK1 pathway is activated. Some investigations suggest that CDS1 also
influences cell cycle progression [250], [251]. However, in the absence of CDS1, the stalled
replisome dissociates from its template, a phenomenon known as fork collapse, which triggers
DNA damage activation of CHKL1.

To maintain ploidy, it is equally crucial to ensure one round of replication per cell cycle. This
dependency can be disrupted when the degradation of CDT1 and Cdc6 is impaired, leading to
constitutive replication origin firing [252]. Similarly, cells lacking mitotic cyclins bypass mitosis,
indicating their role in signaling the G2 state [253].

1.7 Zebrafish as model organism for genotoxic studies

In the recent years, zebrafish have become a valuable system employed across scientific research
fields [254], [255]. Zebrafish development has been broadly explored [256], [257]. One of the
primary advantages of using this model is the transparency of zebrafish embryos during early
developmental stages, enabling the comprehensive monitoring of this entire phase and the detection
of any developmental changes [255], [257]. Zebrafish exhibit rapid development, with embryos
hatching within 4872 hours post-fertilization (hpf), significant organ development occurring by
120 hpf, and reaching adulthood within 3 months [256]. The rapid development provides the
efficient tracking of the toxic effects within a relatively short timeframe [258]. Around 70% of
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zebrafish genes have human orthologs and its genome has been sequenced even if there is still a
limitation in gene and protein annotation.

Moreover, the recent improvement in our understanding of signaling pathways induced by DNA
damage and the genes involved in repair mechanisms, further encourages using zebrafish as
replacement for mammalian model [259], [260], [261]. In fact, zebrafish possess nearly all the
genes associated with DNA repair mechanisms, including BER, MMR and NER from eukaryotic
pathways.

1.7.1 UV-induced DNA repair pathways in zebrafish

UV-B can penetrate clear water and fish have developed mechanisms as protection against UV-
light [1]. As mentioned previously, zebrafish emerge as promising model system for studying DNA
damage and repair mechanisms [262], [263] (Figure 8).

Zebrafish possess orthologs for nearly all mammalian repair pathways. Genes that are involved in
the p53-mediated damage recognition pathway exhibit functional and structural similarities to
mammalian p53 and are highly effective in repairing UV-induced DNA damage [264].

As for mammals, BER operates across all cell cycle stages and is vital for cell viability, addressing
frequent damages like oxidation, deamination, and spontaneous hydrolysis [72]. BER is
particularly relevant for non-bulky damage in bases and AP-sites, with DNA glycosylase acting as
the primary enzyme in SSBs repair [265]. The main proteins taking part in BER pathway are apex1,
pol B, crebl, oggl, and p53 [261]. BER initiates with lesion recognition and excision by the DNA
glycosylase enzyme [266]. Subsequent hydrolysis of the N-glycosidic bond generates a toxic AP
site, cleaved by apurine/apyrimidine endonuclease 1 (apex1). Pol B replaces the missing nucleotide,
and the XRCC1- LIG3a complex seals the resulting nick [261], [266].

Importantly, evidence suggests distinct execution of the BER pathway in zebrafish embryos
compared to adults, with differences in the expression of key proteins [267] Zebrafish embryos
lack pol B, leading to a prevalence of replicative polymerases and Mg?*-dependent endonuclease
activity [267]. Apexl and apex2 are significantly expressed in embryos compared to adult
zebrafish, and apex1 is involved in repairing oxidative damage during early developmental stages
[268] The enzyme 8-Oxoguanine DNA Glycosylase 1 (oggl) is essential in embryo development,
contributing to DNA repair in BER pathway and maintaining the function of cardiac progenitor
cells during cardiogenesis [269].

The conserved non-homologous end joining (NHEJ) pathway repairs double-strand breaks (DSBs)
arise from exposure to UV irradiation. DNA ends are recognized by Ku70 and Ku80 that recruit
the proteins for performing end joining without requiring a homologous template [270], [271]. It
has been showed that Ku80 promoted survival of irradiated cells during embryogenesis and that
apoptosis resulting from loss of Ku80 is p53 dependent [271]. Ku70 protein is involved in
protecting the developing nervous system from radiation-induced DNA damage during
embryogenesis [271].

Homologous recombination (HR) repairs DSBs in the late S-G2 phase of the cell cycle. First, a
single-stranded region of DNA for strand invasion is generated, then a Holliday junction is formed
and finally DNA synthesis is initiated using the intact strand as the template. HR has been reported
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in intact zebrafish embryos at early developmental stages [272] and in zebrafish cell cultures [273].
Findings demonstrated conserved function of Brca2 [274].

As mentioned previously, NER pathway is highly conserved and repairs CPD and 6-4PP induced
by UV light [275]. It consists of two subpathways: GG-NER and TC-NER [266]. Key genes
involved in the NER pathway include xpc, xpd, xpa, xpf, p53, p21, ddb2, gadd45a, cyclinG1, and
vitellogenin [261]. Studies conducted in vivo highlight differences in factors between adults and
embryos, along with variations in gene expression during zebrafish development [276].

In addition to NER, zebrafish possess an alternative mechanism to remove photoproducts that is
the photoenzymatic repair (PER) system. PER removes the photoproducts via the
deoxyribodipyrimidine photolyase enzyme, encoded by phr. It is more direct and energy-efficient
process, less prone to errors when reversing pyrimidine dimers to their monomeric form [277].
Operating at a faster pace than NER, PER depends on both UV-A and blue light (400-500 nm) for
the reversal of pyrimidine dimers [266], [277], [278], [279].

The photolyase enzyme is also involved in the direct reversal (DR) repair system, addressing
damage caused by UV radiation to pyrimidine dimers and alkylated bases [280]. DR repair pathway
include the methyl guanine methyl transferase (mgmt) and (phr), as key genes [261]. DR
specifically reverses certain damage without disrupting the DNA phosphodiester skeleton,
exemplified by the repair of O6-methylguanine lesions by mgmt [266].

Mismatch Repair (MMR) is a highly conserved pathway in zebrafish responsible for recognizing
and repairing mismatched bases, as well as the insertion and erroneous deletion of nucleotides,
thereby maintaining genomic stability and suppressing homologous recombination [261].

1.8 Other features developed by the organisms as UV-light
protection

During evolution, organisms have developed some features as protection against UV radiation. A
relevant example is the migration of hematopoietic stem and progenitor cells (HSPCs) in organisms
during transition from aquatic to terrestrial environment. In adult mammals, the niche of HSPCs is
located in the bone marrow, whereas in other organisms, as in teleost fish, it is located in the kidney
marrow. Recent studies demonstrated that a melanocytes umbrella is present on the kidney marrow
of zebrafish, contributing to protect HSPCs against UV light. The same feature exists also in
aquatic tetrapod larvae, such as amphibians Xenopus leavis, that is moving to the bone marrow in
the development to terrestrial amphibians. In particular, the transition from the melanocyte-cover
niche to the bone marrow occurred over the course of the development of legs still in aquatic habitat
and cortical bone around the bone marrow works as shield against UV light in terrestrial
environment [281]. Since UVB passes through clear water [1], fish have also a sunscreen
compound called gaudosol [282].
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1.9 Aims of the study

UV-C irradiation represents the most dangerous wavelength of UV-light. UV-C induces the
formation of DNA adducts, in particular, cyclobutane pyrimidine dimers (CPDs) and 6-4
photoproducts (6-4PPs) [22]. Upon their generation, these DNA lesions induce distortions within
the DNA double helix [283]. The presence of these bulky lesions can interfere with important
cellular processes like transcription and replication, which can compromise genome stability and
cell viability [284]. In fact, DNA adducts can obstruct the progression of the transcribing RNA
polymerase Il (Pol 11) and thus result in the inhibition of transcription and initiation of transcription-
coupled nucleotide excision repair (NER) for removing the DNA lesions [64]. If not resolved, their
accumulation can lead to the rise of cancer, such as cutaneous squamous cell carcinoma, basal cell
carcinoma and cutaneous melanoma [285].

Moreover, our recent publication [23] showed that UV-C and formaldehyde (FA) produce RNA-
protein crosslinks (RPCs) and their resolution is regulated by K6-ubiquitylation together with an
evolutionary conserved ubiquitin E3 ligase, RNF14.

In the recent years, zebrafish has become a valuable system employed across various research fields
[254], [255]. Around 70% of zebrafish genes have human orthologs [286]. Recent improvement in
the understanding of signaling pathways following DNA damage and the genes involved in repair
mechanisms further support the use of zebrafish to complement studies performed in mammalian
cells [259], [260], [261]. In fact, zebrafish have nearly all the genes associated with DNA repair
mechanisms, including NER, from mammalian pathways [261]. Moreover, zebrafish possess a
competent p53-dependent NER pathway for repairing UV-induced DNA damage leading to the
phosphorylation of histone H2AX, like in human. Furthermore, zebrafish develop cancers, like
melanoma, that resemble human tumors both at molecular and histopathological levels [2], [287].
In addition, from an experimental point of view, the extra utero development provide easier
exposure to UV radiation [2].

The current study has the aim to enhance the comprehension of the intricate cellular response to
UV-C irradiation in whole organisms. Using zebrafish embryos, we will explore the changes in
gene expression and underlying protein-based molecular mechanisms and cell signaling pathways
induced by UV-C damage in a whole organism. In particular, we will investigate the changes in
protein levels (total proteome), protein phosphorylation (phosphoproteome), mRNA levels
(transcriptome) and protein ubiquitylation (ubiquitylome). Finally, we will compare our results
with studies performed in human cells [3].
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2 Results

2.1 Characterization of UV-C-induced DNA damage in human cells
2.1.1 HaCaT and RPE-1 cells are sensitive to UV-C irradiation

To study the sensitivity of human cells to UV-C irradiation, we performed clonogenic assay in
HaCaT and RPE-1 cells. These cells were selected since they are in physiological conditions
exposed to UV light and are not of tumor origin. HaCaT cells are TERT-immortalized human
keratinocytes and the RPE-1 are (TERT-immortalized) human retinal epithelial cells. We treated
them with different doses of UV-C (5, 10, 20, 40, 80 J/m?) and determined the lethal dose for 50%
of the total cells (LDso), which occurs at 15 J/m? and 12 J/m? in HaCaT and in RPE-1 cells,
respectively (Figure 9). Both cell lines show similar sensitivity to UV-C irradiation, even if HaCaT
cells appeared to be slightly more sensitive to 5 J/m? compared to RPE-1 cells.
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Figure 9. Sensitivity of HaCaT and RPE-1 cells to UV-C radiation

a) HaCaT and b) RPE-1 cells were treated with different doses of UV-C (X-axis) and left growing for at least 10 days.
After crystal violet staining, colonies were counted using the Leica M80 stereomicroscope. The error bars show the
standard deviation (SD) of the results obtained in three independent experiments performed in three technical
replicates. The dotted line indicates the fitting of the curve. Two-sided Student’s T-test was used to assess the
significance (**p-value <0.001, ***p-value <0.005, ****p-value <0.0001).

2.1.2 UV-C light induces the formation of bulky adducts in human cells

Exposition to UV-C light leads to the formation of bulky adducts, inducing distortion of the DNA
helix that can be dangerous for the organism if they are accumulated. CPDs and 6-4PPs are the
most common adducts formed and their accumulation can result in severe consequences, such as
cancer. We investigated the formation and resolution of those two photoproducts by performing
immunofluorescence (IF) assays in both HaCaT and RPE-1 cells. We analyzed recovery times from
1 h up to 48 h post-UV-C irradiation. At 1 h, which is also the shortest time point examined the
highest amount of CPDs and 6-4PPs occur in both cell lines. CPD resolution occurs slower in RPE-
1 than in HaCaT cells (Figures 10a and 10b). In RPE-1 cells, CPDs are removed slower compared
to HaCaT cells and in both cell lines the DNA damage appears to be resolved at around 48 h. It has
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been shown that UV-C irradiation produces less of 6-4PPs compared to CPDs [288], but they are
also produced immediately after UV-C irradiation, as shown at 1h. The resolution of 6-4PPs is
faster [289], with the majority of the lesions be removed in the first hours after the damage
induction (Figures 9c and 9d).

2.1.3 Activation of DDR and transcription shutdown induced by UV-C light

Upon exposure to genotoxic stress, cells activate the DNA damage response (DDR) to activate cell
cycle checkpoint and repair the lesions. The phosphorylated form of the histone H2AX (YH2AX)
is accumulated at double strand breaks (DSBs) and at the sSSDNA stretches, the last ones are formed
during the removal of the lesions through NER pathway. H2AX is a variant of the H2A protein
family, which is a component of the histone octamer in nucleosome [290]. ATM and ATR can
phosphorylate it and this event represents the first step for recruiting and localizing DNA repair
proteins at the DNA damage site. It appears to be slowly activated reaching its peak around 3 h
post-UV, and it takes longer to be resolved, especially in RPE-1 cells (Figures 10e and 10f).

During transcription, elongating Pol 1l stalls at bulky adducts since it is not able to overcome them.
To detect the effect of UV-C radiation on general transcription, HaCaT and RPE-1 cells were
incubated with 5-Ethynyl-Uridin (EU), a modified nucleotide incorporated by nascent RNA.
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Figure 10. Formation of photoproducts, shutdown of transcription and activation of UV-C-induced DDR
HaCaT and RPE-1 cells, upon UV-C treatment (15 J/m? and 12 J/m?, respectively) were incubated with EU (250 puM)
for 30 min before harvesting at different time points (indicated on X-axis). Then cells were fixed with
paraformaldehyde to perform IF. To detect the UV-induced DNA damage, CPDs and 6-4PPs were revealed using a-
CPDs antibody (a and ¢) and a-6-4PPs antibody respectively (d and ¢) and as secondary antibody, a-mouse 488 was
used. To reveal DNA damage induction, a-y-H2AX antibody and a-mouse 488 were used (e and f). In addition, to
detect EU incorporation, click reaction and staining with a-streptavidin 647 were carried out (g and h). For the
acquisition of the images, Opera Phenix was employed. The experiment was performed once and the intensity was
acquired on at least 500 cells/condition. Anova test was performed for statistical analysis (***p-value<0.001, ****p-
value<0.0001).

It is evident that 1 h after UV-C exposure, decreased levels of EU intensity are observed
corresponding to a general shutdown of transcription in cells. Subsequently, a restoration of the
normal level of transcription occurs at around 6 h post-UV in both cell lines (Figures 10g and 10h).

2.2 Characterization of UV-C-induced DNA damage in zebrafish

embryos
2.2.1 UV-C affects zebrafish embryos development and generates
malformations

To study the response triggered by UV-C irradiation in a whole organism, we investigated the
changes in protein levels (total proteome), protein phosphorylation (phosphoproteome) and mMRNA
levels (transcriptome). We performed whole proteome and phosphoproteome analysis, and
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transcriptomic analysis in 24 hours post fecundation (hpf) zebrafish embryos. We considered an
early and a late recovery time post-UV-C. Thus, we irradiated zebrafish embryos with UV-C (254
nm, 24 J/m?) and harvested them at 0.5 h post-UV (early response) and at 4 h post-UV (late
response). As a control, zebrafish embryos harvested together with the ones from the early response
(24 hpf + 30 min untreated (UT)). After extraction and digestion of proteins, we performed TMT-
labeling, and then phosphorylated peptides were enriched over titanium dioxide (TiO2) beads. We
worked with three independent biological replicates to gain a robust relative quantification of
protein levels and phosphorylation sites, and to allow statistical evaluation of the proteomics data.
Instead, for transcriptomic analysis, upon RNA extraction, we enriched the samples with pull
downs using poly-A, and then fragmented the mRNA, followed by reverse transcription, library
generation and RNA sequencing on Illumina NextSeq500 instrument. After obtaining the raw data,
proteome and phosphoproteome data were analyzed with MaxQuant, and transcriptome data were
analyzed with STAR (Figure 11a).

As first, to choose the suitable UV-C dose for the experiments, we performed the viability assay
upon UV-C on zebrafish embryos [291]. We irradiated 24 hpf-zebrafish embryos with 0, 12, 24,
48 and 120 J/m? and monitored them up to 72 h. The lowest dose, 12 J/m?, did not affect the
viability of the embryos. The dose of 24 J/m? kept alive around 80% of the embryos. 48 J/m?
induced the loss of approximately 50 % of the embryos and 120 J/m?, the highest UV-C dose,
resulted to be lethal for all the zebrafish embryos at 48 h post-UV (Figures 11b). In addition, UV-
C leads to the rise of malformations in zebrafish embryos (Figure 11c).

The development of zebrafish embryos is faster compared to human and few hours during the
development can result in relevant changes. In order to understand the developmental difference
before and after UV-C irradiation, we investigated the protein changes in zebrafish embryos at
24.5h and 28h post UV-C irradiation, corresponding to the untreated early and late response,
respectively. We carried out another total proteome analysis with label-free quantitative (LFQ)
analysis (Figure 12a). In total, we quantified 1579 proteins. By applying the cutoff of the p-value
of less than 0.05 and the Fold Change (FC) of at least 1.5, 76 proteins increased in their levels and
81 decreased in their levels at the late development stage (28 hpf), comparing with the early one
(24.5 hpf) (Figure 12b). Moreover, we were interested in understanding the differential singling
pathways activation between the two different developmental stages. After performing Gene
Ontology (GO)-term analysis, at early development, the most enriched terms are the ones involved
in the egg coat and protein localization to the lysosome. The egg coat provides structural support
and can play an essential role in oogenesis, fertilization and early development (Figure 12c).
Instead, at the 28hpf-stage, the GO-term analysis shows enrichment of terms involved in muscle
contraction and formation (Figure 12d). In fact, at this stage it is known that muscles are forming,
including the heart [256].

28



recovery time
post UV irradiation uTt 05h

= =Ry ==

24 hpf embryos

Y\

RNA extraction Protein extraction
Oligo dt enriched mRNAl RS l RS
Trypsin digestion
mRNA Ll B
N [
mRNA fragment
TMT labeling

- / \

LC-MS/MS analysis Enrichment of
for proteomics modified peptides

|
AT e l
|

LC-MS/MS analysis
for phosphoproteomics

RNA -sequencing

l

Database search, statistical analysis and bionformatics

b c .
Recovery time after UV (h)
72 (3.2 x lent)
100
754

<]
o
2

2 507 uv dose (Jim?) -
(2]

Q —- 1S

2 o S

251 ®

—_ 24 a

kel

~¥— 48 >

04 —— 120 2

1 L T l
0 24 48 72
Recovery time after UV (h)

Figure 11. Schematic approach and sensitivity of zebrafish embryo to UV-C radiation

a) Scheme of transcriptomic, proteomic and phosphoproteomic experiments. 24.5hpf-zebrafish embryos were used for
each condition in three technical replicates (UT, 0.5h post UV (early response) and 4h post UV (late response)). TMT-
labeling was performed for proteomic and phosphoproteomic analysis. The same conditions, in four replicate each,
were used for RNA sequencing. Bioinformatics analysis was performed with R studio. b) Sensitivity of zebrafish
embryos to UV-C doses. 24hpf -zebrafish embryos were treated with the following UV-C doses 0, 12, 24, 48, 120
J/m?, and recovered at different time points (indicated on X-axis) and the survivors were counted. The error bars show
the SD of results obtained from three replicates. Two-sided Student’s T-test was used to assess the significance (***p-
value <0.005). c) Pictures of the malformations generated in zebrafish embryos upon UV-C irradiation (the conditions

are the same described in b).
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Figure 12. Developmental stages of zebrafish embryos and changes in proteome

a) Schematic approach of the proteomic experiment using LFQ LC-MS/MS of zebrafish embryos at the 24.5 hpf and
28hpf. For each condition was used three replicates. b) The volcano plot shows the significant upregulated (red dots)
and downregulated (blue dots) proteins at 4h vs 0.5h in 24hpf-zebrafish embryos. P-value< 0.05 and FC< or >1.5 were
considered. The dot plots show the enrichment of the GO-term analysis of c¢) downregulated and d) upregulated
proteins shown in b. String database was used for the analysis and “ggplot2” package from R studio to generate the
plots. MF= Molecular Function; BP= Biological Process; CC= Cellular Component.
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2.2.2 UV-C decreases the levels of proteins involved in DNA replication, ATP
production and tRNA transport

To study how the levels of proteins change upon UV-C irradiation at early and late response, we
performed the total proteome analysis using TMT labeling as described in Figure 11a. Principal
Component Analysis (PCA) was employed to validate the similarity between biological replicates
and demonstrated a high level of reproducibility (Figure 13a). Further analysis showed a
quantitative correlation with the Pearson coefficient among biological replicates (Figure 13b).
Corrected p-value (g-value), calculated using the Benjamini and Hochberg False Discovery Rate
(FDR), of less than 0.05, and the FC of at least 1.5, was considered for the analysis. We found that
12 proteins increased their total level and 45 decreased their protein levels at early response.
Instead, 109 proteins increased and 96 decreased their levels at late response. The comparison
between late and early responses shows 14 proteins that are increased in their total levels that are
mainly involved in muscle contraction, such as myhz2, mylpfb and tnnt3a, and others belonging to
the hemoglobin complex, such as hbbe3, hbbel.3 and hbael.3 (Figure 13b). This is due to the
different developmental stages according to our previous results (Figure 12d). To expand our view
on the changes induced by UV-C irradiation, we performed the clustering profile for all the
identified proteins (without setting any FDR and FC cut-off) and we obtained 10 clusters (Figure
14a). The proteins that are downregulated upon UV-C exposure are represented in clusters 2 and
3. GO-term analysis of those proteins highlights the enrichment of the proteins involved in tRNA
transport from the nucleus, DNA replication and ATP production, shown from the Reactome
(RCT) terms (Figure 14b). Afterwards, we focused on the upregulated proteins upon UV-C stress,
represented in clusters 4 and 7 (Figure 14c). Among the Cellular Component (CC)-terms, the
majority belongs to the spliceosome and the proteins we found are sf3a2, rbomx, rbomx2, snrpf,
snrpb2, hnrnpub, Ism8. The most enriched Biological Process (BP)-term is “RNA polymerase |1
C-terminal domain binding”, which includes leo1, hnrnpub, scaf4a and scaf4b. In particular, scaf4a
and scaf4db have the RNA binding function and Pol 1l C-terminal domain phosphoserine binding
function, involved in negative regulation of termination of Pol Il transcription, poly(A)-coupled.
This potentially indicates that transcription block may induced the accumulation of interrupted
MRNAs that are tagged for degradation. In addition, the most enriched CC-term is “Paraspeckles”.
Paraspeackles are non-membrane organelles in the nucleus generated by protein liquid-liquid phase
separation (LLPS) using RNAs as an anchor during stress conditions, including UV radiation [292].
The proteins we found belonging to this term are nono, sfpg, cpsf6 and hnrnpm, and are
significantly increased in their total level upon UV-C radiation (Figure 14d).
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2.2.3 Activation of ATR, GRKs and MAPKSs is triggered by UV-C radiation

To identify the cell signaling pathways triggered by UV-C, we irradiated zebrafish embryos with
UV-C (245 nm, 24 J/m?) and harvested them at 0.5 h post-UV (early response) and at 4 h post-UV
(late response). As control, we used zebrafish embryos harvested together with the ones from the
early response (24 hpf + 0.5 h untreated (UT)). After extraction and digestion of proteins, we
performed TMT-labeling, and the phosphorylated peptides were enriched over titanium dioxide
(TiO2) beads. We worked with three independent biological replicates to gain a robust relative
quantification of protein levels and phosphorylation sites and to allow statistical evaluation of the
proteomics data (Figure 11a). PCA and Pearson correlation was utilized to assess the similarity
and difference among biological replicates, revealing a robust level of reproducibility (Figure 15a,
15b). In the phosphoproteomic analysis, we identified 4439 phosphorylation sites, corresponding
to 2158 proteins (Figure 15c¢). With the cutoff of FDR< 0.01 and FC < or >1, we found 103
upregulated and 86 downregulated phosphorylation sites at early response. At late response, we
identified 220 upregulated and 176 downregulated phosphorylation sites (Figures 15d). The GO-
term analysis of the proteins with upregulated phosphorylation sites at the early response reveals
that the most enriched terms are involved in translation, splicing and DNA damage. Considering
the MF-terms, the most enriched term is “Eukaryotic initiation factor 4E binding”. Interestingly,
some phosphorylation sites, for example eif4ebpl Tyr-67 and eif4ebp2 Tyr-66, have been
demonstrated to affect the translation process by regulating eifde [293], [294] (Figure 15¢). At
both early and late response, “Sites of the DNA damage” is one of the enriched CC-terms and
includes vcp, xpc, timeless and rifl (Figures 15e and 15f). On the other hand, at late response, the
most enriched CC-term is the “ATAC complex”, in which we found pole3 and yeats2 being
phosphorylated in conserved sites (yeats2-S373, pole3-S122). This complex has a histone
acetyltransferase activity that is involved in cell cycle progression and precaution of apoptosis in
embryogenesis by coordinating MAP kinase to regulate JNK target genes [292].

To look into the phosphorylated sequences after UV-C stress, we performed the analysis of the
amino acid sequence surrounding UV-C upregulated phosphorylation sites. It revealed an
overrepresentation of the glutamine (Q) in the +1 position at both early and late response. This
motif, known as the S/TQ motif, is recognized by ATM/ATR/DNA-PKcs [123], [295] (Figures
16a and 16c¢). To reveal which kinases are activated upon UV-C-induced DNA damage, we
conducted the kinase prediction analysis using the kinase library (https://kinase-
library.phosphosite.org/ea) (Figures 16b and 16d). This library is based on human kinases and we
made our analysis based on the homology between human and zebrafish kinases [296] since a
kinase library for zebrafish is not available yet. As expected and predicted by the
overrepresentation of the S/TQ motif, the increased activity of ATR occurs and is higher at the
early response compared to the late response. Interestingly, at both early and late response, there is
an overrepresentation of the members of the GRKs family. The GRKs regulate the activity of the
GPCRs by desensitization upon stimulation of different agents [198], [297]. In particular,
overexpression of GRK2 or GRKS enhances TNFa-induced NF-kB activity [199]. GRK1 and
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GRKT are photoreceptors and have been shown to participate in cone opsin desensitization upon
light stimulation [298].

Another group of proteins, appearing among the top ones, is involved in the Bone Morphogenetic
Proteins (BMP) signaling pathway. Those proteins are BMPR1B, BMPR1A, ACVR2A, ACVR2B
and ALK2 which are respectively type | (the first two) and type Il (the last three) receptors that
form the heterotetrameric complex interacting with the BMPs and starting the signaling cascade
(Figures 16d and 16e) [299]. BMPs belong to the TGF-B superfamily and are important in
embryogenesis and development, such as cell growth, apoptosis and differentiation [300], [301],
[302]. In addition, it has been demonstrated that BMPs are also involved in regulation and
maintenance of adult homeostasis, for example, maintenance of the integrity, initiation of fracture
repair and vascular remodeling [303], [304].

PLK3 and PLK2 are also activated upon UV-C stress. PLK3 is known to induce phosphorylation
of TP53 and PLK2 can be activated by p53/TP53 [305], [306] (Figure 16b). At late response, we
identified other kinases such as COT (also known as MAP3K8) that is presumably involved in the
transduction of the TNF signal that activates JNK and NF-kB in some cell types, and MOS that is
a positive regulator of the MAPK cascade (Figure 16d).

Among the kinases that are less activated at the early response, various members of p21-activated
kinases (PAKS) are evident. PAKSs play pivotal roles, serving as converging junctions for distinct
signals originating from the cell surface and orchestrating multiple intracellular signaling cascades
[307]. Cellular stress, including UV-C irradiation, induce the cleavage of PAK2 through a caspase-
dependent mechanism triggering apoptosis [308] (Figure 16b). However, at late response, the less
activated kinases are mainly involved in cell cycle progression and cell growth, such as PKACA
and AURA (Figure 16d).

To compare our results with the UV-C response triggered in human cells, we used the dataset
previously published by our laboratory [3] and generated the kinase prediction analysis in human
cells upon UV-C stress (Figure 16e). In this study, U20S cells were UV-C irradiated and harvested
upon 1 h of recovery. The top kinases identified are the isoforms of JNK and p38, which are known
to be phosphorylated upon UV stress and start their signaling cascade leading to cell arrest,
apoptosis, repair and inflammation [309], [310]. On the other hand, the kinases less activated in
human cells are mainly CDKs and ERKS, indicative of the arrest of cell cycle and cell growth
(Figure 16e).

The prominent difference between the prediction kinases in human cells and zebrafish embryos
upon UV-C stress appears to be the stimulation of the kinase receptors such as GRKs and TGFBR
(Figures 16d, 16d and 16e). To have the clearer overview of the regulation of kinases activated by
UV-C irradiation in cells and in a whole organism, we plotted all the kinases identified in both
human and zebrafish datasets (Figure 17). ATM, ATR and DNA-PK are activated in both models.
The GRK1, GRK2 and GRKE6 are significantly activated in embryos. Interestingly, among the
significant overrepresented kinases in embryos, there is FAM20C that is involved in the post-
translational response to maintain endoplasmic reticulum (ER) proteostasis and plays an important
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role in protecting from ER-stress-induced death [311]. We found also IRE1 that is an ER
transmembrane sensor [312]. It has been shown that IRE1 hyperactivation under prolonger ER
stress can trigger apoptosis through the TRAF2-ASK1-JNK pathway [313], [314].

To narrow down our focus, we highlighted 17 proteins with a pS/TQ motif upon UV-C irradiation
that potentially are substrates of ATM/R in zebrafish embryos (Figure 18a). Some of these
phosphorylation sites are conserved and phosphorylated in humans upon UV stress as well. We
listed them in the table in Figure 18b, and among them we find nuckla (S54), epb4113b (S44), vcp
(S784), srsf4 (S299), smc3 (S1067) and tp53bpl (S492).
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Figure 15. Variation of cell signaling in zebrafish embryos at early and late UV-C response

a) The scatterplot shows the PCA of the ratio of zebrafish samples of the phosphoproteome (early/mock, late/mock,
late/early). b) The graph shows the Pearson correlation among the ratio of the single replicate. c) The barplot shows
the identified phosphoproteins (light orange) and phosphosites (dark orange) upon UV stress. d) The barplot shows
the upregulated (pink) and the downregulated (green) proteins in different conditions. FDR<0.05, FC< or >1.5. The
dotplots show the GO-terms analysis of upregulated phosphoproteins at e) early and f) late response (BP: Biological

Process; MF: Molecular Function; CC: Cellular Component).
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z BiK2 I 3 Figure 16. Phosphorylation of cellular signaling pathways
5 %53 s in zebrafish embryos and human cells upon UV stress
il HGK . . .
. MK a) The amino acid sequence analysis (-/+ 5aa) of the
Sek upregulated phosphosites at early response. Amino acids
CDK16 1
T2’ probabilities are plotted using R. b) The volcano plot
. @g@a 0 represents the kinases that are upregulated (red dots) and
MAP,'BKIS ~V.
“B M'jg; downregulated (blue dots) at early response using FDR<0.01
] 2 B DApKs -1 and FC< or >1.5. ¢) The amino acid sequence analysis (-/+
g S - 5aa) of the upregulated phosphosites at late response. Amino
B acids probabilities are plotted using R. d) The volcano plot
o -3 represents the kinases that are overrepresented (red dots) and
. E%’%é? underrepresented (blue dots) at late response using FDR<0.01
: KNS and FC< or >1.5. €) The volcano plot shows the kinases that
i L are overrepresented (red dots) and underrepresented (blue
B dots) at 1h post-UVR in human cells (from [3]). The kinase
MO prediction was generated using the kinase library
. ¥ (https://kinase-library.phosphosite.org/ea).
. g

Figure 17. Differential regulation of the kinases between
human cells and zebrafish embryos

Heatmap shows the kinases identified in the kinase prediction
in figures 15b, 15d and 15e. *FDR<0.01.
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Figure 18. Novel S/TQ sites identified in response to UV stress in zebrafish

a) The heatmap shows the differential regulation of the pSQ motif upon UV stress in zebrafish. b) The table shows the
conservation of the pSQ motif upon UV stress in human. The alignment analysis for checking the conservation of each
specific serine (S) in human was performed using Clustal Omega (https://www.ebi.ac.uk/Tools/msa/clustalo/).

2.2.4 MAPK pathways and conservation of NELFE phosphorylation at S115
upon UV-C

UV exposure induces the activation of the DNA damage response (DDR) for inducing cell cycle
arrest and allowing the repair of the DNA lesions. Cell cycle is regulated by ERK3/MAPK®6 and
its phosphorylation at S189 promotes the entry in the cell cycle. We identified the significant hypo-
phosphorylation of the S189 of MAPKG6 upon UV stress in zebrafish, confirming a general shut
down of cell cycle progression and the development, with a stronger effect at early response
compared to the late response (Figure 19a).

As mentioned previously, to compare the cell signaling pathways triggered in cells (human) and in
whole organism (zebrafish embryo), we used the dataset published by Borisova et al. to perform
kinase prediction analysis. The kinases activated in human cells are the isoforms of JNK and p38,
known to be triggered by external stimuli and stress [315]. In our phosphoproteome in zebrafish
embryos, we identified their activation sites (p38-T181, Y183; INK-T183) (Figure 19a). To have
a complete overview of the behavior of these kinases, we checked also their total protein level that
appears to be significantly upregulated upon UV-C stress (Figure 19b).

Previous study from our laboratory demonstrated that NELFE is phosphorylated at S115 and
released from Pol Il, allowing the release of paused Pol Il upon UV stress [3] (Figure 19c).
Interestingly, we also showed that the phosphorylation of NELFE on S115 is significant
upregulated at both early and late response in zebrafish embryos (Figure 19d). The alignment of
the amino acid sequence proves the conservation of this site across the different species (Figure
19e). This finding suggests that, upon UV-C radiation, the mechanism that allows the removal of
NELFE and release of Pol Il into elongation for accelerating the repair is conserved in zebrafish.
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Figure 19. Identification of canonical sites of INK and p38 and conservation of NELFE S115

a) The barplot shows the regulation of phosphorylation of the canonical sites of the MAPK family kinases. b) The
barplot shows the differential variation of MAPKS total protein upon UV stress. plotting the mean of the FC of the
triplicates of each condition. c) Schematic model of NELFE action upon UV-C exposure. d) The barplot shows the
increased phosphorylation of NELFE at S115 upon UV stress. e) Alignment of amino acid sequence of NELFE of
different organisms including the S115. Alignment performed using Clustal Omega. T-Student test was performed for
statistical analysis (*p-value<0.05, ***p-value<0.001, ****p-value <0.0001).

2.2.5 Differential regulation of genes involved in cell cycle and development
upon UV-C

To investigate the variation in gene regulation induced by UV-C irradiation, we performed
transcriptomic analysis as described in Figure 11a. PCA and Pearson correlation was utilized to
assess the similarity and difference among biological replicates, revealing a robust level of
reproducibility (Figure 20a). With the cut-off of FDR< 0.01 and FC< or >1, we found 514
upregulated and 1009 downregulated genes at early response (Figure 20b). At late response, 3318
upregulated and 3545 downregulated genes were identified. Among the most upregulated genes,
there are genes involved in cell cycle arrest upon DNA damage (gadd45aa, cdknla and nuprla),
but we also find polr2a (Figures 20b and 20c). The GO-term analysis (Biological Process (BP)) of
the upregulated genes at early response showed the enrichment of terms such as
“Ribonucleoprotein complex biogenesis”, “mRNA processing” and “cellular response to
xenobiotic stimulus” (Figure 20e). On the other hand, the downregulated genes are mainly
involved in the development process, such as “Muscle structure development”, “epidermis
development” (Figure 20d). At late response, the upregulated genes showed the enrichment of

99 ¢ 9% <6

terms such as “muscle cell development”, “muscle tissue development”, “muscle contraction” and
genes involved in “response to hypoxia” (Figure 20f). Interestingly, at late response, the
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downregulated genes are enriched in terms, such as “ribosome biogenesis”, “rRNA processing”,
“glycoprotein metabolic process”, showing the change in the regulation of the ribosome genes
between the early and late response.
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Figure 20. Transcriptomic analysis shows the downregulation of genes involved in development after UV-C

a) Quantitative PCA scatterplot of zebrafish samples at the transcriptomic level. b) The volcano plot shows the
differential regulation of gene expression at early response compared to mock. The upregulated (red dots) and
downregulated (blue dots) genesFDR<0.01. c) The volcano plot shows the differential regulation of gene expression
at late response compared to the mock. The upregulated (red dots) and downregulated (blue dots) genes.FDR<0.01. d)
The dotplot shows the reduced top 20-BP terms of upregulated genes at early response. €) The dotplot shows the
reduced top 20-BP terms of upregulated genes at late response. f) The dotplot shows the reduced top-20 BP terms of
downregulated genes at early response. g) The dotplot shows the reduced top-20 BP terms of downregulated genes at
early response. The analysis was performed using the enrichment from STRING database.

2.2.6 Differential regulation of the ubiquitylome induced by UV-C

Another relevant post-translational modification (PTM) in DDR and cell signaling pathways is the
ubiquitylation. Depending on the ubiquitylation-chain tagging a protein, the fate of the protein can
change. To investigate how the ubiquitylation profiling is affected by UV-C irradiation, we
combined a pulldown using OtUBD, a high-affinity ubiquitin-binding domain (UBD) derived from
an Orientia tsutsugamushi deubiquitylase (DUB) able to purified ubiquitylated proteins [4], with
quantitative proteomics in zebrafish embryos. We conducted the experiment in technical triplicates
and used the same conditions employed to proteomic and transcriptomic experiments (early and
late response), adding the 28 hpf untreated (UT) zebrafish embryos, as control for the late response
embryos (Figure 21a). We performed the OtUBD pulldown and measured the proteome through
LC-MS/MS (Figure 21a). We identified 964 ubiquitylated proteins. For the analysis, we applied
the cut-off of FDR<0.05 and FC<or >1.5. At early response, 9 proteins are enriched and 5 proteins
are less enriched with OtUBD upon UV-C irradiation (Figure 21b). At late response, we detected
more proteins (29) with increased ubiquitylation, and 9 proteins with decreased ubiquitylation upon
UV-C irradiation (Figure 21d). To have a broader overview, we performed GO-term analysis just
applying the cutoff of the FC= 1.5. Among the proteins with increased ubiquitylation, we identified
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PCNA, FANCI and FANCD2. It has been shown that ubiquitylation of PCNA at K164 is important
in the response to UV-C irradiation in human cells [316], [317]. We identified increased
ubiquitylation of Pol Il (polr2a/RPB1). Indeed, K1268 has been identified to be the main residue
involved in RPB1 (the catalytic subunit of Pol I1) ubiquitylation and degradation upon UV-C stress
[154], [155]. Nccrpl shows an increased ubiquitylation and is involved in SCF-dependent
proteasomal ubiquitin-dependent protein catabolic process.

44



a b

. downreg 5 upreg 9
recoverytime  cro5h 05h crdh ah mrps33 o : |
f—’\,q =

post Uv B H |
( Ty TRy TR 1) : |

24 hpt embryas : i

l 3 : 3

:

Label free quantitative protecmics

mrpl12 ¢
@ hcerpl
si:ch1073-20508.3

: L @ Polr2a

i 1 . nael fanc\

% S92 sop1e.3
» 290171 1753 ch211-25116.7

lbr,
tnce coHBa1‘ !

-log10(p-value)

Top20-GO-terms_0.5uv vs 0.5ut

Cellular modified amino ®
acid biosynthetic process
Proteasome—activating ATPase activity @
DNA polymerase binding L ]
TBP-class protein binding ® cc
Chaperonin-containing T-complex [ ]
Signal recognition particle, ®

endoplasmic reticulum targeting
Eukaryotic franslation elongation .

factor 1 complex

BP

0.0
3 log2(0.5h UV/0.5h UT)
Paraspeckles .
Cytosolic proteasome complex ® MF
Proteasome accessory complex .

HDL clearance «

Beta oxidation of myristoyl-CoA
to lauroyl-CoA

Choline catabolism .

HuR (ELAVL1) binds and stabilizes mRNA . @ tgmii4
Chylomicron assembly . RCT  ror LOC100331.909 @ fanci

Glutamate and glutamine metabolism ]
Gluconeogenesis

DNA Damage Recognition in GG-NER

L ]
@
Regulation of mRNA stability by .

downreg 9 upreg 29
7 4 #zgc:110796

8
00000 -
-

@ usp4
mdka @ ®tpma

psmcia tubb2b .
cna® fam63b ® cirbpb
&bagﬁ ube25 ube2r2

[ J rrm2
[ ] 5 smoZuspQ
smiﬁ
& u aZ srp?zflelm43

kS apaZgt -

proteins that bind AU-rich elements
ABC-family proteins mediated transport

2 im:6908224¢ PPH402@

-log10(p—value)

0 25 5 75 100 mrp824513l;2
Enrichment (100%) snrpal

Top20-GO-terms_4uv vs 4ut

Negative regulation of histone

H2A K63—linked ubiquitination
Protein deubiquitination involved in

ubiquitin—dependent protein catabolic process

Alternative mRNA splicing, via spliceosome -5.0 -25 0.0 25

]
Intracellular steroid hormone receptor signaling pathway 1 @ BP  ror log2(4h UV/4h UT)
Anaphase-prometing complex—dependent catabolic process {1 @
0.04
Negative regulation of mMRNA metabolic process -I.

Protein monoubiquitination

f

K6 K11 K27 K29 K48 K63

Proteasome—activating ATPase activity . 0.02
Ubiquitin-like modifier activating enzyme activity [ ]
poly(U) RNA binding [ ]
TBP-class protein binding L ]
Ubiquitin conjugating enzyme activity 1@
mMRNA 3-UTR binding 1@
rRNA binding 1@

Parkin-FBXW7-Cul1 ubiquitin ligase complex .
Signal recognition particle,
endoplasmic reticulum targeting

Proteasome complex 1.

MF

8
€
a

%ﬂﬂﬁﬁﬁﬁﬁﬁﬁ

3 ',40540540540540
Recovery time after UV (h)

cC

Pentose phosphate pathway .
Protein ubiquitination { @ ‘RCT
Fanconi Anemia Pathway 1@

FH R % . .%.Ev[.ﬁaq.ﬁ‘l..&l.%_{‘_.,

(YT XXX
N
Q
w
a2
a

Enrichment (100%)

Figure 21. (Legend in the next page) &

45



Figure 21. UV-C-induced regulation of ubiquitylation in zebrafish embryos

a) Workflow of the OtUBD pulldown-proteomics performed using zebrafish embryos lysates. For each condition three
technical re-plicate was used. The volcano plots represent the proteins with increased (red dots) and decreased (blue
dots) ubiquitylation at b) early and d) late UV response (FDR< 0.05 and FC < or >1.5). The dotblots show the
enrichment of the top20 GO-terms of the proteins with increased ubiquitylation at ¢) early and €) late UV-C response.
f) The barplot represents the variation of the identified ubiquitin chains at early and late UV-C response (on x-axis).
g) The barplot shows the FC of the ubiquitylation of ybx1 and snd1 (K6-ubiquitylated proteins from Suryo Rahmanto
et al., [23]). The statistical analysis was performed with T-Student test. * p-value<0.05, ** p-value<0.001.

2.3 UV-C induces RNA-protein crosslinks (RPCs)

A recent study from our laboratory [23] showed that UV-C and formaldehyde (FA) induce RNA-
protein crosslinks (RPCs) (Figure 22a) and inhibit translation in human cells. Their resolution is
regulated by K6-linked ubiquitylation. In this study, we used an artificial way to induce RPCs
consisting of labelling nascent RNA with 4-thiouridine (4SU, 5um) for 45 min and subsequently
exposure to UV-A (345nm, 0.5 J/m?). This allowed us to identify the proteins that crosslink to the
MRNA and, subsequently, that are K6-ubiquitylated, including YBX1, YBX3, SND1 and SERBP1
(Figures 22b and 22c). Those are proteins located mainly in the cytoplasm as shown by the IF of
endogenous proteins (Figure 22d). We hypothesized that these proteins form covalent crosslinks
with RNA (forming RPCs) that are marked by K6-ubiquitin chain upon UV-C stress and FA
treatment.

To explore the pool of proteins interacting with the RPC-proteins, we performed pulldowns using
transiently overexpressed proteins tagged with GFP and performed the interactome analysis by LC-
MS/MS (Figure 23a). Upon RPCs induction, analysis of the interaction profile of the YBX1,
YBX3 and SND1shows the significant enrichment of 144, 360 and 144 proteins (Figures 23b, 23d
and 23e). Their GO-term analysis highlights the association with cytoplasmic factors, ribosomes
and translation (Figures 23c, 23e and 23g). This supported their involvement in translation
shutdown upon RPCs induction.
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Figure 22. Induction of K6-ubiquitin chain after UV-C irradiation and ubiquitylation of proteins forming

RPCs

a) Quantification of K6-linked ubiquitin specific peptide in U20S cells. The bar plot shows the mean FC in log2-
transformed SILAC ratios. The error bars represent the standard deviation. ****p<0.0001; two-way Anova with
Bonferroni correction (Suryo Rahmanto et al., 2023). b) Volcano plot of ubiquitylation sites quantified by ubiquitin
remnant profiling with three biological replicates. The mean of log2-transformed SILCA ratios (RPC/control) of all
replicates is plotted against —log10-tranformed g value. The q value and enrichment were calculated using limma
(Suryo Rahmanto et al., 2023). ¢) Representative blots of the pulldown with K6 ubiquitin affimer after RPC induction
in U20S cells. d) Immunofluorescence analysis of RPC-forming proteins in U20S cells. Scale bar 5 um.
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Figure 23. Analysis of the interaction profiling of RPC-proteins
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a) Schematic approach for studying the protein interaction profile of RPC- proteins (YBX1, YBX3, SND1). U20S
cells were transfected with GFP-plasmid and treated with DMSO or for RPC-induction (as described in the text).
Proteins were digested with trypsin and peptides were analyzed by LC-MS/MS. Volcano plots of interacting proteins
of RPC-proteins upon RPC-induction b) RPC/exogenous YBX1, d) RPC/exogenous YBX3, f) RPC/exogenous SND1.
The mean of the logz-transformed LFQ intensities of all replicates is plotted against the -logio-transformed p value.
The p value was calculated using Perseus, the Benjamini-Hochberg method. The GO-term analysis of the increased
proteins of the following conditions: ¢) RPC/exogenous YBX1 e) RPC/exogenous YBX3 g) RPC/exogenous SND1.

Enrichment analysis performed using String database.
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3 Discussion

The current study has the aim to enhance the comprehension of the intricate cellular response to
UV-C irradiation in whole organisms. Using zebrafish embryos, we investigated the changes in
gene expression and underlying protein-based molecular mechanisms and cell signaling pathways
induced by UV-C irradiation in a whole organism and compared the results to the knowledge we
have in human cells [3].

We started characterizing the kinetics of the UV-C-induced DNA lesions and the responses in
HaCaT and RPE-1 cells, human cells that in physiological conditions are exposed to UV-light and
are not of the tumor origin. Afterwards, we used zebrafish embryos as a model organism to have
the overview of the UV-C-induced DNA damage response (DDR) in whole organisms. In
particular, we investigated the changes of the total protein levels (proteome) at the early and the
late UV-C response. In addition, we monitored the cell signaling pathways triggered by UV-C
response (phosphoproteome). Subsequently, upon UV-C irradiation, we investigated the alterations
of the ubiquitylated proteins by performing OtUBD affinity purification with quantitative
proteomics (ubiquitylome). To complete the overall picture, we investigated the changes in gene
expression resulting by UV-C induced DNA damage (transcriptome). At the end, we compared our
study in zebrafish embryos to studies performed in human cells [3]. We highlighted the
conservation of selected ATM/ATR phosphorylation sites and the cell signaling pathways activated
by UV-C irradiation in zebrafish embryos.

UV-light is divided into three different categories depending on the wavelength: UV-A (320-400
nm), UV-B (280-320 nm) and UV-C (100-280 nm). UV-C irradiation represents the most
dangerous wavelength range of UV light since it induces the formation of DNA adducts, in
particular cyclobutane pyrimidine dimers (CPDs) and 6-4 photoproducts (6-4PPs) [22], and RNA-
protein crosslinks (RPCs) [23]. Upon their generation, CPDs and 6-4PPs induce distortions within
the DNA double helix [283]. The presence of these bulky lesions can interfere with important
cellular processes like transcription and replication, which can compromise genome stability and
cell viability [284]. DNA adducts can obstruct the progression of the transcribing RNA polymerase
I1 (Pol I1), inhibiting transcription and initiating the transcription-coupled nucleotide excision
repair (TC-NER) [64]. The resolution of the CPDs takes longer compared to the resolution of 6-4
PPs [289] and this is supported also from our IF data (Figures 10a, 10b, 10c and 10d). If not
resolved, the accumulation of DNA damage and mutations can lead to the development of cancers,
such as cutaneous squamous cell carcinoma, basal cell carcinoma and cutaneous melanoma [285].
Our recent publication [23] showed that UV-C irradiation and formaldehyde (FA) produce RNA-
protein crosslinks (RPCs) and their resolution is regulated by K6-ubiquitylation together with an
evolutionarily conserved ubiquitin E3 ligase, RNF14.

In the recent years, zebrafish became a valuable model system employed across various research
fields [254], [255]. Around 70% of zebrafish genes have human orthologs [286] and the improved
knowledge of both the UV-induced DDR and the genes involved in repair mechanisms, including
NER, further supports the use of zebrafish as complementary mammalian models [259], [260],

50



[261]. In particular, zebrafish have a competent p53-dependent NER pathway for repairing UV-
induced DNA damage leading to the phosphorylation of histone H2AX. In addition, zebrafish
develop cancers, like melanoma, that resemble human tumors both at molecular and
histopathological levels [2], [287]. From the experimental point of view, the extra utero
development of zebrafish provides easier exposure to UV radiation [2].

3.1 UV-C induced DNA damage response

In human cells, UV-C irradiation induces the formation of photoproducts that impede DNA
replication and transcription [64]. To preserve genome stability, cells evolved the DDR for
synchronizing DNA repair with cell cycle progression, DNA replication and RNA metabolism.
ATM and ATR are the primarily kinases that are activated upon DNA damage. ATM regulates the
repair of double-stranded breaks (DSBs) [121]. Instead, ATR responds to different types of DNA
damage that have in common the presence of single-stranded breaks (SSBs), that are generated as
intermediates of DNA repair pathways (for example NER), and stalled replication forks [6].

Although ATM and ATR are activated by different stimuli, their substrates significantly overlap
[318]. Once the activated ATM/ATR kinase is at the damage site, it phosphorylates a variety of
targets facilitating cellular responses to the damage. One important ATM/ATR target is the histone
H2AX [319], [320]. The phosphorylated form of H2AX (yH2AX) serves as a platform for
recruitment of additional DDR factors and enhancement of signaling pathways [6]. Previous
studies have revealed the phosphorylation of H2AX at the damaged sites upon UV exposure [320],
as shown also from our IF data (Figures 10e and 10f).

ATR-CHKZ1 pathway is recognized as the principal coordinator of the cellular response to UV-C
irradiation [321]. CHK1 is the most relevant downstream target of ATR which induces cycle arrest
in the S and G2/M phases in response to DNA damage [6] [318]. Both PI-3Ks, ATM, and ATR
have been demonstrated to phosphorylate proteins on with serines or threonines located within the
S/TQ motif in response to stress [123], [295], [322]. The S/TQ motif is indeed overrepresented in
our sequence analysis in zebrafish embryos upon UV-C irradiation (Figures 16a and 16c).

Spatiotemporal protein reorganization at DNA damage sites induced by genotoxic chemotherapies
is crucial for DDR, which influences response by directing cancer cell fate. This process is
orchestrated by valosin-containing protein (VCP), an AAA+ ATPase that extracts
polyubiquitylated chromatin proteins and facilitates their turnover. The phosphorylation of VCP at
S784 is important for DNA damage response [323]. Upon UV irradiation, VCP undergoes
phosphorylation at S784 in its C-terminal domain [119], [322], [324] and this modification
selectively enhances chromatin-associated protein degradation and is required for DNA repair,
signaling, and cell survival [325]. This site is phosphorylated by ATM, ATR, or DNA-PKcs [326].
Phosphorylation of VCP at S784 dependent on ATM/ATR upon UV-C irradiation is supported by
our analysis in zebrafish embryos (Figures 18a and 18b).
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The conserved chromatin-associated protein NUCKS1 has a role in the DNA damage response. It
has been showed that the phosphorylation of nucksla at S54 (in zebrafish S52) depends on ATM
and is involved in HR pathway [122], [327].

DSBs repair is crucial to preserve genomic integrity and maintain cellular homeostasis. TP53-
binding protein 1 (TP53BP1) is an important and conserved regulator of the cellular response to
DSBs that promotes NHEJ. The phosphorylation of five serine residues shows strong upregulation
induced by ATM/ATR kinases (S398, S580, S831, T855, S1068) [3], [29], [328], [329]. It has been
demonstrated that the function of TP53BP1 in promoting NHEJ crucially depends on RIF1 [330].

The above-mentioned phosphosites we found to be conserved and phosphorylated in response to
UV-C irradiation in zebrafish embryos. In particular, we identified VCP S784, NUCKS1 S54 (S52
in human) and TP53BP1 S492 (S580 in human) upon UV-C irradiation. We identified increased
phosphorylation of RIF1 at S1465 and this site appears not conserved in humans (Figure 18).

After UV-C irradiation, ATM/ATR activation induces cell cycle arrest through p53/p21 pathway
[331], [332]. In addition, it is also showed that, indirectly, p38 MAPK affects the cell cycle through
the activation of the tumor suppressor p53, which induces the transcription of a number of genes
regulating cell cycle, in particular p21 and Gadd45 [333], [334]. p21 and Gadd45 are the most
upregulated genes in our zebrafish transcriptomic analysis after UV-C irradiation, confirming the
activation of p53 signaling pathway and the resulting cell cycle arrest (Figures 20b and 20c).

Stress conditions, including UV irradiation, induce the formation of paraspeckles. These are non-
membrane organelles in the nucleus generated by protein liquid-liquid phase separation (LLPS)
[335]. Their formation requires a specific long noncoding RNA (IncRNA), nuclear paraspeckle
assembly transcript 1 (NEAT1L) [336], [337], [338]. Paraspeckles are enriched with other types of
RNAs [339], [340] and paraspeckels proteins (PSPs) [341]. The PSPs, such as PSP1, NONO [342],
SFPQ [343] belong to the Drosophila behavior human splicing (DBHS) family. There are also
other proteins involved in paraspeckles, as HNRNPM and CPSF6 [344]. In line with that, in
zebrafish proteomic analysis, the total protein level of the paraspeckles proteins NONO, SFPQ,
CPSF6 and HNRNPM increases upon UV-C radiation.

3.2 Signaling pathways induced by UV-C in zebrafish embryos

The effects of UV light go beyond activation of DNA damage response pathways, and include
inflammatory signaling, systemic immune response and general stress responses [203]. Cells
constantly communicate through a myriad of signaling pathways, the activation of which depends
on parameters such as dose, time of exposure and wavelength of UV light [164]. Both ROS and
pro-inflammatory cytokines, resulting from UV exposure, can function as activators of the
signaling transduction pathways [165], [345]. The generation of ROS can cause several types of
DNA lesions, for example DNA-protein crosslinks, strand breaks and AP-sites, and changes in
protein structure and function that result in alteration in the collagen fibers and dermis
conformation [20]. In fact, in our study we found a set of genes (col5a3a, col2ala, loxI1, collla2,
spintla) involved in collagen fibril organization (GO-BP terms) transcriptionally elevated at early
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response (Figure 20e). This could mean that organisms compensate for ROS-induced collagen
damage by upregulating collagen production.

TGF-p signaling pathway plays an important role in regulation of different processes including cell
growth, differentiation, immune and inflammatory responses, and angiogenesis [204]. The latent
form of TFG-B is activated upon the interaction with factors, such as ROS and cytokines, which
allow the release of the mature TGF-p [346]. Mature TGF-B interacts with a couple of
serine/threonine kinase receptors, TGFBII and TGFpI, triggering the intracellular signaling cascade
[205]. Our Kkinase prediction analysis based on zebrafish phosphoproteome shows the TGFBII and
TGFBI receptors as ones of the most activated kinases appearing upon UV-C irradiation and
indicating that this pathway is highly activated in a whole organism and is employed for
counteracting the UV induced stress response.

A subgroup of proteins belonging to the TGF-p family includes the bone morphogenetic proteins
(BMPs) [347]. The TGF-B/BMPs signaling pathway is mainly involved in the regulation of early
development and homeostasis of various adult tissues [301], [348], [349]. Recent studies have
demonstrated the implication of the BMP signaling in modulating various post-injury processes, in
particular endogenous cell replacement, cell death and damage response [301], [350], [351], [352],
[353]. Interestingly, in our zebrafish kinase prediction analysis, we found several BMPs receptors
(such as BMPR1B, ACVR2B, BMPR1A and ACVR2A), activity of which increases upon UV-C
irradiation. In this case, we could exclude their participation in developmental processes
considering the normalization performed over the corresponding untreated embryos (early
response) and link the activation to the UV-C response for repairing the lesions.

UV-C radiation triggers MAPK signaling pathways [354]. The activation of the conserved MAPK
pathways occurs with the phosphorylation of the sites belonging to the consensus sequence that
consists of a dual-phosphorylation domain (Thr-Xxx-Thyr) [355], [356], [357], [358]. Depending
on the subfamily of MAPKSs, this sequence can slightly change. In fact, ERKs have the TEY
sequence, JNKs have the TPY sequence and p38 MAPKSs have the TGY sequence [172], [359],
[360]. Upon stimulation, phosphorylation of Y180 plays a crucial role in p38 activation, whereas
phosphorylation on Y182 is crucial for stabilization with substrates and p38 autophosphorylation
[167]. In line with this, in our zebrafish phosphoproteome analysis, we identified the conserved
sites belonging to the consensus sequence of p38 (T181-Y183) and JNK (T183-Y185) (Figure
19a). A downstream target of p38 MAPK signaling cascade is NELFE, the smallest subunit of the
NELF complex that blocks Pol Il at promoter proximal pausing (PPP) site. In particular,
phosphorylation of NELFE at S115 triggers the detachment of the NELF complex from the
chromatin [3] and release of Pol Il from the PPP. S115 of NELFE is conserved in different
organisms and we found its phosphorylation significantly increasing upon UV-C exposure in
zebrafish embryos, suggesting the conservation of the mechanism regulating Pol 11 in response to
UV-C irradiation in zebrafish (Figures 19d and 19e).

ERK3/MAPKG is considered as an atypical MAPK since its consensus sequence contains a Ser-
Glu-Gly (SEG) motif compared to the typical TXY [361]. ERK3/MAPKG® is phosphorylated by the
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group | p21-activated protein kinases (PAK1/2/3) [362], [363]. Phosphorylation of ERK3/MAPKG6
at S189 plays an important role in invasiveness-promoting ability in lung cancer cells [364] in cell
cycle arrest and in response to UV-C [3], [29], [365]. Downstream target of ERK3/MAPKG6 cascade
is the MAP kinase-activated protein kinase 5 (MK5). MK5 mediates phosphorylation of
HSP27/HSPB1 in response to p38-regulated/activated kinase (PRAK /PKA/PRKACA)
stimulation, inducing F-actin rearrangement [366], [367]. Dephosphorylation of S189
ERK3/MAPK6 by DUSP2 negatively regulates ERK3/MK5 pathway [368] (Figure 19a). As
mentioned previously, PAKs phosphorylate ERK3/MAPK6 [362]. In accordance with the
dephosphorylation of ERK3/MAPKG6 at S189, our kinase prediction analysis in zebrafish embryos
shows less activation of PAKSs (Figure 16b).

The GRKs are protein kinases that function together with arrestins to regulate a variety of GPCRs.
The GPCRs function in a variety of signaling pathways and their persistent stimulation may alter
physiological properties of the normal cells. Their regulation through GRKSs represent a mechanism
for preventing their dysfunction and limit their hyperactivation. In fact, GRKs trigger the kinase-
dependent homologous desensitization of GPCRs by phosphorylating the receptor and allowing
the recruitment of arrestin in a canonical pathway, preventing excessive stimulation of the cascade.
GRKSs can also activate a non-canonical signals interacting with other proteins [198]. Their function
depends on the GRKs isoform and the location of the body in which it is expressed. GRK1 and
GRKY7 are photoreceptors that can be activated by photons. Studies performed in mammals
demonstrated that after light stimulus, when Ca?*-concentration decreases, recoverins (Rec)
dissociate from GRKSs. Rec specifically regulates GRKSs activity in a Ca?*-dependent manner and
then controls phosphorylation of photoexcited opsin [369], [370], [371]. In most mammals, both
GRK1 and GRK7 have been identified, which are expressed in rods (GRK1) and cones (GRK1 and
GRKY7) in a species-specific manner [298]. Instead, in zebrafish four different isoforms of GRKSs
corresponding to GRK1 and GRK?7 are found (zGRK1a, zGRK1b, zGRK7a and zGRK7b) and are
present in the retina ([372], [373], [374]. In zebrafish kinase prediction, GRKL1 is significantly
activated compared to human, in which its activity appears to decrease. On the other hand, the
activity of GRK?7 increases in both models upon UV-C stress (Figures 16b, 16d and 17).

Recent studies have demonstrated a link between the DDR and the unfolded protein response
(UPR) [375], [376], [377]. The UPR is the primary mechanism through which cells attempt to
resolve endoplasmic reticulum (ER) stress caused by misfolded proteins in the ER. Among the
UPR regulators, IRE1a is an ER transmembrane sensor that functions as a dual protein kinase and
endoribonuclease [312]. A recent study showed that IRE1a is required for the proper function of
the UV DDR, influencing checkpoint activation and repair of CPDs [378], and its hyperactivation
under prolonged ER stress can trigger apoptosis through the TRAF2-ASK1-IJNK pathway [313],
[314]. In line with this, we found the increased activity of IRE1a in our kinase prediction analysis
in zebrafish embryos. In addition, it is known that Fam20C phosphorylates protein disulfide
isomerase (PDI) as a rapid post-translational mechanism for integrating ER proteostasis sensing
and cell fate control. Phosphorylated PDI induces the attenuation of IRE1a activity in prolonged
ER-stress, which is critical for protecting against ER stress-induced liver damage [311]. In
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zebrafish embryos, among the kinases we found the significant increased activity of FAM20C
(Figures 16b, 16d and 17).

UV-C irradiation leads to the activation of PLK3 that phosphorylates CHEK2, promoting the G2/M
transition checkpoint, and CDC25A, p53/TP53 and p73/TP73 by promoting G1/S transition
checkpoint [379], [380], [381], [382]. This is confirmed by our kinase prediction analysis in
zebrafish embryos.

Furthermore, COT is a kinase required for TLR4-mediated activation of the MAPK/ERK pathway
in macrophages, thus being critical for production of TNF-a during immune responses. It may also
play a role in the transduction of TNF signals that activate JNK and NF-kB in some cell types.

Recently, study from our laboratory demonstrated that UV-C irradiation induces the formation of
RPCs and their resolution depends on K6-ubiquitylation [23]. We identified some RPC proteins,
in particular YBX1 and SND1. In zebrafish ubiquitylome analysis, we confirmed the increased K6-
linked ubiquitylation, and ubiquitylation of YBX1 and SND1, upon UV-C irradiation (Figures 21f
and 21g), suggesting the conservation of K6-ubiquitin linkage function in zebrafish embryos and
as a relevant response in a whole organism in response to UV-C.

Upon UV-induced DNA damage, Pol Il degradation is thought to occur in order to expose the
lesion, only when backtracking is not possible [66]. More recently, it has been demonstrated that
Pol 11 stalling induces ubiquitylation of the catalytic subunit of Pol 1l, RPB1, at K1268, with
implications in lesion repair, RPB1 degradation and gene expression [154], [155]. The increased
Pol 11 ubiquitylation has been confirmed also from our ubiquitylome analysis in zebrafish embryos
(Figure 21b).

It has been reported that UV radiation induces monoubiquitylation of the FANCI/FANCD2 (ID)
complex that promotes DNA repair through the Fanconi anemia (FA) pathway [107], [383]. ATR-
mediated phosphorylation of FANCI acts as major molecular switch to activate the FA pathway
upon replication stress [384]. It has been demonstrated that monoubiquitylated PCNA stimulates
FANCD2 and FANCI monoubiquitylation and is their important regulator [111], [385], [386].
Ubiquitylation of PCNA and ID complex increases significantly in zebrafish embryos upon UV-C
stress indicating a possible activation of the FA pathway in a whole organism (Figures 21b and
21d).

3.3 Comparison of UV-C induced response from cells to a whole
organism

Taking into account the study performed by Borisova et al., we were able to highlight the main
differences and similarities between the kinases regulation in human cells and in zebrafish embryos
upon UV-induced DNA damage. We leverage the kinase library based on human (https://kinase-
library.phosphosite.org/ea), as a zebrafish-specific resource is yet to be available and we relied on
the high homology between human and zebrafish kinases [296].
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In human cells, it has been observed that MAPKS, in particular the isoforms of JNK1s and p38,
emerge as prominently activated kinases in response to UV-C irradiation [3]. Intriguingly, our
predictive kinase analysis in zebrafish embryos reveals a distinctive pattern, with members of the
GRKs family, particularly GRK6 and the photoreceptor GRK1, exhibiting significant activation
compared to human cells. Additionally, another notable group of kinases showing significant
activation in zebrafish embryos, in contrast to human cells, comprises the BMP receptors, such as
BMPR1A, BMPR1B, ACVR2B, and ALK2.

Of particular interest is that our analysis performed in zebrafish embryos underscores the
significant activation of FAMC20 and IREla kinases, implicated in ER-stress response.
Remarkably, from our analysis this pathway is not stimulated in human cells.

Expectedly, key DNA damage response kinases such as ATM, ATR, and DNA-PK exhibit
activation in both cellular and embryonic models upon UV-C exposure.

Furthermore, our findings reveal the phosphorylation of NELFE at S115 following UV-C
irradiation, indicating the conservation of its functional role in regulating Pol 1l in zebrafish
embryos. Additionally, we observed ubiquitylation events involving K6-linkage and RPC proteins,
alongside the ubiquitylation of PCNA, FANCI, and FANCD2, components of the FA repair
pathway.

In conclusion, our study provides a comprehensive overview of the UV-C induced response in a
whole organism, offering a valuable resource for the scientific community. Through the
demonstration of conserved and activated pathways in zebrafish embryos compared to human cells,
we shed light on both similarities and differences. Notably, the activation of ER-stress response
and the resolution of RPCs emerge as intriguing pathways for further investigation and clarification
of the UV-induced response.
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4 Materials and Methods

4.1 List of all consumables, software and equipment

Table 1: Buffers/Solutions/Consumables

Cell culture

4-thiouridine (4SU)

5-Ethynyl-2-deoxyuridine (EdU)

5-Ethynyl uridine (EU)

Bafilomycin A (BafA)

Biotin-phenol

Bortezomib

Cyclohexamide (CHX)

Dialyzed FBS (10,000 molecular weight cut-off)
Dimethyl sulfoxide (DMSO)

D-MEM for SILAC without lysine and arginine
Dulbecco’s Modified Eagle Medium (D-MEM)
Dulbecco’s Phosphate-Buffered Saline (D-PBS)
Fetal bovine serum (FBS)

Human bone osteosarcoma epithelial cells (U20S)
Human colorectal carcinoma epithelial cells (HCT116)
Human embryonic kidney cells (HEK293T)
Human hTERT-immortalized retinal pigment epithelial cells
(RPE-1)

Hydrogen Peroxide

L-arginine (Arg0)

L-lysine (Lys0)

L-arginine-U-13C6 99% (Arg6)
L-lysine-4,4,5,5,-D4 96-98% (Lys4)
L-arginine-U-13C6-15N4 99% (Arg10)
L-lysine-U-13C6-15N2 99% (Lys8)
L-glutamine

MG132

Penicillin/Streptomycin

Pladienolide B (PladB)

Puromycin

Quenching solution

Roswell Park Memorial Institute 1640 Medium (RPMI)
Trypsin-EDTA (0.05% )

Transfection
Lipofectamine RNAIMAX
Opti-MEM with GlutaMAX

Cell lysis
Complete protease inhibitor cocktail tablets
Modified RIPA buffer

No-salt modified RIPA buffer

N-ethylmaleimide (NEM)

NUPAGE LDS Sample Buffer (4x) (LDS SB)
Magnesium Chloride (MgClz2)

Phosphatase inhibitors:

1 mM sodium orthovanadate

5 mM B-glycerophosphate

5 mM sodium fluoride

Composition / vendor
Jena Bioscience
Jena Bioscience
Jena Bioscience

Sigma Aldrich
Iris Biochem
Selleckchem
Merck
Thermo Fisher Scientific
Sigma Aldrich
Sigma Aldrich
Gibco

Gibco

Gibco

ATCC

ATCC

ATCC

ATCC

Sigma Aldrich

Cambridge Isotope Laboratories
Cambridge Isotope Laboratories
Cambridge Isotope Laboratories
Cambridge Isotope Laboratories
Cambridge Isotope Laboratories
Cambridge Isotope Laboratories
Gibco

Sigma Aldrich

Gibco

Santa Cruz Biotechnologies
InvivoGen

1 mM Sodium azide, 10mM Sodium ascorbate and 5mM
Trolox in D-PBS

Gibco

Gibco

Life Technologies
Gibco

Roche Diagnostics

50 mM Tris-HCI pH 7.5, 150 mM NaCl, 1 mM EDTA, 1%
NP-40, 0.1% Sodium-deoxycholate

50 mM Tris-HCI pH 7.5, 1 mM EDTA, 1% NP-40, 0.1%
Sodium-deoxycholate

Sigma Aldrich

Thermo Fisher Scientific

Sigma Aldrich
Sigma Aldrich
Sigma Aldrich
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QuicksStart Bradford 1x Dye Protein Reagent
RIPA buffer

Sm Nuclease

Pull-downs

ANTI-FLAG M2 Affinity Gel
Biotin-conjugated diK6 affimer
Dynabeads Protein G beads
GFP-conjugated diK6 affimer
Neutravidin beads

Urea

SDS-PAGE and Western blotting

0.45 pm nitrocellulose
Blocking buffer

Bovine serum albumin (BSA)

Dithiothreitol (DTT)

NuPAG MOPS SDS Running Buffer (20X)
NuPAGE Bis-Tris gels 4-12%

PBS-T

Ponceau S

Ponceau S solution

SuperSignal West Pico Chemiluminescent Substrate

Transfer buffer

Microscopy and flow cytometry

4% paraformaldehyde (PFA) in PBS
Alexa Fluor 647 azide

Copper (I1) sulfate pentahydrate in PBS
Blocking buffer

Hoechst 33342

Permeabilization buffer

Sodium L-ascorbate

Mass spectrometry

In-gel digestion

Buffer B

Chloroacetamide (CAA)

Colloidal Blue Staining Kit

Destaining solution

Digestion buffer

Peptide extraction buffer

Sequencing grade Trypsin (0.5 pg/ul in 50 mM acetic acid)

In-solution digestion
Denaturation buffer

SepPAK C18 cartridges

Stage tipping

Buffer A

Buffer B

C18 elution buffer

C18 Empore 47 mm extraction disks

BioRad

50 mM Tris-HCI, pH 7.4, 1% Triton X-100, 0.5% Sodium
Deoxycholate, 0.1% SDS, 150mM NaCl

IMB PPCF

Merck Millipore
Inhouse

Thermo Fisher Scientific
Millipore

Thermo Fisher Scientific
Sigma

Sigma Aldrich

10% skimmed milk solution in PBS-T or
5% BSA in PBS-T or

3% BSA in PBS-T

Sigma Aldrich

Sigma Aldrich

Thermo Fisher Scientific

Thermo Fisher Scientific

1x PBS, 0.1% Tween-20

Sigma Aldrich

0.1% (w/v) Ponceau S, 5% acetic acid
Thermo Fisher Scientific

25 mM Tris, 192 mM Glycine, 20% (v/v) ethanol, pH 8.3

Affymetrix

Thermo Fisher Scientific
Sigma Aldrich

5% BSA in PBS-T
Thermo Fisher Scientific
0.3% Triton X-100 in PBS
Sigma Aldrich

80% ACN, 0.5% acetic acid

Sigma Aldrich

Life Technologies

50% Ethanol, 50 mM ABC buffer pH 8.0
25 mM ABC buffer pH 8.0

30% ACN, 3% TFA

Serva

6 M urea, 2 M thiourea in 10 mM HEPES-NaOH pH
8.0
Waters

0.1% formic acid

80% ACN, 0.1% formic acid
50% ACN, 0.1% formic acid
CDS Analytical
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Micro-SCX fractionation
SCX elution buffers

SCX Empore Cation 47 mm extraction disks
SCX wash buffer

mRNA sequencing

DNase

Direct-zol™ RNA MiniPrep Plus

RNeasy Plus Mini Kit

RNase-free water

RNAaseZAP

TRIzol

TruSeq Stranded mRNA LT Sample Prep Kit

Critical commercial assays Source

Gateway LR clonase Il enzyme mix Thermo Fisher Scientific
Invitrogen Qubit RNA High Sensitivity = Thermo Fisher Scientific
TMTpro 11plex Label Reagent Set Thermo Fisher Scientific

40 mM acetic acid, 40 mM boric acid, 40 mM
phosphoric acid. (Adjust pH to the indicated pH values
with sodium hydroxide. Add 40% ACN before use)
CDS Analytical

40% ACN, 0.1% TFA

New England Bioloabs
Zymo research

Qiagen

Sigma Aldrich

Sigma Aldrich
Invitrogen

Illumina

Identifier
Cat# 11791020
Cat# Q32852
Cat#t A37724

Table 2: List of primary antibodies used in this study. Unless otherwise stated, indicated dilutions refer to western

blotting.
Antibody Product number Manufacturer Dilution Origin
CPD CAC-NM-DND-001 Holzel Diagnostika Handels IF 1:500 mouse
GmbH
6,4-PP NMDNDO002 Holzel Diagnostika Handels IF 1:500 mouse
GmbH
FLAG M2 F1804 Sigma-Aldrich 1:1000 mouse
GFP 5C-9996 Santa Cruz Biotechnology 1:500 mouse
YH2AX (S139) 05-636 Millipore 1:1000 mouse
1:500 (IF)
HDLBP ab109324 Abcam 1:500 rabbit
1:1000 (IF)
SND1 HPA002632 Sigma-Aldrich 1:1000 rabbit
PAI-RBP1(F-8) sc-376832 Santa Cruz Biotechnology 1:1000 mouse
1:1000 (IF)
YB1 4202 Cell Signaling Technology 1:1000 (IF)  rabbit
YBX3 HPA034838 Sigma-Aldrich 1:1000 rabbit
Ubiquitin sc-8017 Santa Cruz Biotechnology 1:1000 mouse

Table 3: List of secondary antibodies used in this study. Indicated dilutions refer to western blotting, unless

otherwise stated.

Antibody Product number  Manufacturer Dilution Origin
Alexa Fluor 488, 568 A11001, A11004 Life Technologies 1:1000 (IF)  mouse
Alexa Fluor 488, 568 A1108, A11011 Life Technologies 1:1000 (IF)  rabbit

Alexa Fluor 488 Azide A10266 Life Technologies

Streptavidin-HRP 21130 Thermo Scientific 1:5000

Table 4: List of siRNAs used in this study.

Oligonucleotides Source
ON-TARGETplus non-targeting Horizon Discovery

Identifier
Cat# D-001810-10
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siRNA pool

ON-TARGETplus Human YBX1 Horizon Discovery
siRNA pool
ON-TARGETplus Human YBX3 Horizon Discovery
siRNA pool
ON-TARGETplus Human HDLBP Horizon Discovery
siRNA pool
ON-TARGETplus Human SERBP1 Horizon Discovery
siRNA pool

Recombinant DNA

Invitrogen Gateway pDEST53-GFP-HDLBP
Invitrogen Gateway pDEST53-GFP-SND1
Invitrogen Gateway pDEST53-GFP-YBX3
Invitrogen Gateway pDEST53-GFP-YBX1
Invitrogen Gateway pDEST53-GFP-SERBP1

Table 5. List of software used in this study.
Software

Adobe Illustrator CC2021
Blc2fastq (version 1.19)
BWA (version 0.7.17-r1188)
Cytoscape (version 3.8.2)
DESeq?2 (version 1.34)
featureCounts (version 2.0.0)

GraphPad Prism (version 7.04)

Cat# L-010213-00
Cat# L-010213-00
Cat# L-019956-00

Cat# L-020528-01

Source

Surymo Rahmanto et al., 2023
Surymo Rahmanto et al., 2023
Surymo Rahmanto et al., 2023
Surymo Rahmanto et al., 2023
Surymo Rahmanto et al., 2023

Harmony High-Content Imaging and Analysis Software (PerkinElmer) (version 4.4)

Integrated Genome Browser (version 2.12.3)
MaxQuant v (Cox lab)

Perseus (version 1.6.15.0)

R studio ("Cherry Blossom" Release (3¢53477a, 2023-03-09) / R (version 4.2.3)

STAR (version 2.7.10)

Thermo Xcalibur (Thermo Fisher Scientific)

Table 6. Machines
Machines
3311 Forma Steri-Cult COzIncubator
Bioruptor NGS
ChemiDoc imaging system
CL-1000 Ultraviolet Crosslinker
Easy-LC-1000
Easy-LC-1200
M80 Microscope
NanoDrop 2000

Vendor
Eppendorf

Diagenode

BioRad

UVvP

ThermoFisher Scientific
ThermoFisher Scientific
Leica

ThermoFisher Scientific
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NextSeq550

NuPage Novex Gel System

Opera Phenix High Content Screening System
Orbitrap Exploris 480 masss pectrometer
Q Exactive Plus

Qubit 2.0 Fluorometer

Sonifier 450

Thermoshaker

UV-C irradiator (human cells)

UV-A irradiator

Vacufuge Plus

Xcell 11 Blot-Modul

IHlumina

ThermoFisher Scientific
PerkinElmer
ThermoFisher Scientific
ThermoFisher Scientific
Life Technologies
Branson

Eppendorf

In-house built

peQlab

Eppendorf
ThermoFisher Scientific

4.2 Experiments performed in human cells
4.2.1 Human cells

ATCC provided human osteosarcoma cells (U20S), human epidermal keratinocyte cells (HaCaT)
and human retinal pigment epithelial-1 (RPE-1). U20S and HaCaT cells were cultured in D-MEM
medium and RPE-1cells were cultured in RPMI medium, supplemented with 10% fetal bovine
serum (FBS), 2 mM L-glutamine, and 100 U/ml Penicillin/Streptomycin. Puromycin was also
added to stable cell lines at a concentration of 1 g/l. Cells were washed in PBS, detached with
0.05% trypsin, and resuspended in complete D-MEM/RPMI medium to stop the enzymatic activity.
This was followed by spinning down at 250x g for 5 minutes and re-plated to the desired
confluence. Cells were grown in a humidified incubator with 5% CO2 at 37 °C. Cells were
irradiated using an in-house built UV chamber.

4.2.2 Transfection of cells

For siRNA transfection of cells in a 10cm dish, cells were grown to 60% confluence in 10 ml
complete D-MEM before being transfected. Following that, 8 ul of siRNA (10 uM) and 10 pl
SIRNA Max were diluted in 500 uL Opti-MEM. For DNA transfection, 5 pg of plasmid DNA and
15 puL polyethylenimine (PEI) was diluted in 500 uL Opti-MEM. The mixtures were combined into
a master mix and incubated for 15 minutes at RT, and then added to the cells for 6 hours before the
medium was changed to fresh D-MEM. Cells were used for experiments 48 to 72 hours after being
transfected with DNA or siRNA. Transfection volumes in different culture dish sizes were scaled
based on surface area depending on the experimental demand.

4.2.3 UV-C treatment

An in-house built UV-C machine has been used for the UV-C treatment in HaCaT and RPE-1 cells
(245 nm). For the IF assay, HaCaT and RPE-1 cells were irradiated with 15 J/m? and 12 J/m?,
respectively. For the viability assay, both cell lines were UV-C irradiated using different doses: 5,
10, 20, 40, 80 J/m?,
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4.2.4 EU treatment

To examine changes in RNA synthesis upon treatment, nascent RNAs were labeled by incubating
the cells with 100 mM EU (Jena Bioscience) for 30 minutes.

4,25 RPC treatment

Cells were treated with 4-Thiouridine (4SU) (Jena Bioscience) overnight and irradiated using UV-
A irradiation (345 nm, 0.5 J/m?) (peQlab) and harvested after 45 minutes.

4.2.6 Colony-forming assay

Cells were plated at a density of 2000 cells per plate in 6-well plates. Cells were UV-C irradiated
(5, 10, 20, 40, 80 J/m?) and let grow in the incubator at 37 °C for 10 days. Colonies were stained
with 0.5% crystal violet solution in 25% methanol and counted 12-14 days after the irradiation
using the microscope Leica M80.

4.2.7 Immunofluorescence assay

Cells were fixed with 4%paraformaldehyde and permeabilized with 0.3% Triton X-100 in PBS and
stained with designated primary antibodies (1:1000) in 5% (w/v) BSA/PBS overnight at 4°C. Cells
were incubated with the secondary antibodies (1:1000) in 5% (w/v) BSA/PBS for 2 h in a
humidified dark chamber at RT. Nuclei were counterstained with 1 mg/ml Hoechst 33342. Cells
were washed twice with PBS and kept at 4 °C in PBS until imaging. Imaging was performed with
an Opera Phenix (PerkinElmer) microscope using a 4031.1NA water objective. Image analysis was
performed by using Harmony High-Content Imaging and Analysis Software (version 4.4,
PerkinElmer). Standard building blocks allowed for nuclei segmentation based on the Hoechst
33342 signal and cells at the edges of the field were excluded.

4.2.8 Gateway cloning

The GFP-expression vectors were generated from Destination vectors and Entry / DONR vectors
using the Gateway LR Clonase Il Enzyme Mix, as directed by the manufacturer. The vectors used
in this work are listed in 4.1 (Table 4).

4.2.9 Pull-downs with K6-ubiquitin affimer

Following cell lysis in modified RIPA buffer, pre-cleared protein lysate was incubated with 1 mM
GFP or biotin-tagged reagent with affinity toward K6-ubiquitin (GFP- or biotin-conjugated K6-
ubiquitin affimer) for 1 h at 4 C. M-280 Streptavidin Dynabeads (15 ml per sample) or Chromotek
GFP-Trap (4 mg of protein lysate per condition) were added and incubated for 1 h at 4°C on a
rotating wheel to precipitate biotin- or GFP-conjugated probes, respectively. Beads were washed
four times with modified RIPA buffer supplemented with protease inhibitors and 10mMN-
ethylmaleimide to remove nonspecific binders prior to elution in NuPAGE LDS 23 Sample Buffer
(Life Technologies).
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4.2.10 Pull-downs with GFP-tagged proteins

Cells were transiently transfected with a GFP-tagged construct for 48 h prior to RPC induction (5
mM 4-SU, 0.5 J/cm2 UV-A). Cells were lysed in modified RIPA buffer. MgCI2 (2.5 mM) and
1:1000 Sm Nuclease (IMB Core Facilities) were added to the lysates, which were then incubated
at 4°C for 30 min. NaCl was added at a final concentration of 450 mM and the mixture was
incubated for 15 min on ice. Protein concentration was measured using the Bradford method, and
an equal volume of dilution buffer (10 mM Tris-HCI, pH 7.5, 150 mM NacCl, 0.5 mM EDTA) was
added to the lysate. GFP-Trap agarose (10 ml per sample) was added to the cleared lysate, followed
by incubation for 1 h at 4°C on a rotation wheel. The beads were washed three times with modified
RIPA buffer supplemented with protease and phosphatase inhibitors and then twice with
phosphate-buffered saline (PBS). Bound proteins were eluted in NUPAGE LDS 23 Sample Buffer
(Life Technologies) supplemented with 1 mM DTT, heated at 95 °C for 10 min, alkylated by the
addition of 5.5 mM chloroacetamide for 30 min, and loaded onto 4%-12% gradient SDS-PAGE
gels. Proteins were stained using the Colloidal Blue Staining Kit (Life Technologies) and digested
in-gel using trypsin. Peptides were extracted from the gels and desalted on reverse-phase C18
StageTips.

4.2.11 SDS-PAGE and Western blotting

Proteins were resolved on 4%-12% gradient SDS-PAGE gels (NUPAGE Bis-Tris Precast Gels,
Life Technologies) and transferred onto PVDF membranes. Membranes were blocked using 5%
(w/v) skim milk solution in PBS supplemented with 0.1% Tween-20. Secondary antibodies coupled
to horseradish peroxidase (Jackson ImmunoResearch Laboratories) were wused for
immunodetection. Detection was performed with the SuperSignal West Pico Chemiluminescent
Substrate (Thermo Scientific).

4.3 Experiments performed in zebrafish embryos
4.3.1 Zebrafish embryos

Wild-type zebrafish embryos (Danio rerio AB-strain) were provided by the Ketting’s laboratory
at IMB institute (Mainz, Germany). Animals were maintained under a 14 h light/10 h dark cycle at
28 °C. Developmental stages are provided as hour post fertilization (hpf) based on standard
developmental stages.

4.3.2 Zebrafish embryos viability assay

Zebrafish embryos (50 per replicate) were plated into each well of a 6-well plate and UV-C
irradiated using the CL-1000 Ultraviolet crosslinker (UVP) (245 nm, 12, 24, 48, 120 J/m?) [291].
Following UV-C irradiation, E3 medium was added and the embryos were maintained at 28°C.
Triplicate petri dishes were irradiated for each dose and monitored over time. Embryos were
maintained for up to 120 hours and surviving embryos were counted.
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4.3.3 UV-C treatment

Excluding the viability assay, all the experiments were performed treating zebrafish embryos with
UV-C (245 nm, 24 J/m?) using the CL-1000 Ultraviolet crosslinker (UVP) in E3 medium and kept
in the incubator at 28 °C for the needed recovery time

4.3.4 TMT-11plex labeling

A minimum of 150 ug of peptide was subjected to TMT labeling at 1.5:1 for 1 hour in 150 mM
HEPES buffer (pH 8.5). TMT labeling was terminated with the addition of a 0.4% hydroxylamine
solution, and excess labels were removed using reverse-phase Sep-Pak C18 cartridges. The TMT-
labeled samples were pooled and desalted as previously described.

4.3.5 OtuBD pulldown

For identify the ubiquitylated proteins induced by UV-C irradiation in 24hpf- zebrafish embryos,
we performed ubiquitylome analysis using OtUBD, a high-affinity ubiquitin-binding domain
(UBD) derived from an Orientia tsutsugamushi deubiquitylase (DUB), as described from Zhang et
al., [4].

4.3.6 Phosphoproteomic and proteomic analysis

For the analysis of proteomes and phosphoproteomes, 50 UV irradiated and untreated 24 hpf-
zebrafish embryos/per condition were collected in lysis buffer (25 mM Tris pH 7.5, 150 mM NaCl,
1.5 mM MgCly, 0.5 % Triton-X-100, 0.5 % NP40, IMm DTT, cOmplete™ Mini EDTA-free
Protease Inhibitor Cocktail (11836170001, Roche), phosphatase inhibitors (SmM f-
glycerophosphate, 5 mM NaF, 5 mM NaVoz). Zebrafish embryos were incubated for 30 minutes
and 5x syringing for 3x in total in intervals of 10 minutes each using Omnifi-F® tuberculin 0.01-
1ml (B/BRAUN). The lysate were centrifuged for 10 min at 20,000xg at 4 °C and the supernatant
were transferred to new tubes, and the pellet were discarded. Total protein concentrations were
estimated using the QuickStart Bradford Protein assay (Bio-Rad) from the pre-cleared lysates and
the amount of protein from each TMT-labeled protein lysate was calculated and combined at a
1:1:1 ratio. Combined protein lysates were precipitated in a fourfold excess of ice-cold acetone and
subsequently re-solubilized in 6 M urea/2 M thiourea buffered in 10 mM HEPES (pH 8.0). Cysteine
residues were alkylated with 5.5 mM chloroacetamide in the presence of 1 mM dithiothreitol (DTT)
prior to digestion with sequencing-grade modified trypsin (Serva). Trypsin digestion was
performed at a 1:150 ratio at room temperature for 18 hours and terminated by acidification using
0.5% trifluoroacetic acid (TFA). Digested peptides were purified using reverse-phase Sep-Pak C18
cartridges (Waters) and eluted in 50% aqueous acetonitrile. Ubiquitin remnant peptides were
enriched on 80 pl of diglycine-lysine antibody resin (Cell Signaling Technology) for 4 hours at
4°C on a rotation wheel. The beads were washed three times in IAP buffer and then washed three
times in water. The enriched peptides were eluted with 0.15% aqueous TFA, separated into six
fractions using microcolumn-based strong-cation-exchange chromatography (SCX), and desalted
on reverse-phase C18 StageTips. For phosphoproteome analysis, phosphorylated peptides were
enriched from 5 mg of trypsin-digested peptide over 10 mg of TiO2 spherical beads in the

acetonitrile/TFA buffer (50% acetonitrile and 6% TFA) for 1 hour. Unbound peptides were washed
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away with the ACN/TFA buffer and the enriched phosphopeptides were eluted in a mixture of 10%
NH4OH and 25% acetonitrile. Next, the eluted phosphopeptides were concentrated and acidified
using a SpeedVac prior to SCX fractionation and C18 desalting of the eluted phosphopeptides. For
whole proteome analysis, 50 pg of trypsin-digested peptides were fractionated using SCX
microcolumns into eight fractions and desalted on reverse-phase C18 StageTips prior to MS
analysis.

4.3.7 Peptide identification

Raw data were analyzed using MaxQuant (development version 1.5.2.8) [387]. Parent ion and MS?
spectra were searched against a database containing ~ 48.000 (reviewed and unreviewed) protein
sequences for Danio rerio (Zebrafish) obtained from UniProtKB (June 2023 release) using the
Andromeda search engine[388]. Spectra were searched with a mass tolerance of 6 ppm in MS
mode, 20 ppm in HCD MS? mode and strict trypsin specificity, allowing up to three miscleavages.
Cysteine carbamidomethylation was searched as a fixed modification, whereas protein N-terminal
acetylation and methionine oxidation were searched as variable modifications. The dataset was
filtered based on posterior error probability (PEP) to arrive at a false discovery rate (FDR) of less
than 1% estimated using a target-decoy approach [389].

4.3.8 Computational analysis

MaxQuant-derived protein groups as well as phosphorylation sites were further processed in the R
software environment (V. 4.2.1). First, the intensity distributions of all TMT11plex samples were
inspected and samples 4 and 9 were subsequently removed from the downstream analysis for
proteome and phosphoproteome due to inconsistent intensity distribution and possible
experimental issues. Then, all proteins and phosphorylation sites with missing quantification across
all samples, potential contaminants and reverse reads were removed. Additionally, phosphorylation
sites with localization probability of <0.75 were removed from the phosphoproteome analysis. The
raw intensity values of the remaining proteins and phosphorylation sites were quantile normalized
using the limma R package (10.1093/NAR/GKVO007). For proteins and phosphorylation sites,
differential abundance between all experimental conditions was tested using limma
(10.1093/NAR/GKVO007) and P-values calculated using a moderated t-test with a minimum
quantification count of 2 out of the 3 replicates. P-values were adjusted for multiple testing using
FDR correction. Sequence motif graphs were generated using the ggseglogo R package
(10.1093/BIOINFORMATICS/BTX469). To identify possible kinases that are affected by the
treatments, we used the enrichment analysis tool of the human kinase library (10.1038/s41586-
022-05575-3). As foreground test sets, we used the amino acid sequences (+/- 7 AA) of upregulated
or downregulated phosphorylation sites and the sites that were not upregulated or downregulated
as the respective background sets. The estimated FCs and the FDR adjusted p-values by the
enrichment analysis tool were used in downstream analysis. Clustering profile analysis was done
using the NbClust package in R. GO-enrichment analysis was done using the String enrichment
and plots were performed using the ggplot package in R.

65



4.4 RNA Sequencing and Data Analysis
4.4.1 RNA extraction

RNA from zebrafish embryos untreated or treated with UV-C (245 nm, 24 J/m?) and harvested
after 0.5h or 4h post-UV, was isolated and used for sequencing. In brief, TRIzol (Invitrogen) was
added to the embryos and they were dissolved by pipetting. After adding the GlycoBlue
(Invitrogen), the lysates was added to the Phase Lock Gel-Heavy tubes (Quantabio) and incubated
for 5 min at RT. Chloroform was added and samples were shortly shacked and centrifuged at
12,000 g for 10 min at 4°C. The aqueous phase containing the RNA was transferred into a new
tube. Isopropyl alcohol was added and samples were mixed and incubated for 10 min at RT. After
10 min of centrifugation, the visible RNA was purified using the Direc-zol RNA Miniprep Plus kit
(Zymo research). NGS library prep was performed with Illumina’'s TruSeq stranded mRNA LT
Sample Prep Kit following TruSeqStrandedmRNAReferenceGuide (Oct.2017) (Document #
1000000040498v00). Libraries were prepared with a starting amount of 1000 ng and amplified in
10 PCR cycles.Libraries were profiled in a High Sensitivity DNA on a 2100 Bioanalyzer (Agilent
technologies) and quantified using the Qubit dsSDNA HS Assay Kit, in a Qubit 2.0 Fluorometer
(Life technologies). All 12 samples were pooled in equimolar ratio and sequenced on 1 NextSeq
500 Highoutput FC, SR for 1x 84 cycles plus 7 cycles for the index read.

4.4.2 mRNA analysis

The libraries for the mRNA sequencing were sequenced on an Illumina NextSeq500 instrument.
The sequencing was run with a readlength of 84. Demultiplexing was carried out using bcl2fastq
v1.19. The read data was mapped against Grz11 ([390], release 109) using STAR ([391], v2.7).
Reads per gene were quantified using featureCounts ([392], v 2.0.0). Diff. expression analysis was
performed using the DESeq2 ([393], 1.34.0) package from R/Bioconductor ([394], 2.54.0) genes
with and FDR < 1% were considered significant. GO Term and pathway analysis was performed
using clusterProfiler ([395], 4.2.0), ReactomePA ([396], 1.38.0) and rrvgo ([397], 1.6.0).
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5 List of abbreviations

Abbreviations
6-4PPs
80ox0-G
ABC
ACN
ACVR1/2
aEJ
AID
alt-NHEJ
APC
APE1
APEX
AP-site
ATM
ATP
ATR
ATRIP
BARD1
BER
BMP
BP
BRCA1/2
C

C18
CAA
CAK
CBC
CC
Cdc6/20
Cdc25
CDH1
CDK
Cdk9
CDT1
CENT?2
CHK1
CHK?2
CID
CKI
CIn3
COX2
CPDs
CRL

CS

CSB
CTD
CtIP
CTR

Full form

6’-4’ photoproducts
80x0-2’-deoxyguanosine

Ammonium bicarbonate

Acetonitril

Activin receptor type-1/2

Alternative end-joining
Activation-Induced Cytidine Deaminase
Alternative NHEJ

Anaphase-promoting complex
DNA-apurinic site endonuclease
Ascorbic acid peroxidase

Abasic site

Ataxia telangiectasia mutated
Adenosine triphosphate

Ataxia telangiectasia and Rad3 related
ATR-interacting protein
BRCAZ1-associated RING domain protein 1
Base Excision Repair

Bone morphogenetic protein

Biological process

Breast cancer type 1/2 susceptibility protein
Carbon

Octadodecyl alkane chains
Chloroacetamide

CDK-activating kinase

Cap binding complex

Cellular component

Cell division cycle protein 6/20 homolog
Ras-specific guanine nucleotide-releasing factor 1
Fizzy-related protein homolog
Cyclin-dependent kinases
Cyclin-dependent kinase 9

DNA replication factor Cdtl

Centrin-2

Checkpoint kinase-1

Checkpoint kinase-2

Collision-induced dissociation

CDK inhibitor

Battenin

Cyclooxygenases 2

Cyclobutane Pyrimidine Dimers
Cullin-RING ES3 ligases

Cockayne syndrome

CS protein b

Carboxy-Terminal Domain
CtBP-interacting protein

Control
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Cu*
DDB2
DDK
DDR
dHJ
D-loop
DNA
DNA-PKcs
DNA2
dNTP
dNTPs
DSB
DTT
DUB
ECM
EGSEA
EGFR
ER
ERKs
EU
EXO1
FA
FAN1
FC
FDR
Fe2+
G-phase
GG-NER
GO
GPCRs
GRK
GSEA
GTFs
H.0;
HEPES
HJ

HR
HSPCs
ICL
IDLs
IF

IKK
IxB

IL

IMB

IP

IR
JINK
KD
KDa
KEGG
LC50

Copper(l) ion

DNA damage-binding protein 2
Dbf4-dependent protein kinase

DNA damage response

Double HJ

Displacement loop

Deoxyribonucleic acid

DNA-dependent protein kinase catalytic subunit
DNA replication ATP-dependent helicase/nuclease DNA2
Deoxynucleotide

Deoxyribonucleotide triphosphates
Double strand break

Dithiothreitol

Deubiquitylase

Extracellular matrix

Ensemble Gene Set Enrichment Analysis
Epidermal growth factor receptors
Endoplasmic reticulum

Extracellular signal-regulated kinases
5-ethynyl uridine

Exonuclease 1

Formaldehyde

Fanconi-associated nuclease 1

Fold change

False discovery rate

Iron(ll) ion

Gap phase

Global genome NER

Gene ontology

G protein-coupled receptors

G protein-coupled receptor kinase

Gene Set Enrichment Analysis

General transcription factors

Hydrogen peroxide
4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid
Holliday junction

Homologous recombination
Hematopoietic stem and progenitor cells
Inter-strand crosslink

Insertion-deletion loops
Immunofluorescence

IxB kinase

Inhibitory kB

Interleukin

Institute of Molecular Biology
Immunoprecipitation

lonizing radiation

c-Jun NH2-terminal kinases
Knock-down

Kilo Dalton

Kyoto Encyclopedia of Genes and Genomes
Lethal concentration - killing 50% of cells
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LC-MS/MS
LFQ
LIG1
LLPS
IncRNA
LysC
m/z

m6éa
MAD2
MAPK
MAPKKSs
MAP2K
MAP3K
MAPKAPK
MC
MCM
MDC1
M- phase
Micro-SCX
MMEJ]
MMPs
MMR
MRC1
MRE11
mMRNA
MRN
MS

MS1
MS2
NBS1
NncRNA
NEIL1
NELF
NEM
NER
NF«xB
NHEJ
NLS

Oy
0GG1
OH*

p21 or cdknla

PAK
PARP
PBS
PCA
PCNA
PCR
PEI
PEP
PER
PGE2

Liquid chromatography and tandem mass spectrometry
Label-free quantification

Ligase 1

Liquid-liquid phase separation

Long noncoding RNA

Endoproteinase LysC

Mass to charge

N6-methyladensine

Mitotic spindle assembly checkpoint protein MAD2
Mitogen-activated protein kinase

MAP kinase kinases

MAPK Kkinase

MAPK kinase kinase

MAPK-activated protein kinase

Molecular function

Minichromosome maintenance complex
Mediator of DNA damage checkpoint protein 1
Mitosis phase

Micro-tip based strong cation exchange chromatography
Microhomology-mediated end-joining

Matrix metalloproteinases

Mismatch repair

Mediator of the replication checkpoint 1
Double-strand break repair protein MRE11
Messenger RNA

MRE11-RAD50-NBS1

Mass spectrometry

First stage of mass analysis / precursor spectrum
Second stage of mass analysis / fragment spectrum
Nibrin

Non-coding RNA

Endonuclease 8-like 1

Negative elongation factor

N-ethylmaleimide

Nucleotide excision repair

Nuclear factor kappa B

Non-homologous end joining

Nuclear localization signal

Superoxide radical

8-oxoguanine DNA glycosylase

Hydroxyl radical

Cyclin-dependent kinase inhibitor 1A
p21-activated kinase

Poly [ADP-ribose] polymerase

Phosphate buffered saline

Principal component analysis

Proliferating cell nuclear antigen

Polymerase chain reaction

Polyethylenimine

Posterior error probability

Photoenzymatic repair

Prostaglandin 2
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PO,

Pol Il

Pol o/e/umiiw/C/ B/ M 0/ v
PPP

PSP
P-TEFb
PTM
RAD23B
RAD50
RBPs
RCT

Revl

RFC
RIPA
RNA
RNF8/14/168
ROS

RPA
RPCs
RP-HPLC
RPLs
RPSs
RQC
rRNA

RT
RTEL1

S

S-phase
S/TQ motif
SCX
SDS-PAGE
SSB
SiRNA
ssSDNA

T (Protein)
TBLs
TC-NER
TEAB

TF
TFIIH/D
TGF-B
TGFBRI/II
TGFR
TLR

TiO2

TLS

TME
TMT
TNF
TNFR
Top |

Top I

Phosphate group
RNA polymerase 11
DNA polymerase &/e/u/m/vk/C/ B/ A/ 6/ v
Promoter-proximal pausing
Paraspeckels protein
Positive transcription elongation factor b
Posttranslational modification
UV excision repair protein RAD23 homolog
DNA repair protein RAD50
RNA-binding proteins
Reactome
DNA repair protein REV1
Replication factor C
Radioimmunoprecipitation assay buffer
Ribonucleic acid
E3 ubiquitin ligase
Reactive oxygen species
Replication protein A
RNA-protein crosslinks
Reversed-phase high-performance chromatography
60S ribosomal subunits
40S ribosomal subunits
Ribosome-associated quality control
Ribosomal RNA
Room temperature (~22-23°C)
Regulator of telomere elongation helicase
Serine
Synthesis phase
Serine or threonine residues followed by glutamine
Strong cation exchange
Sodium dodecyl sulfate polyacrylamide gel electrophoresis
Single-stranded DNA break
Short interfering RNA
Single stranded DNA
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Transcription blocking lesions
Transcription-coupled NER
Triethylammonium bicarbonate
Transcription factor
Multi-subunit transcription factor 11 H/D
Transforming growth factor
TGF-B receptor type I/11
Transforming growth factor receptor
Toll-like receptor
Titanium dioxide
Translesion synthesis
Tumor micro environment
Tandem mass tag
Tumor necrosis factor
Tumor necrosis factor receptor
Topoisomerase |
Topoisomerase Il
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TOPBP1
TOPOIII
TP53BP1
tRNA
TSS

TTS
UAF1
uBD
UNG
USP1
UTR

uv
uv-DDB
VCP

WB
WRN
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XP
XPA/B/C/DIEIFIG
YBX1/3
ZNF598

Topoisomerase 2-binding protein 1
Topoisomerase Il

TP53-binding protein 1

Transfer RNA

Transcription start site

Transcription termination site

WD repeat-containing protein 48
Ubiquitin-binding domain

Uracil-DNA glycosylase

Ubiquitin carboxyl-terminal hydrolase 1
Untranslated region

Ultraviolet

UV-damaged DNA-binding protein
Valosin-containing protein

Western blot

Werner syndrome ATP-dependent helicase
Wild type

Xeroderma pigmentosum

Xeroderma pigmentosum protein A/B/C/D/E/FIG
Y-box-binding protein 1/3

E3 ubiquitin-protein ligase ZNF598
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