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RESUME

La Xeroderma Pigmentosium C (XP-C) est une génodermatose autosomique récessive rare. Les
patients de cette pathologie sont porteurs d'une mutation dans la protéine XPC de reconnaissance
des dommages de 'AND. Cette mutation génere un phénotype pathologique caractérisé par une
photosensibilité extréme et l'accumulation de dommages a 1'ADN induits par les UV. Par
conséquent, 1'objectif de ce projet est de cribler des molécules chimiques et biologiques afin
d'identifier les hits qui peuvent inverser ce phénotype malade. Des cellules XP-C et normales
dérivées de patients seront utilisées pour cribler une bibliothéque chimique de 1280 médicaments
approuvés par la FDA ou une bibliotheque de siRNA visant a diminuer l'expression de toutes les
kinases humaines, étant donné l'implication des kinases dans les différentes voies de réparation de
I'ADN. Les cellules seront ensuite irradiées par des UVB pour induire des 1ésions de I'ADN, puis
l'inversion phénotypique sera surveillée au niveau de la photosensibilité ou au niveau de la
réparation des 1ésions de ' ADN pour visualiser quel traitement permet une diminution du niveau
de 1ésions et donc une réparation. Une caractérisation plus poussée des effets des hits sera ensuite
effectuée au niveau de l'apoptose et de la prolifération, par cytométrie de flux, et de la signalisation
en aval via le western blot. Pour le criblage chimique, 1280 médicaments différents ont été utilisés
pour traiter les cellules. Apres 1'induction de dommages a 'ADN, les cellules ont également été
post-traitées avec les mémes médicaments, puis incubées pendant vingt-quatre heures pour
permettre leur récupération. La viabilité des cellules traitées a ét€. Seize médicaments ont permis
une augmentation de plus de 25% de la viabilité des cellules. Ensuite, apres le marquage des
dommages a 'ADN et leur quantification, deux médicaments, l'isoconazole et le chlorhydrate de
clemizole, ont permis de diminuer de 20% la quantité de dommages a I'ADN. L'un des deux
médicaments, 1'isoconazole, a permis de réduire la mort apoptotique des cellules XPC mais n'a eu
aucun effet sur leur taux de prolifération. Le mode d'action connu des deux médicaments
sélectionnés est un antifongique pour l'isoconazole et un antagoniste des récepteurs de 1'histamine
pour le chlorhydrate de clémizole. Cela n'explique pas leurs effets dans la protection des cellules
XPC contre la mort induite par l'irradiation. Par conséquent, une étude plus approfondie du
mécanisme d'action possible est nécessaire en comparant le profil d'expression des protéines des
cellules traitées et non traitées afin d'identifier un nouveau mécanisme d'action possible pour ces
deux médicaments. Quant a criblage biologique, une bibliotheque de siRNAs ciblant I'ensemble
des kinases humaines a été utilisée pour traiter les XPC et les cellules normales, puis pour détecter
si une inversion phénotypique se produit. 1292 siRNA différents ont été utilisés pour traiter les
cellules XPC afin de les irradier et leur permettre de récupérer pendant 24 heures avant de mesurer
leur viabilité. Vingt-huit siRNA différents ont été sélectionnés sur la base de leur capacité a induire
une augmentation de 25 % de la viabilité cellulaire. Parmi eux, le ciblage de deux kinases a permis
une réparation de 20% des dommages induits a I'ADN. Une kinase en particulier a eu un effet
exclusif dans la photo-protection des cellules XPC et aucun effet sur les cellules normales. Le
knock down de 1'expression de la kinase induit par ce siRNA a été validé au niveau de ' ARNm
par PCR et au niveau de la protéine par western blot. L'effet photo-protecteur de ce knock down
de la kinase dans les cellules XPC a également été validé dans un test de réponse aux UVB. Le
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XPC est un excellent modele pour comprendre I'initiation du cancer de la peau, car il est accéléré
dans ces cellules. En améliorant ce phénotype, nous pouvons donc trouver des moyens de retarder
ou de prévenir l'initiation du cancer.

Mots clés: XPC, criblage chmique, criblage ARNi, dommage ADN, reparation d’ADN

ABSTRACT

Xeroderma Pigmentosium C (XP-C) is a rare autosomal recessive genodermatosis. Patients with
this disorder carry a mutation in the DNA damage recognition protein XPC belonging to the
nucleotide excision repair (NER) pathway. This mutation generates a pathological phenotype
characterized by extreme photosensitivity and accumulation of UV-induced DNA damage without
repair. XP-C and normal patient-derived cells will be used to screen a chemical library of 1280
FDA-approved drugs or a library of siRNAs aimed at decreasing the expression of all human
kinases, given the involvement of kinases in different DNA repair pathways. Cells will then be
irradiated with UVB to induce DNA damage, and then the phenotypic reversal will be monitored
for photosensitivity or for DNA damage repair to visualize which treatment results in a decrease
in the level of damage and thus repair. Further characterization of the effects of the hits will then
be performed at the level of apoptosis and proliferation, by flow cytometry, and of downstream
signaling via western blot. The screening procedure was performed on XPC and normal cell lines.
For chemical screening, 1280 different drugs were used to treat cells in duplicate in the wells of a
96-well plate. After induction of DNA damage, the cells were also post-treated with the same drugs
and then incubated for twenty-four hours to allow recovery. The viability of treated cells was
measured and compared to the positive control of untreated unirradiated cells and the negative
control of untreated irradiated cells. Of the drugs tested in the library, sixteen drugs resulted in an
increase of more than 25% in cell viability. Then, after DNA damage labeling and quantification,
two drugs, isoconazole and clemizole hydrochloride, decreased the amount of DNA damage by
20%. Further characterization of these two drugs by separating the treatment into pre-irradiation
or post-irradiation treatment revealed that post-irradiation was more effective in inducing
photoresistance in XPC cells. One of the two drugs, isoconazole, reduced apoptotic death of XPC
cells but had no effect on their proliferation rate. The known mode of action of the two selected
drugs is an antifungal for isoconazole and a histamine receptor antagonist for clemizole
hydrochloride. This does not explain their effects in protecting XPC cells from irradiation-induced
death. Therefore, further investigation of the possible mechanism of action is needed by comparing
the protein expression profile of treated and untreated cells to identify a possible new mechanism
of action for these two drugs. As for biological screening. A library of siRNAs targeting all human
kinases was used to treat XPCs and normal cells, and then to detect whether a phenotypic reversal
occurs. 1292 different siRNAs were used to treat XPC cells to irradiate them and allow them to
recover for 24 hours before measuring their viability. Twenty-eight different siRNAs were selected
based on their ability to induce a 25% increase in cell viability compared to controls transfected
with non-targeted siRNA. Among them, targeting two kinases resulted in a 20% repair of induced



DNA damage. One kinase, in particular, had an exclusive effect in the photoprotection of XPC
cells and no effect on normal cells. The knockdown of the kinase expression induced by this siRNA
was validated at the mRNA level by PCR and at the protein level by western blot. The
photoprotective effect of this kinase knockdown in XPC cells was also validated in a UVB
response assay where it was able to induce higher viability in transfected XPC cells compared to
non-transfected cells as a function of increasing UVB doses. The regulation of downstream
signaling induced by the knockdown of this kinase is also studied by western blot. XPC is an
excellent model to understand skin cancer initiation, as it is accelerated in these cells. By
improving this phenotype, we can therefore find ways to delay or prevent cancer initiation.

Keywords: XPC, chemical screen, RNAi screen, DNA damage, DNA repair
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TABLE OF ABBREVIATIONS

Abbreviation | Description Alternative
Symbol

3'UTR 3" untranslated region

4E-BP1 Eukaryotic Translation Initiation Factor 4E Binding Protein 1

S'UTR 5" untranslated region

6-4PP 6-4 pyrimidine-pyrimidone photoproduct

ABL ABL Proto-Oncogene 1, Non-Receptor Tyrosine Kinase

ACQ alanine cysteine glutamine

ADP adenosine di-phosphate

AHR aryl hydrocarbon receptor

AK2 Adenylate Kinase 2

AKT AKT Serine/Threonine Kinase 1

AP apyrimidinic site

AP-1 Jun Proto-Oncogene, AP-1 Transcription Factor Subunit JUN

APAF1 Apoptotic Peptidase Activating Factor 1

APE1 Apurinic/Apyrimidinic Endodeoxyribonuclease 1

ARE antioxidant response element

ARF ADP Ribosylation Factor

Arg aregenine

ASA ascorbic acid

ASNR non-irradiated allstar transfected cells

ASR irradiated allstar transfected cells

ATAC histone acetyl transferase

ATM Ataxia Telangiectasia mutated protein

Atpl ATP synthase subunit

ATR Ataxia Telangiectasia and Rad3-related protein

BACHI1 BTB Domain And CNC Homolog 1

Bad BCL2 Associated Agonist Of Cell Death

Bak BCL2 Antagonist/Killer 1

Bax BCL2 Associated X, Apoptosis Regulator

BCC Basal Cell Carcinoma

Bcl-xI BCL2 Apoptosis Regulator BCL2

BCR B cell receptor

BER base excision repair

BLM BLM RecQ) Like Helicase

BRAF B-Raf Proto-Oncogene, Serine/Threonine Kinase

BRCAl BRCA1 DNA Repair Associated

BRLI brassinosteroid receptor
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bZip

leucine xipper motif

C.elegans Caenorhabditis elegans

CALM2 Calmodulin 2

CAMK2G Calcium/Calmodulin Dependent Protein Kinase II Gamma

CBP CREB Binding Protein CREBBP
cdc25 Cell Division Cycle 25C

CDK Cyclin Dependent Kinase

CDK2 Cyclin Dependent Kinase 2

CDK4 Cyclin Dependent Kinase 4

CDKNIA Cyclin Dependent Kinase Inhibitor 1A P16INK4A
CDKNI1B Cyclin Dependent Kinase Inhibitor 1B

cDNA complementary DNA

CDNR non-irradiated cell death transfected cells RSK1
CDR irradiated cell death transfected cells

CEBPG CCAAT Enhancer Binding Protein Gamma

CETN2 Centrin 2

c-FOS Fos Proto-Oncogene, AP-1 Transcription Factor Subunit

CH chaperon

ChK1/2 Checkpoint kinases 1/2

CLK1 CDC Like Kinase 1

Clock- Cryptochrome Circadian Regulator 1 CRY1
BMAL

COFS Cerebro-oculo-facio-skeletal syndrome

COX2 Cytochrome C Oxidase

CPD Cyclobutane Pyrimidine Dimer

CRISPR- clustered regularly interspaced short palindromic repeats-CRISPR

Cas9 associated protein 9

CS Cockayne Syndrome

CSA ERCC Excision Repair 8, CSA Ubiquitin Ligase Complex Subunit ERCCS8
CSB ERCC Excision Repair 6, Chromatin Remodeling Factor ERCC6
CSNK2A1 Casein Kinase 2 Alpha 1 CK2
CUL4 Culin 4/DDB1- And CULA4-Associated Factor 2

Cyn Cuynaropicrin

CYPI1Al Cytochrome P450 Family 1 Subfamily A Member 1

Cys Cysteine

DCLKI1 Doublecortin Like Kinase 1

DDBI Damage Specific DNA Binding Protein 1

DDR DNA Damage Response

DDR2 Discoidin Domain Receptor Tyrosine Kinase 2

DEVD aspartate glutamine valline aspartate amino acid peptide
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DGKZ

Diacylglycerol Kinase Zeta

DGUOK Deoxyguanosine Kinase

DMSO Dimethyl sulfoxide

DNA Deoxyribo Nucleic Acid

DNA-PK DNA protein kinase

DNMT1 DNA Methyltransferase 1

dNTP deoxyribo nucleotide tri-phosphate

dpy-31 collagen processing protease

DSB Double Strand Breaks

DTT Dithiothreitol

DUOX Dual Oxidase

E. Coli Escherichia Coli

E2F4-p130 E2F Transcription Factor 4

EDU 5-Ethynyl-2"-deoxyuridine

EGFR Epidermal Growth Factor Receptor

elF-4E Eukaryotic Translation Initiation Factor 4E

EP300 E1A Binding Protein P300

EPIGEN Epithelial Mitogen EPGN
ERCC1 ERCC Excision Repair 1, Endonuclease Non-Catalytic Subunit
ERK Mitogen-Activated Protein Kinase 1 MAPKI1
FA Fanconi anemia

FANCC FA Complementation Group C

FANCM FA Complementation Group M

FASTK Fas Activated Serine/Threonine Kinase

FBS fetal bovine serum

FDA food and drug administration

FOXO Forkhead Box O

GADD45a Growth Arrest And DNA Damage Inducible Alpha

GAK Cyclin G Associated Kinase

GFP green fluorescence protein

GG-NER Global Genome Nucleotide Excision Repair GGR
Gli Glioma zinc finger transcriptions factors

GPX2 Glutathione Peroxidase 2

GRK6 G Protein-Coupled Receptor Kinase 6

GSH glutathione

GSK3 Glycogen Synthase Kinase 3 Beta

GSK3A Glycogen Synthase Kinase 3 Alpha

GST glutathione S transferase

GTP guanosine triphosphate
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GWAS

genome-wide association studies

H2DCFA 2'7'-dichlorodihydrofluorescein diacetate

H202 hydrogen peroxide

HAP1 Huntingtin Associated Protein 1

HAT histone acetyl transferase

HBV hepatitis B virus

HBx Late Endosomal/Lysosomal Adaptor, MAPK And MTOR Activator 5 | LAMTORS
HDR homologous recombination

HERC2 HECT And RLD Domain Containing E3 Ubiquitin Protein Ligase 2

HIF1A Hypoxia Inducible Factor 1 Subunit Alpha

His Histidine

HMGALI High Mobility Group AT-Hook 1

HMGNI1 High Mobility Group Nucleosome Binding Domain 1

HPLC high performance liquid chromatography

HRP horseradish peroxidase

Hsp90 Heat Shock Protein 90 Alpha Family Class A Member 1 HSP90AAL1
IKB NFKB Inhibitor Alpha NFKBIA
IKKB Inhibitor Of Nuclear Factor Kappa B Kinase Subunit Beta IKBKB
IL1B interleukin 1

IL6 interleukin 6

IL10 interleukin 10

IPMK Inositol Polyphosphate Multikinase

IR Ioninzing Radiation

Iral inhibitory regulator protein

IRAK1 Interleukin 1 Receptor Associated Kinase 1

ITK IL2 Inducible T Cell Kinase

JNK Mitogen-Activated Protein Kinase 8 MAPKS
KEAPI Kelch Like ECH Associated Protein 1

KGF Keratinocytes growth factor

KIF11 Kinesin Family Member 11 EGS5
KRAS KRAS Proto-Oncogene, GTPase

LacY Lactose permease

LATSI Large Tumor Suppressor Kinase 1

LATS2 Large Tumor Suppressor Kinase 2

LD50 lethal dose 50

Leu leucine

MAF MAF BZIP Transcription Factor

MAL Mal, T Cell Differentiation Protein

MAP3K6 Mitogen-Activated Protein Kinase Kinase Kinase 6
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MAPK

Mitogen-Activated Protein Kinase 1

MAPKAPK?2 | MAPK Activated Protein Kinase 2

MCIR Melanocortin 1 Receptor

MDM?2 MDM?2 Proto-Oncogene

Mek Mitogen-Activated Protein Kinase Kinase 1 MAP2K1
miRNA microRNA

MMC mitomycin C

MMP1 Matrix Metallopeptidase 1

Mrpl3 mitochondrial ribosomal protein

MS mass spectrometry

MSK1 Ribosomal Protein S6 Kinase AS RPS6KAS5
mTORC Mechanistic Target Of Rapamycin Kinase MTOR
MTT 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide

MUTYH MutY DNA Glycosylase

MYC MYC Proto-Oncogene, BHLH Transcription Factor

NAC N-acetyl cysteine

NAD nicotinamide

NEK3 NIMA Related Kinase 3

NEK4 NIMA Related Kinase 4

NER Nucleotide Excision Repair

NFkB Nuclear Factor Kappa B Subunit 1

NHEJ non-homologous end joining

NMD nonsense mediated mRNA decay

NOX NADPH Oxidase

NOXA Phorbol-12-Myristate-13-Acetate-Induced Protein 1 PMAIP1
NQOI1 NAD(P)H Quinone Dehydrogenase 1 D3T
NRAS NRAS Proto-Oncogene, GTPase

NRF2 Nuclear Factor, Erythroid 2 Like 2 NFE2L.2
Nthl Nth Like DNA Glycosylase 1

NUP116 Nucleoporin 98 And 96 Precursor NUP98
ODD oxidative DNA damage

0GGl1 8-Oxoguanine DNA Glycosylase

P21 Cyclin Dependat Kinase Inhibitor 1A CDKN1
P38 Mitogen-Activated Protein Kinase 14 MAPK14
P53 Tumor Protein 53

p70s6k Ribosomal Protein S6 Kinase B1 RPS6KB1
p90rsk Ribosomal Protein S6 Kinase Al RPS6KA1
PANK?2 Pantothenate Kinase 2

PARPI1 Poly(ADP-Ribose) Polymerase 1
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PARP4

Poly(ADP-Ribose) Polymerase Family Member 4

PBS phosphate buffer saline

PCNA Proliferating Cell Nuclear Antigen

PDK1 Pyruvate Dehydrogenase Kinase 1

PFA paraform aldahyde

PGC Progastricsin

PGH2 Prostaglandin-Endoperoxide Synthase 2

PI3K Phosphatidylinositol-4,5-Bisphosphate 3-Kinase Catalytic Subunit PIK3CA
Alpha

PIK3C3 Phosphatidylinositol 3-Kinase Catalytic Subunit Type 3

PIK3R3 Phosphoinositide-3-Kinase Regulatory Subunit 3

PKC Protein Kinase C Alpha PRKCA

Pol polymerase

PRC2 Polycomb repressive complex 2

PREX2 Phosphatidylinositol-3,4,5-triphosphate dependent RAC exchange
factor

PRKACG Protein Kinase CAMP-Activated Catalytic Subunit Gamma

Pro Proline

PTC premature termination codon

PTCH1 Patched 1

PTEN Phosphatase And Tensin Homolog

PTP-x Pyruvoyltetrahydropterin

PUMA BCL2 Binding Component 3 BBC3

qPCR quantitaitve PCR

Rac Rac Family Small GTPase

RAD23B RAD23 Homolog B, Nucleotide Excision Repair Protein

RADS52 RADS52 Homolog, DNA Repair Protei

RAF Raf Proto-Oncogene, Serine/Threonine Kinase

RAS RAS Proto-Oncogene, GTPase

RBX1 Ring-Box 1

RFC Replication factor C

RNAi interfering RNA

ROI region of interest

ROS Reactive Oxygen Species

RPA1 Replication Protein Al

RPS6KB1 Ribosomal Protein S6 Kinase B1

RSV resveratrol

Rzscore robust Z score

S6K Ribosomal Protein S6 Kinase B1 RPS6KBI1

sanl ubiquitin protein kinase
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SCC Squamous Cell Carcinoma

SDS Sodium dodecyl sulfate

Ser Serine

SEN sulforaphane

sgRNA single guide RNA

SHH sonic hedgehog

shRNA Short hairpin RNA

siAS siRNA all star

siCD siRNA cell death

siRNA short interferring RNA

SIRT1 Sirtuin 1

SLC30A8 solute carrier family 30 member 8

SLP1 Synaptotagmin Like 1 SYTLI

sMASE Neutral Sphingomyelinase Activation Associated Factor NSMAF

SMO smoothened

SNAIL zinc finger protein SNAI1

SNF5 SWI/SNF Related, Matrix Associated, Actin Dependent Regulator Of | SMARCBI1
Chromatin, Subfamily B, Member 1

SP1 Sp1 Transcription Factor

SPRR2D Small Proline Rich Protein 2D

SRP simgle recognition paticle

SRP abasic deoxyribose phosphate

SSB Single Strand Breaks

STK17B Serine/Threonine Kinase 17b

SWI/SNF SWiItch/Sucrose Non-Fermentable chromatin remodeling complex

TCEA1 Transcription Elongation Factor Al

TC-NER Transcription coupled Nucleotide Excision Repair TCR

TEK TEK Receptor Tyrosine Kinase

TF transcirption factor

TFIIH Transcription factor II H

Thr Threonine

TIE1 Tyrosine Kinase With Immunoglobulin Like And EGF Like Domains
1

TNFa Tumor Necrosis Factor

TP63 Tumor Protein P63

tRNA transfer ribonucleotide acid

Trp tryptophan

TSC2 TSC Complex Subunit 2

TSSK6 Testis Specific Serine Kinase 6

TTD Trichothiodystrophy
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Tyr Tyrosine

UCA urocanic acid

unc-52 SMUT1 DNA Replication Regulator And Spliceosomal Factor SMU1
USP1 Ubiquitin Specific Peptidase 1

USP24 Ubiquitin Specific Peptidase 24

USP45 Ubiquitin Specific Peptidase 25

USP48 Ubiquitin Specific Peptidase 48

USP7 Ubiquitin Specific Peptidase 7

(MY Ultraviolet

UVA Ultraviolet radiation A

UVB Ultra violet radiation B

uvC Ultra violet radiation C

UVR Ultraviolet radiation

UVRAG Ultra violet radiation resistance associated gene

UVSSA UV Stimulated Scaffold Protein A

VDR vitamin D receptor

WIP1 Protein Phosphatase, Mg2+/Mn2+ Dependent 1D PPMI1D
Wnt Wingless-related integration site

WT wild type

XAB2 XPA Binding Protein 2

XP Xeroderma Pigmentosum

XPA Xeroderma Pigmentosum protein A

XPB ERCC Excision Repair 3, TFIIH Core Complex Helicase Subunit ERCC3
XPC Xeroderma Pigmentosum protein C

XPD ERCC Excision Repair 2, TFIIH Core Complex Helicase Subunit ERCC2
XPE Damage Specific DNA Binding Protein 2 DDB2
XPF ERCC Excision Repair 4, Endonuclease Catalytic Subunit ERCC4
XPG ERCC Excision Repair 5, Endonuclease ERCC5
XPV DNA Polymerase Eta POLH
XRCC1 X-Ray Repair Cross Complementing 1

YY1 YY1 Transcription Factor

oaMSH melanotropin

YH2AX phosphorylated H2A histone family member X
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BIBLIOGRAPHIC REVIEW
CHAPTER 1. SKIN, DNA DAMAGE, AND UV RADIATION

Our study is concerned with the normalization of the photosensitive profile of the rare genetic
autosomal recessive disease XP-C. XP-C mainly manifests in increased skin cancer incidence upon
UV irradiation. For that, we will first explore the different aspects of the skin cells and the effect
of UV irradiation on the downstream signaling and the associated carcinogenesis.

1. THE SKIN AND ITS LAYERS

The skin provides the first line of defense against pathogens and protects the body from mechanical
stress and water loss [3]. However, being in direct contact with the environment renders it highly
susceptible to different stimulants like xenobiotics, UV radiation, and thermal stress disrupting
skin cells’ metabolism [4]. The skin consists of epidermis, dermis and subcutaneous fat layer [5].
The epidermal cells, keratinocytes and melanocytes, and the dermal fibroblasts are of great concern
being the major skin cells affected in XP patients.

1.1 EPIDERMIS

It is the outermost layer of the skin that includes mainly keratinocytes but also other cells like
melanocytes, Langerhans cells and Merkel cells. Keratinocytes render the epidermis continually
renewable due to the proliferation of keratinocyte stem cells [6] These cells produce keratin which
protects them against UV radiation [7]. Malignant transformation of keratinocytes leads to non-
melanoma skin cancer like squamous cell carcinoma (SCC) and basal cell carcinoma (BCC). Other
cells of interest are the melanocytes. They are located near the basal membrane of the epidermis
and have cytoplasmic appendixes that penetrate the keratinocytes’ layers. Melanin is produced by
these cells and it is responsible for pigmentation hence protecting skin from radiation [8]. Melanin
is considered to have UV absorptive properties. Any abnormalities in these cells can give rise to
melanomas.

1.2 DERMIS

Fibroblasts are the main constituents of the dermis and they are located between the nerves, blood
vessels and connective tissue. They secrete collagen, elastin and glucosaminoglycans thus
strengthening the skin and mediating its elasticity [4]. Moreover, in case of cancer, these cells play
arole in progression and metastasis due to the various molecules they express [9].

2. OVERVIEW OF THE DNA DAMAGE RESPONSE

DNA damage is the outcome of a wide variety of physiological-chemical aberrations [10]. The
sources of DNA damage can be either endogenous, originating from within the cell, or exogenous.
The first includes reactive oxygen species (ROS) and oxygen radicals generated during cellular
metabolism. These ROS can result in the formation of base modifications including abasic sites
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from depurination or deamination, 8-oxoguanine lesions and single-strand breaks. It is noteworthy
that ROS generation can also be triggered by exogenous factors. For example, the skin contains
endogenous chromophores like tryptophan, riboflavin and mitochondrial cytochrome ¢ oxidase
that favor the generation of ROS from sunlight [11, 12]. Replication errors are other endogenous
sources of DNA damage that lead to base mismatches, insertions or deletions in the nucleotide
sequence. On the other hand, external causes of DNA lesions comprise ionizing radiations, X rays
and antitumor drugs that generate double-strand breaks (DSB), single-strand breaks, and
interstrand cross-links (figure 1) [13]. In addition, nucleotide modifications such as pyrimidine
dimers and the addition of bulky adducts are triggered upon exposure to UV light or certain
pollutants or chemicals (figure 1) [12]. Therefore, a DNA damage response (DDR) is required for
the correction of these DNA insults to ensure the accurate transmission of genetic information.
DNA damage detection is the first step in the repair pathway and it involves molecules termed
sensors. The latter transmits signals to transducers, that are mostly protein kinases [14], which in
turn act on effectors, including cell cycle regulators, nucleases and helicases, to halt the cell cycle
in order to ensure DNA repair or to induce apoptosis or senescence in case of irreparable damage
[15] Any failure in this pathway can lead to the accumulation of DNA damage and ultimately
premature aging or tumorigenesis [13].
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Figure 1 DNA lesions induced by damaging agents

Several DNA lesions are formed upon the exposure of the DNA to harmful insults. Replication Errors can give rise to
insertion, deletion, or base mismatch mutations. Alkylating agents and reactive oxygen species (ROS) can lead to the
formation of abasic sites, single strand breaks (SSB) and 8-oxoguanines. On the other hand, UV radiation and
chemical agents mediate the formation of pyrimidine dimers and the addition of bulky adducts. Finally, ionizing
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radiation including X rays and antitumor drugs can lead to single strand breaks, double-strand breaks, together with
inter and intra strand crosslinks. Abbreviations: ROS: reactive oxygen species, SSB: single-strand breaks, DSB:
double-strand breaks, IR: ionizing radiation.

3. UV RADIATION AND SKIN PENETRATION

Solar UV radiation is sub-classified into UVA (320-400nm), UVB (280-320nm) and UVC (200-
280nm). UVC is absorbed by the ozone layer rendering the UV spectrum reaching earth restricted
t0 95% UVA and 5% UVB. These two solar rays allow the induction of DNA lesions, thus playing
a critical role in skin carcinogenesis. The more energetic UVB can be absorbed by the epidermis
and superficial dermis; whereas the less energetic more penetrating UVA can reach deep into the
dermis. On one hand, UVB irradiation generates direct damages to the DNA in the form of dimeric
pyrimidine photoproducts including Cyclobutane pyrimidine dimers (CPDs), 6-4 pyrimidine-
pyrimidone photoproducts (6-4PPs) and Dewar isomers [16]. The latter are formed between two
adjacent pyrimidine sites TT, CT, TC or CC. The 6-4 PPs are readily repaired in faster kinetics
compared to CPDs where the TC and CC-CPD are the most mutagenic ones [17]. UVB also
contributes to the generation of double-strand breaks via collapsing the replication forks at dimer
sites and formation of reactive oxygen species (ROS) [18]. The generation of 8-hydroxy-2-
deoxyguanosines (8-OHdG) was reported post UVB irradiation that leads to G=>T transversion.
The majority of UVB-induced mutations are C=>T or CC>TT transitions designated as the UVB
signature mutation [19]. On the other hand, UVA damage to the DNA is indirect via reactive
oxygen species that are generated at bigger amounts than UVB-induced ROS. The most common
UVA-induced lesion is 8-oxo guanine. CPDs’ indirect formation post UVA are mediated by
chemically generated excited electronic states [20]. In addition to DNA damage, ROS can also
contribute to lipid peroxidation and protein oxidation (figure 2).
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Figure 2 UV skin penetration and molecular outcomes

Out of solar rays, UVA and UVB can penetrate the skin to reach deep into the dermis or be restricted to the epidermis
respectively. UVB rays induce direct damages to the DNA and the formation of reactive oxygen species (ROS). UVA'’s
damage to the DNA is indirect via photosensitization reactions by ROS produced at a high rate.

3.1. UV INDUCED APOPTOSIS

Apoptosis is triggered in irradiated cells by three different mechanisms. UV-induced DNA damage
favors the activation of ataxia telangiectasia and rad3 related (ATR), ataxia telangiectasia mutated
(ATM) and DNA-PK kinases that ultimately activates p53 via checkpoint kinase ChK1/2 as part
of the DNA damage response. p53 regulates the transcription of cell cycle protein p21 and several
pro-apoptotic factors including APAF1, NOXA, PUMA, Bax and Bak. This contributes to the
arrest of the cell cycle. If damage repair fails, P53 via downstream effectors modulate
mitochondrial permeability to allow the release of cytochrome c. APAFI1, procaspase 9 and
cytochrome c favor the formation of the apoptosome leading to the activation of caspase 9 then
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caspase 3 [2]. Moreover, the production of reactive oxygen species post UV induces, in addition
to DNA damage, lipid peroxidation, protein oxidation and the release of cytochrome c to mediate
another intrinsically triggered apoptotic pathway. One final mechanism of apoptosis is mediated
via the extrinsic effect of UV in clustering death receptors, including the tumor necrosis factor
(TNF) receptor superfamily members the CD95 (Fas/APO-1) or TRAIL, leading to the activation
of a cascade of caspases from caspase 8 till caspase 3 [21] (figure 3).
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Figure 3 Mechanisms of UV induced apoptosis

UV irradiation triggers cell apoptosis by three different mechanisms. The first is mediated by P53 activation due to
DNA damage that ultimately leads to the activation of caspase 9 followed by caspase 3. Reactive oxygen species
generated by UV also induce apoptosis by enabling the release of cytochrome c from the mitochondria. One final
mechanism is via UV mediated clustering of death receptors leading to the activation of caspase 8.

3.2. UV INDUCED SIGNAL TRANSDUCTION

3.2.1 AKT PATHWAY

The full kinase activity of Akt is achieved on one hand by its phosphorylation at two distinct sites,
Thr308 phosphorylation via receptor tyrosine kinase activated PI3K and Ser473 by mTOR
complex 2 (mTOR/Rictor; mTORC?2) [22]. Its inhibition, on the other hand, is achieved by the
tumor suppressor PTEN [23]. UV triggers tyrosine kinase receptors as well as the inhibition of
PTEN to enable Akt activation post-irradiation [24]. This further permits the activation of anti-
apoptotic transcription factor NFkB [23] and p53 negative regulator MDM2 [25]. The latter
together with Akt mediated inhibition of FOXO [26], pro-apoptotic forkhead transcription factor,
and apoptotic proteins Bad and caspase 9 [27] infers an anti-apoptotic Akt mediated signal. Cell
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cycle progression is also achieved via the inhibition of nuclear translocation of cell cycle inhibitors
p21 and p27 [28]. Akt also increases metabolic activity via the phosphorylation and thus inhibition
of glycogen synthase kinase (GSK3) [29]. The outcome involves the modulation of protein
synthesis and autophagy. The Akt-mediated inhibition of TSC2, tuberous sclerosis protein 2, leads
to activation of mTOR/Raptor (mMTORC1) that promotes translation via phosphorylation of
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Figure 4 Physiological functions triggered by UV induced Akt signaling

]_

UV induced Akt activation can induce the activation of several downstream cellular functions including inhibition of
apoptosis, cell cycle progression, metabolic activity inductions and translation. Detailed description available in the
text [2].

eukaryotic initiation factor 4E (eIF-4E) binding protein-1 (4E-BP1) and p70/p85 S6 kinase (S6K)
[30] (figure 4).

3.2.2 MAPK PATHWAY

Another UV activated pathway is the mitogen activated protein kinase (MAPK) pathway with final
effectors including the c-JUN NH2 terminal kinases (JNKs), the extracellular signal regulated
kinases (ERKs) and p38 kinases that regulate the activity of transcription factors NFxB and AP-1.
The different forms of UV irradiation (UVA, UVB, UVC) explicit different modes of MAPK
activation that are dose dependent.
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Figure 5 UVA induced MAPK signaling

UVA activates EGFR that leads to the phosphorylation/activation of several downstream effectors including p705%
and p90RSK. UVA mediated apoptosis is mediated by the activation of JNK, ATM, or SMase [1].

l. UVA INDUCED MAPK SIGNALING

UVA induces the activation of epidermal growth factor receptor (EGFR) that then leads to the
phosphorylation of the 40S ribosomal protein S6 by p705°¥ (70-kD ribosomal S6 kinase) and
p90RSK (90-Kd ribosomal S6 kinase, also known as MAPKAP-K1) [31, 32]. The activation of
p705%K, on one hand, is achieved by different MAPK pathways phosphorylating four distinct sites.
PI3K activation induces the phosphorylation at Ser411, Thr421 and Ser424 while mTOR
phosphorylates the Thr389 site. These four sites are phosphorylated by ERKI1/2. P38
phosphorylates Thr389 and JNK added phosphate groups on both Ser411 and Thr389 [33]. On
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the other hand, ERK and JNK but not p38 enable the phosphorylation/activation of p9ORSK at
Ser381 [34]. It should be noted that the inhibition of EGFR abrogated the UV induced
phosphorylation of ERK but not p38 and JNK implying that EGFR mediated signaling to p90RSK
and p70%K is ERK [35] and PI3K dependent. These ribosomal kinases regulate various cellular
functions like proliferation and differentiation. Moreover, UVA irradiation can direct cellular
decision towards apoptosis triggered by P53 and JNK [36]. The latter being activated by
sphingomyelinase (SMase) and thus ceramide hydrolysis [37] (figure 5).

. UVB INDUCED MAPK SIGNALING

A) MAPK MEDIATED UVB INDUCED ACTIVATION OF AP-1 VIA PKC
UVB induced activation of AP-1 implicates PKC that favors activation of JNK and ERK [38].
ERK further on mediates activation of AP-1 [39]. P38, however, was shown to be activated in
EGFR dependent mechanism post UVB and that it further on led to apoptosis [40] (figure 6A).

B) MAPK MEDIATED UVB INDUCED APOPTOSIS

UVB induced P53 dependent apoptosis is mediated via the phosphorylation of the latter at Ser20
by JNK [41]. Nonetheless, p38 and ERK phosphorylate P53 at Serl5 [42] (figure 6B). Apoptosis
is also mediated by the activation of the pro-apoptotic protein BAD. The phosphorylation of BAD
is carried out by several kinases including JNK1, ERK downstream kinases RSK1 and MSK1 and
by p38 kinase allowing BAD’s dissociation from the anti-apoptotic Bcl-XL [43] (figure 6C).

C) MAPK MEDIATED UVB INDUCED CHROMATIN REMODELING

The phosphorylation of nucleosome structural protein histone H3 regulates its role in enabling
gene expression and chromatin remodeling. Two phosphorylation sites are present on histone H3
which are the Ser10 and Ser28. Ser10 phosphorylation is mediated via ERK and p38 [42] whereas
Ser28’s phosphorylation is mediated by JNK, ERK and p38 kinases together with ERK and p38
downstream kinase MSK1[44, 45] (figure 6D).

D) MAPK MEDIATED UVB INDUCED GROWTH CONTROL

Growth control regulation can be mediated at either the transcriptional level via ribosomal kinases
or at the translational level by translation initiation factors. UVB activates PI3K pathway triggering
the phosphorylation of several downstream effectors like Akt and p705°% [46]. Akt UVB-induced
activation is mediated via MSKI1 [47] (figure 6E). Moreover, the p38 kinase through its
downstream effector MSK1 phosphorylates eukaryotic initiation factor 4E (elF-4E)-binding
protein (4E-BP1) allowing its dissociation from elF-4F, relieving the translational block and
allowing cap-dependent translation initiation [48] (figure 6F).
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Figure 6 UVB induced MAPK signaling

UVB can trigger different cellular functions via the activation of the diverse MAPK effectors. (A) UVB can, on one
hand, activate PKC leading to the activation of AP-1 and, on the other hand, mediate the activation of p38 via EGFR
that leads to apoptosis. (B) P53 phosphorylation is achieved by both ERK and p38 at Serl5 and by JNK on Serl5. (C)
BAD phosphorylation at Serl 12 is facilitated by JNKI, RSK2 and MSKI. (D) Histone H3 is phosphorylated at two
sites: Serl0 by ERK and p38 kinase and at Ser28 by ERK, p38 and JNK. MSK1, a downstream effector of ERK and
p38, also favors the phosphorylation at Ser28. (E) UVB mediated activation of Akt is PI3K dependent and MSK1 can
also be involved in such activation. (F) 4EBP1 phosphorylation by the p38 kinase to MSKI pathway favors its
activation and dissociation from elF-4E [1].

4. UV-INDUCED MUTATIONS AND CARCINOGENESIS

4.1 P53

pS3 plays a critical role in the cell cycle arrest post-stress induction. It activates cell cycle
checkpoints halting cycle progression allowing enough time for DNA damage repair. If the repair
was unsuccessful, p53 aids in the commitment of the cell to apoptosis by the expression of several
pro-apoptotic proteins. UV-induced activation of p53 is mainly mediated via (ATR) that
phosphorylates checkpoint kinases (chk1/2) ultimately leading to p53 phosphorylation at Ser15
and Ser20 [49]. Mutations in p53 can be mainly detected in squamous cell carcinoma and less in
basal cell carcinoma. Such mutations carry the UV fingerprint C = T transition [50]. Such
mutations hinder the pro-apoptotic activity of p53 resulting in amplification of DNA damage
accumulating cells. That combined with UVR-induced upregulation of heat shock proteins poses
a combined effect on carcinogenesis evident via their co-localization with mutant p53 in squamous
cell carcinoma [51].

4.2 PTEN

Phosphate tensin homolog is a known inhibitor of the PI3K/Akt leading to the deregulation of cell
proliferation and induction of apoptosis. Besides, PTEN also has a role in the regulation of DNA
damage repair of NER and DSB. In the course of NER, Ming et al. showed that downregulation
of PTEN expression in the epidermis of mice predisposes them to skin tumorigenesis upon UV
irradiation [52]. One hypothesis involves the reduction of xeroderma pigmentosum C (XPC)
expression upon PTEN downregulation via the Akt/p38 pathway. XPC is a DNA damage
recognition protein in the nucleotide excision repair pathway required for the identification of the
UV induced DNA damages. The decrease of XPC thus allows the accumulation of CPDs and 6-
4PPs. In DSB, PTEN downregulation leads to decreased Rad51 expression [53].

4.3 PTCH

PTCH gene encodes for a membrane receptor in the sonic hedgehog (Shh) pathway. The latter
plays an important role in regeneration and re-differentiation of adult tissue. The canonical
signaling in the Shh pathway starts with the biding of the Shh ligand to the transmembrane receptor
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Patched (PTCH) inactivating it. This will relieve the PTCH-mediated inhibition of smoothened
(SMO). SMO will further activate the downstream signaling to result in the translocation of the
Glioma zinc finger transcriptions factors (Gli) to the nucleus to initiate transcription [54]. Some of
the downstream expressed genes are involved in tumorigenesis and they include BCL2 for
apoptosis resistance, SNAIL for epithelial-mesenchymal transition, Wnt2 for cell stemness, and
TGFp for immune suppression among others [55]. PTCH mutations bear the UV signature C>T
or CC>TT transitions. The latter allows the inactivation of PTCH and its role in the inhibition of
smoothened (SMO) expression. Therefore, SMO can then mediate the activation of Glil
transcriptional factor resulting in tumor formation [56] (figure 7). Such deficiency was recorded
in 85% of BCC [57]. Gorlin syndrome is characterized by an increased predisposition to basal cell
carcinomas due to a mutation in PTCH1 tumor suppressor gene. Charazac et al. reported that
fibroblasts from Gorlin patients exhibit high radio-sensitivity. These cells appeared to manifest
low expression and activity of base excision repair pathway proteins thus linking Gorlin clinical
manifestations to possible defects in DNA damage response or repair capacity [58].

Hh Target Genes:
Snail

Cyclin D1/D2
Myc

Whnt pathway
TGFB

Bcl2

FOXM1
PI3K-AKT
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c. Oncogenic PTCH1
inactivating mutation

Figure 7 The sonic hedgehog pathway and the effect of UV irradiation.

The SHH pathway controls the expression of several downstream effectors. a) In the inactive state, PTCH receptor
inhibits SMO and thus preventing the translocation of Gli to the nucleus blocking transcription of underlying genes.
b) However, in the presence of the Hh ligand the PTCH receptor becomes inactive losing its inhibitory effect on
SMO favoring the activity of Gli in transcription. c¢) Inactivating mutation of PTCH induced by UV irradiation
annuls SMO inhibition and activates the pathway to express downstream genes via Gli. SHH: sonic hedgehog,
PTCH: patched receptor, SMO: smoothened, Gli: glioma transcription factor
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4.4 NRAS AND BRAF

NRAS and BRAF play a major role in the mitogen-activated protein kinase (MAPK) pathway. The
binding of growth factors to their respective tyrosine kinase receptor activates this pathway. RAS
GTPase then conveys the intracellular signaling. Active Ras bound to GTP allows the recruitment
of effectors including the RAF family of serine/threonine kinases that regulate cell proliferation.
RAF further on activates MAP kinase kinase (MEK1/2) and then MAP kinase (ERK1/2). The latter
promotes cell proliferation [59]. Activating mutations in these genes are mainly found in
melanoma. Only a single mutation in either gene can exist at a time [60]. Mutations in either are
of the activating type enhancing the MAPK signaling. BRAF most frequent mutation is a T2>A
transversion.[61]. NRAS most frequent mutation is either a C—> A transversion or A->G transitions
in sun-exposed areas [62]. These mutations are not exactly a C=>T UV signature mutation,
however, their comparison with the mutagenic profile in bacteria reveals that they may be derived
from UV A mediated oxidative DNA damage [63].

4.5 RAC1 AND PREX2

PREX2 is a GTP/GDP exchange factor that can promote tumorigenesis via the inhibition of PTEN,
a known regulator of the PI3K signaling pathway [64]. PREX2 also mediates the activation of the
GTPase RAC involved in cell migration [65]. Large scale cancer genomic profiling revealed the
involvement of mutations in these two genes with melanoma oncogenesis [66, 67]. These genes
interact to promote the PI3K/Akt [65, 68]. Mutations in the RACI1 gene possess the typical UV
signature C—>T transition mutation in sun-exposed areas that allows the activation of RAC1 and
the underlying signaling pathways [69]. PREX2 mutations are also mainly found in sun-exposed
areas [67] where it inhibits PTEN annulling its effect in the inhibition of the PI3K pathway.

Although other genes have been recorded to be involved in skin carcinogenesis, they do not possess
a UV signature mutation profile signifying a different origin other than UV as their carcinogenesis
initiator. The latter includes mutations in the cell cycle genes found in both basal and squamous
cell carcinoma [70]. In addition, loss of p16™X4A was also identified in melanoma leading to the
enhancement of CDK4 activity promoting proliferation [71].

5. UV-IRRADIATION INDUCED IMMUNOSUPPRESSION

Genetic mutations alone do not represent the only initiators of skin tumorigenesis. An intricate
signaling network interplays with such mutations leading ultimately to tumor generation one of
which is UV irradiation-induced immune suppression. The first form of suppression is mediated
via the defective antigen presentation activity of Langerhans cells. UVR leads to the elevation of
IL6, IL10 and TNFa levels thus inhibiting the skin immune response by downregulating
Langerhans cells activity [72]. Moreover, UV irradiation was found to have a negative effect on
the number of natural killer cells in a UV dose-dependent manner. The latter cells are implicated
in anti-tumor and anti-viral infection [73]. UVB exposure also increases the expression of
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cyclooxygenase (COX-2) enzyme that catalyzes the first step for the conversion of arachidonic
acid to active prostaglandin involved in the inflammatory response. COX-2 is implicated in the
development of several types of tumors [74]. Finally, one last activator of immune suppression is
urocanic acid (UCA), a histamine deamination product highly available in the skin [75]. The
inhibition of UCA with an antibody against it enabled the delay of tumor formation in irradiated
skin [76].

Despite the filtration of the harmful UVC radiation by the ozone layer, the two remaining solar
ultraviolet rays reaching the earth’s surface are proving to be hazardous. UVB radiation can
directly damage the DNA of exposed cells while UVA can indirectly create such damage via the
generation of reactive oxygen species. After such induced stress, the cells that fail to repair the
damage can either be committed to apoptosis or persist where their damaged DNA progresses to
the UV signature C=>T transition. These mutations have been identified in several genes correlated
with skin carcinogenesis signifying a link between UV exposure and tumorigenesis. Moreover,
UV irradiation activates several downstream signaling pathways including the Akt and MAPK
pathways implicated in the regulation of cell proliferation, apoptosis and tumor promotion among
many others. Finally, an additional instigator of tumor formation can be the UV-induced immune
suppression where the inhibition of the action of some immune cells allows the cells’ harboring
damage and tumors to escape from the surveillance of the body. For that, possessing an active
repair system is essential to eliminate such dangerous UV-induced lesions where any defect will
give rise to diseases like Xeroderma Pigmenstosum and others with increased risks of skin cancers
and neurodegeneration.
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CHAPTER 2. NUCLEOTIDE EXCISION REPAIR

DNA damaging agents result in the formation of a wide variety of DNA lesions. Over the past
years, several repair mechanisms specific to each lesion have been discovered. One of these
mechanisms is the nucleotide excision repair (NER) required for the removal of bulky adducts and
dimers. Cyclobutane pyrimidine dimers (CPD), and pyrimidine-pyrimidone photoproducts (6-
4PP), are the main UV photoproducts formed following exposure to UV radiation [77]. NER starts
with the recognition of the lesion and then the incision 5” and 3’ to the damage to allow its removal
creating a gap. This gap will be filled by synthesizing damage free DNA by polymerases to finally
be ligated sealing the nick [78]. NER constitutes two sub-pathways: global genome NER (GG-
NER) that occurs all over the genome and transcription-coupled NER (TC-NER) that mends
lesions in actively transcribed genes where such damages can block the progression of RNA
polymerases [79]. These pathways differ mainly in the recognition step. Deficiencies in TC-NER
sub-pathway underlies CS and UVsS, while patients with XP, TTD, XP-CS, XP-TTD and COFS
are lacking proficiency in either GG-NER or both of the sub-pathways. NER pathway can be
modulated by various signaling pathways, biological or chemical compounds. The modulation of
this pathway can pave away to the possible regulation of the NER pathway in XP-C patients.

1. REPAIR SUB-PATHWAYS

1.1. GLOBAL GENOME NUCLEOTIDE EXCISION REPAIR (GG-NER)

In GG-NER, helix-distorting lesions are initially recognized by a complex that includes XPC, Rad
23 homolog B (RAD23B) and centrin 2 (CETN2) proteins (figure 8). RAD23B stabilizes XPC
while CETN2 enhances XPC damage recognition [80]. Recent studies indicated that DNA lesions
(such as CPDs) that induce very mild disruptions in the DNA double helix are poor XPC substrates.
In this case, UV-damaged DNA-binding protein (UV-DDB) complex, also known as the DDB1—
DDB2 heterodimer, initially recognizes the lesions and then creates a kink that will be recognized
by XPC [81]. It is noteworthy to state that XPC binds to the strand opposite of the adduct [78].
DDB2-DDB1-CUL4-RBX1 E3 ligase forms a CRLAPPB2 ybiquitin ligase complex that
ubiquitylates XPC, DDB2, and histones [82]. XPC poly-ubiquitination increases its affinity to
DNA rather than its degradation [80]. The next step starts with the recruitment of the pre-incision
TFIIH complex that encompasses ATPase/helicase XPD and XPB. These proteins unwind the
DNA around the lesion, XPD at the 5’ and XPB at 3’ of the lesion, creating a 20-30 nucleotide
bubble. This complex allows the recruitment of XPA, XPG and replication protein A (RPA1) that
bind to single-stranded DNA of the bubble [81]. XPA binds at 5' of the bubble and interacts with
the pre-incision complex. This interaction allows the release of TFIIH component CDK activating
kinase (CDK?7) to facilitate both the recruitment of XPF-ERCCI1 that binds to XPA and the release
of the XPC-RAD23B complex. XPF-ERCClendonuclease mediates the cleavage at 5’ of the
lesion. Pol &/6/x-PCNA-RFC-RPA1, the DNA replicative machinery, can then synthesize the
damage free strand while displacing the damaged one and TFIIH. Afterwards, the incision at the
3’ end will be catalyzed by XPG. Finally, the generated nick will be sealed by DNA ligase. It
should be emphasized that replicating cells utilize polymerase epsilon (Pol €) and Ligase I while
non-replicating cells use polymerase delta/kappa (Pol 6/x) and Ligase III a and X ray repair cross-
complementing protein 1 (XRCC1) [83] (figure 8).
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1.2. TRANSCRIPTION COUPLED NUCLEOTIDE EXCISION REPAIR (TC-NER)

TC-NER pathway is triggered once RNA polymerase progression in actively transcribed genes is
blocked due to the presence of bulky adducts (figure 8). This allows the recruitment of Cockayne
syndrome group B protein (CSB), also called excision repair cross-complementing protein 6
(ERCC®6), which binds the polymerase and changes the DNA conformation [84]. CSB recruits
CSA, EP300, and NER factors excluding XPC and UV-DDB [81]. The CSA-DDB1-CUL4-RBX1
E3 ligase form CRL4“* ubiquitin ligase complex that ubiquitylates CSB mediating its
degradation. However, UV-stimulated scaffold protein A (UVSSA) interacts with RNAPII and
delivers the deubiquitinating enzyme ubiquitin specific processing protease 7 (USP7) that inhibits
the CSA-dependent CSB degradation [82]. In addition, CSA allows the recruitment of the
nucleosome remodeling factors HMGN1, XAB2 and TCEAT1 [85]. The remaining steps are similar
to those of GG-NER involving the recruitment of TFIIH, incision, and synthesis (figure 8).
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Figure 8 Schematic representation of Nucleotide excision repair

Recognition of DNA damage differs between Transcription Coupled NER (TC-NER) and Global Genome NER (GG-NER).
(1) Damage Recognition. In TC-NER the stalled RNA polymerase in transcriptionally active genes favors the recruitment
of cockayne syndrome proteins A and B (CSA & CSB). In GG-NER the damage is recognized by XPC and its partners
RAD23B (Rad 23 homologue B) and CEN (centrin 2) if it is a helix distorting lesion. A mild distorting lesion in this sub-
pathway is recognized by XPE and DDBI (DNA damage binding protein 1). The following steps are the same for both GG-
NER and TC-NER. (2) DNA unwinding. TFIIH is recruited and it contains XPB and XPD helicases that catalyze the opening
of the DNA. (3) Damage Verification. XPA, XPG and RPAI are recruited. XPA verifies the DNA damage while RPAI binds
to the single stranded DNA. (4) Incision. XPF that is in a complex with ERCCI is recruited. Both XPF and XPG are
nucleases that catalyze the incision of 5’ and 3’ of the damage respectively. (5) DNA synthesis and Ligation. The missing
DNA sequence is synthesized by polymerase delta with the assistance of PCNA, RCF and RPA1. DNA ligase 3 interacting
with XRCClI ligates the produced fragment leading to the formation of intact DNA. It should be noted that XPF-ERCCI1
mediates the incision at the 5’ end then the polymerase with PCNA, RCF and PCNA will aid in displacing the damaged
strand to be finally followed by the incision at the 3’ end by XPG. Abbreviation: XPA-XPG: Xeroderma Pigmentosum
protein A-G; NER: Nucleotide Excision Repair; TC-NER: Transcription Coupled Nucleotide Excision Repair; GG-NER:
Global Genome Nucleotide Excision Repair, CSA and CSB: Cockayne Syndrome Protein A and B; DDB1: DNA Damage
Binding protein 1; RAD23B: RAD 23 homologue B; Cen: Centrin 2; TFIIH: Transcription Factor Il H; RPAI: Replication
Protein A; ERCCI: Excision Repair Cross Complementation group I; PCNA: Proliferating Cell Nuclear Antigen; RCF:
Replication Factor C; Polé: Polymerase delta;, LIG3: DNA ligase IlI; XRCC1: X ray Repair Cross Complementing protein
1.
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2. TRANSCRIPTIONAL AND POSTTRANSLATIONAL REGULATION OF NER

2.1. TRANSCRIPTIONAL REGULATION

The transcription of the different NER factors is under tight balance due to the effects of both
transcription factors and their repressors. The rate-limiting factor of NER is XPA that verifies the
damage and leads to the recruitment of the incision proteins. The expression of XPA is controlled
by the circadian clock which is higher in the daytime than at night with Clock Circadian Regulator-
aryl hydrocarbon receptor nuclear translocator like protein (Clock-Bmal1) transcriptional activator
and a cryptochrome circadian regulator-period circadian regulator (CRY-PER) transcriptional
repressor to enable repair in UV exposed cells [86]. Its expression is also regulated by other
transcription factors including hypoxia-inducible factor 1 (HIF1A) that upregulates XPA
expression and high mobility group protein A1 (HMGA1) that down-regulates XPA expression
[87, 88].

The ATP-dependent helicases XPB and XPD favor the opening of the double strand around the
site of damage. Specificity protein 1 (SP1) binds to XPB promoter and activates its expression
while hepatitis B virus x (HBx) inhibits it [89, 90]. On the other hand, XPD expression is promoted
by HIF1a and insulin while being repressed by HBx as well [91, 92]. However, long-term exposure
to glucose at high concentrations can mitigate the insulin-dependent increase in XPD mRNA [93].

The expression of the GG-NER sensors, XPC and XPE, is regulated in a TP53 dependent manner
[94]. Overexpression is also mediated by transactivation isoform of p63 gamma (TP63) and breast
cancer 1 (BRCA1) [95, 96]. Moreover, XPC expression is up-regulated by SP1, Sirtuin 1 (SIRT1),
ARF, MCIR, and E-cadherin but down-regulated by HIFla and E2F4-p130. SP1’s binding
sequence overlaps that of HRE at the XPC promoter. This implies that competition exists between
HIFla and SP1 in the binding to XPC promoter. HIF 1 a binds to the promoter in normal condition.
Upon the exposure to UV radiation, HIF1a is downregulated mediating the SP1 induced increase
in XPC expression [91, 92] In line with negative regulation of NER pathway by HIF1A, it has
been shown that decreased HIF1A expression in the mouse epidermis is associated with an
increase in the removal rate of UVB irradiation-induced DNA damage via direct up-regulation of
several components of the DNA repair machinery, such as XPC and XPB. This upregulation of
NER efficiency led to decreased UVB-induced carcinogenesis in HIF1 A ablated mice [97]On the
other hand, SIRT1 stimulates the expression of XPC by preventing the nuclear localization of the
E2F4-p130 transcriptional repressor. The accumulation of the latter is mediated by AKTI1
activation resulting from SITRI inhibition. SIRT1 can interact with p130 and deacetylate it [98,
99]. The role of SIRT1 in enhancing XPC expression was also reported by Ming et al. where the
knockdown of SIRT1 by siRNA not only decreased XPC expression but also inhibited CPD repair
[100].

Finally, the expression of the incision enzymes, XPF and XPG, is up-regulated by c-Fos/AP-1
[101]. In addition, CCAAT/enhancer-binding protein gamma (CEBPG) whose expression is
modulated by E2F1 and YY1 favors the overexpression of XPG [102].
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2.2. POSTTRANSLATIONAL REGULATION

2.2.1. UBIQUITINATION AND SUMOYLATION

CRLA4PPB2 can ubiquitinate histones, XPC and DDB2. Ubiquitination of DDB2 leads to its
degradation that can be counteracted by the deubiquitinating enzyme ubiquitin-specific processing
protease 24 (USP24) [103]. DDB2 ubiquitination and degradation require the activity of the
mitogen-activated protein kinase MAPK14 that mediates the phosphorylation at serine moieties
[104]. On the other hand, XPC ubiquitination enhances its DNA binding ability rather than
triggering its degradation [105]. XPC SUMOylation can either promote or hinder its activity
depending on the targeted residues while SUMOylation of lysine 655 favors the UV-induced XPC
degradation, SUMOylation of Lysine residues 81, 89, and 183 of XPC stimulates NER [106].

CSA-dependent ubiquitination leads to the degradation of CSB which could be prevented by the
action of the UV-sensitive syndrome A protein (UVSSA) and its recruitment of USP7 that
mediates CSB deubiquitination and phosphoinositide-dependent [107]. SUMOylation of CSB
enhances the recruitment of CSA [108]. Moreover, XPA ubiquitination by HERC?2 (E3 ubiquitin
protein ligase) leads to its degradation [109]. Finally, XPF-ERCCI1 is deubiquitinated by USP45
that favors its recruitment to the site of damage [110].

In conclusion, the enhancement of NER can be mediated by the ubiquitination of XPC, and
SUMOylation of CSB and XPC but at particular residues. On the other hand, the ubiquitination of
DDB2, CSB or even XPA leads to their degradation and the impairment of NER rendering the
ubiquitination enzymes targets for therapy (figure 9).

2.2.2. PHOSPHORYLATION, ACETYLATION, PARYLATION

Phosphorylation of XPA by Ataxia Telangiectasia and Rad3-related protein (ATR), involved in
the damage recognition of single-strand breaks, stimulates NER by blocking the HERC2-mediated
ubiquitination. However, the dephosphorylation of XPA by wild-type TP53 induced phosphatase
1 (PPMID (WIP1)) reduces NER activity [111, 112], therefore, repressing NER by inactivating
XPA and XPC. The phosphorylation of XPB does not interfere with the helicase activity of TFIIH
but inhibits the XPF-ERCCI1 5’ end incision. XPC phosphorylation at serine 94 is mediated by
casein kinase 2 (CSNK2A1) that promotes NER by allowing the recruitment of ubiquitinated XPC
and other NER factors to the chromatin [113].

XPA activity is also regulated by acetylation favoring a decrease in NER activity while
deacetylation enhances it by enabling the interaction with replication protein RPA132. On the
other hand, the acetylation of XPG by EP300 acetyltransferase allows its accumulation at sites of
damage [91].

Finally, PARylation, mediated by PARPI1, regulates some of the NER proteins. First, DDB2
PARylation inhibits its ubiquitination and favors PARP1 and XPC interaction and the latter's
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recruitment to DNA lesions [114]. CSB is another NER protein PARylated by PARP1 leading to
inhibition of its ATP hydrolysis activity [115].

Therefore, NER enhancement in this case can be mediated by phosphorylating XPA and XPC,
deacetylating XPG, and PARylating XPC. NER inhibition, however, necessitates the
phosphorylation of XPB, acetylation of XPA, and PARylation of CSB (figure 9).

SUMOylation

@ Inhibit

Figure 9 Post translational modifications of NER factors.

Several NER factors including XPC.XPB.XPG.XPA and CSB are subjected to different forms of posttranslational
modifications that can either activate them favoring NER enhancement or the direct opposite via their inhibition.

3. MODULATION OF NER PATHWAY

NER function can be regulated by distinct signaling pathways. Moreover, this repair pathway
could be modulated by the cellular redox status as it has been shown that it is inhibited by oxidative
stress [116]. Moreover, molecular components such as miRNAs, being able to regulate the
expression of several elements in the NER pathway [117], can affect the overall activity of this
repair mechanism (figure 13). These data suggest that NER activity can be manipulated to
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potentiate the repair response, thus, preventing the accumulation of DNA damage and
photocarcinogenesis.

3.1. SIGNALING PATHWAYS REGULATING NER FUNCTION

3.1.1. NFE2L2 (NRF2) SIGNALING PATHWAY

Oxidative stress products, including peroxidized lipids, inhibit NER [118]. Trans-4-hydroxy-2-
nonenal (4-HNE), one of the lipid peroxidation products, inhibits NER capacity in host cell
reactivation framework [119]. On the other hand, the inflammation derived monochloramine
(NH2CL) inhibits NER via the inhibition of TP53 phosphorylation [120]. Langie et al. showed
that the exposure of epithelial cells to hydrogen peroxide decreases the NER capacity to less than
50% [116]. Therefore, since NER is inhibited by oxidative stress, antioxidants can help prevent
such inhibition. One of such mechanisms can be achieved by Nrf2, a transcription factor enabling
the expression of antioxidant genes. NFE2L2 has a basic leucine zipper motif (bZip), allowing it
to interact with other bZip containing proteins, and another basic region that binds DNA by
hydrogen bonds to favor transcription [121]. NFE2L.2 activity is inhibited once bound to Kelch-
like ECH-associated protein 1 (KEAP1) that triggers its ubiquitination by the ubiquitin ligase Cul
3. Binding of 4 ubiquitin residues leads to the degradation of NFE2L2 [122]. In oxidative stress
conditions, the cysteine residues of KEAPI are oxidized leading to a change in KEAPI
conformation and the ultimate release of NFE2L2 from the KEAPI1-Cul 3 complex. The free
NFE2L2 will be translocated to the nucleus where it forms a complex with MAF transcription
factors and binds to DNA at an antioxidant responsive element (ARE) [123]. This binding allows
the transcription of antioxidant enzymes including catalase, Glutathione S-transferase (GST),
glutathione reductase (GR), superoxide dismutase, etc... [124-126]. PARP1 (poly (ADP) ribose
polymerase) enhances NFE2L2 transcriptional activity. It forms a complex with antioxidant
response element (ARE) in NFE2L2 target genes enhancing the latter’s activity without physically
binding or even populating it. However, PARPI is said to interact with MAF proteins and ARE to
enhance NFE2L.2 interaction with ARE. For that, PARP1 acts as transcriptional co-activator [127].
Other co-activators include CBP/EP300 that binds and acetylates NFE2L2 at multiple lysines
promoting NFE2L.2 specific binding [128]. It is noteworthy that Nrf2 can be inhibited by BACHI
that competes with it for the binding to ARE. The phosphorylation of BACHI by MAPKI1
abolishes this role [4].

Notably, the NFE2L2 pathway is involved in the protection of keratinocytes, melanocytes and
fibroblasts against the harmful effects of UV radiation.

l. KERATINOCYTES

Keratinocytes Growth Factor (KGF) binds to its receptors to increase the proliferation of
keratinocytes and elevate their NFE2L2 activity. This activity is essential against ROS generated
during aerobic respiration or during the protection of the skin against pathogens [129, 130]. In
addition, coal tar activates the aryl hydrocarbon receptor (AHR) that binds to NFE2L2 gene and
increases its expression [131]. Extracellular activators of NFE2L2 in keratinocytes are numerous.
For instance arsenic, a potent carcinogen, that increases ROS levels enabling an increase in
NFE2L2 activity [132]. In addition, Xenobiotics like formaldehyde, eugenol or
dinitrochlorobenzene bind covalently to cysteine of KEAPI1 enabling NFE2L2 release and
activation [133]. This release is also mediated by either plant sterols that activate IKB while IKKf3
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will bind to KEAP1 preventing its interaction with NFE2L2 [134] or by carbonitriles that
nitrosylate KEAP1 cysteine [135]. Other activators include flavonoids that protect cells from UV
radiation [136]. Sulforaphane (SFN) found in broccoli and Brussels sprouts reduce GSH levels
altering KEAP1 conformation releasing NFE2L.2 and enhancing the expression of antioxidant
enzymes [137]. Furthermore, D3T increases the mRNA levels and elevates phosphorylation of
NFE2L2 by MAPKI1 kinase [138]. Finally, ketoconazole activates AHR to increase NFE2L.2
transcriptional activity [139] (figure 10).

However, it should be noted that NFE2L.2 overactivation leads to abnormal proliferation of
keratinocytes inducing hyperkeratosis due to the expression of various downstream target genes.
Among those genes is EPIGEN, encoding a growth factor, which causes the enlargement of the
sebaceous gland and cyst formation all via EGFR signaling [140]. Small proline-rich protein 2d
(SPRR2D), another NFE2L2 target gene, weakens the epidermal barrier leading to inflammation
and enhances keratinocyte proliferation. Finally, Secretory leukocyte peptidase inhibitor (SLPI)
mediates hyperkeratosis [3].

Sterols SFM

Figure 10 Modulation of the NFE2L.2 pathway in Keratinocytes

Several compounds can potentiate the NFE2L2 response in Keratinocytes leading to enhanced expression of
antioxidant enzymes. The binding of Keratinocytes Growth Factor (KGF) to their receptors, activation of MAPKI by
D3T and the activation of AHR by Ketoconazole all enhance NFE2L2 transcriptional activity. On the other hand,
ROS, formaldehyde, carbonitriles, sterols and sulforaphane (SFN) lead to the release of NFE2L2 from KEAPI
mediating its activity each in its unique mechanism. Activated NFE2L2 will be translocated to the nucleus to interact
with MAF and favour the expression of antioxidant enzymes.
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. MELANOCYTES

Melanocytes produce melanin in a process termed melanogenesis which requires tyrosinases
possessing both a diphenylene activity leading to H2O» generation and a catalase activity for H>O2
decomposition. NFE2L.2 is required to protect these cells against the generated ROS during
melanin synthesis [141]. NFE2L2 activation can be mediated by the binding of melanotropin
(aMSH) to MCIR to form a complex that initiates the transcription of ARE-containing genes
[142]. Stress that leads to unbalanced redox status sends a signal to IRES (internal ribosome entry
sites) in NFE2L2 mRNA increasing its synthesis [143]. In addition, ERK1/2 activation by
RAS/RAF/Mek/MAPKI1 pathway favours the phosphorylation of NFE2L2 [144]. Extracellular
activators of NFE2L2 include afamelanotide and curcumin even though the latter increases
apoptosis of keratinocytes [124, 145] (figure 11).
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Figure 11 Modulation of the NFE2L.2 pathway in Melanocytes

The expression of antioxidant enzymes in melanocytes is mediated by the NFE2L2 pathway whose activity can be
enhanced due to the effects of ROS that mediated the release of NFE2L2 from its inhibitor KEAPI1 or through the
enhancement of its mRNA expression. Moreover, activated MAPKI or even a-MSH binding to its receptor MCRI
increases NFE2L2 activity where it is translocated to the nucleus to interact with MAF and express the enzymes. It
should be noted that the activation of NFE2L2 necessitates its phosphorylation mainly by MAPK .
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M. FIBROBLASTS

Hydrogen peroxide inducesNFE2L.2 activation as well as the expression of antioxidants and anti-
apoptotic proteins [146]. Eotaxin chemokine also mediates an increase in NFE2L.2 expression or
activation. Together with flavone that activates MAPK1 mediating NFE2L2's phosphorylation
[147, 148]. Moreover, curcumin disrupts TGFp signaling by the phosphorylation of SMAD?2 and
increases the TGF induced factor, a TGFp inhibitor, leading to NFE2L.2 activation and the ultimate
decrease of ROS [149]. On the other hand, thioredoxin inhibits NFE2L2 due to its free thiol that
prevents KEAP1 oxidation [150]. The caveolae formed by dent fibroblast membrane can favor
NFE2L2 degradation. Finally, diethyl malate increases the expression of Mrpl that removes
glutathione conjugates with harmful substances including drugs only in NFE2L.2 positive cells

[151] (figure 12).

Eotaxin

Curcumin

NFEZL2

Caveole

AR NFEIL2

Fibroblast
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Figure 12 Modulation of the NFE2L.2 pathway in Fibroblasts

The NFE2L2 pathway in fibroblasts can be either activated or inhibited depending on the administered compound.
ROS, Eotaxin and curcumin mediate the release of NFE2L2 from the inhibitor KEAP1. Flavone via the activation of
MAPKI facilitates the phosphorylation of NFE2L2. In addition, Mrpl removes glutathione conjugates to drugs in an
NFE2L2 dependent manner. However, TGFB signalling inhibits NFE2L2 activity which can be counteracted by the
administration of SFN. Finally, the fibroblast caveolae can also inhibit NFE2L2 function preventing the expression
of antioxidant enzymes that require the translocation of an NFE2L2 transcription factor to the nucleus and its
interaction with MAF.
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NRF1was also linked to the enhancement of NER. Keratinocytes with Nrfl loss are sensitive to
killing by UVB exposure. Analysis of DNA damage repair in the cell population surviving UVB
exposure showed a decrease in CPD repair by slot blot assay. Han et al. linked the latter to a
decrease in XPC expression as it was reversed by the overexpression of XPC in Nrfl inhibited
cells enabling the repair. It is not through the inhibition of XPC repressors that Nrfl mediated such
function but rather due to the maintenance of GSH levels [152]. Therefore, the stimulation of NRF
pathway by these various compounds should be further explored as a method for NER
enhancement.

3.1.2. AHR PATHWAY

The Aryl Hydrocarbon receptor (AHR) is found in the cytosol and it senses various chemicals
including flavonoids and dioxin. The binding of ligands to the AHR induces a conformational
change favoring its translocation to the nucleus. There it will bind to the xenobiotic response
element (XRE) of genes to increase their transcription. One of these target genes is cytochrome
P450 family enzyme CYP1A1. The latter allows the detoxification of pollutants and generates
ROS and mutagenic metabolites [153]. This receptor was shown to decrease the clearance of CPD
in the course of global genome repair. AHR compromised cells manifested elevated CPD repair in
a CDKNIB dependent manner as the latter was increased in AHR silenced cells and enhanced
NER [154].

However, other studies have shown that some ligands of AHR including ketoconazole and

quercetin do not lead to ROS generation but induce an antioxidant response due to the activation
of NFE2L2-NQO1 [155].

Cynaropicrin (Cyn), a sesquiterpene lactone found in artichoke, is an antioxidant that activates the
AHR-NFE2L2-NQO1 pathway. Cyn favors the activation and translocation of AHR to the nucleus
which in turn mediates the nuclear translocation of NFE2L2 and the increase in NFE2L2 and
NQO1 (NAD (P) H- Quinone oxidoreductase 1) mRNA levels. In addition, it decreased the levels
of ROS and pro-inflammatory cytokines IL6 and tumour necrosis factor a (TNFa) [156]. Other
phytochemicals that operate on the AHR-NFE2L2-NQO1 pathway include the labasia pumila that
decreases the UVB-induced TNFa production [157] which is also reduced by curcumin that
reduces IL6 production as well [158]. Finally, phenols from lonicera caverula and Vaccinium
myrtillus fruit protect keratinocytes against UVB-induced ROS generation and IL 6 production
[159].

3.1.3. PI3K/AKT1 PATHWAY

PI3K/AKT1 pathway is induced following tyrosine kinase receptor mediated activation of PI3K.
The latter converts PIP2 (phosphatidylinositol biphosphate) into PIP3 allowing the recruitment of
both PDK1 (phosphoinositide dependent kinase) and AKT1 allowing the phosphorylation of its
threonine 308. In addition, the Target of Rapamycin Complex 2, MTORC?2, phosphorylates serine
473 of AKT1. All that leads to AKT1 activation that can be counteracted by PTEN phosphatase
[2]. The involvement of this pathway in the modulation of NER function is still controversial. AKT
activates MDM2 that favors the degradation of TP53 [160]. Therefore, AKT1 inhibits NER due to
the decrease in XPC and DDB2-TP53 dependent transcription [161]. Another mode of inhibition
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is mediated by the AKT1-dependent localization of XPC transcriptional repressors (P130). This is
reversed by the action of deacetylase and longevity factor (SIRT1) that deacetylates PTEN to
inhibit AKT]1. In addition, the abundance of lysine acetylation sites in GG-NER proteins DDBI,
DDB2, CUL4A, and RAD23A suggest that they can be possibly regulated by deacytelases
including SIRT1 [99]. Moreover, AKT1 is known for its contribution in cell cycle progression as
it prevents the translocation of CDKN1A and CDKNI1B cell cycle inhibitors, stabilizes cyclin and
increase metabolic activity by the phosphorylation and inhibition of GSK [28, 29, 162] Further, it
activates nuclear factor kappa B (NFKB), IAPS, CASP8 and FADD like apoptosis regulator
(FLIP) but inactivates the pro-apoptotic protein Bad and caspase 9. Nonetheless, AMP activated
protein kinase (AMPK) can counteract the AKT1 mediated MTOR activation during UV radiation
[2]. Finally, AKT1 can enhance TC-NER via the phosphorylation of EP300 that relaxes the
chromatin to allow the recruitment of repair factors [163].

3.1.4. MAPK PATHWAY

MAPK pathway starts with RAS-GTP that allows the stimulation of MAPK-KK (RAF) activating
MAPK-K (MEK) via phosphorylation that further actuates MAPK (ERK1/2, INK, or MAPK14)
by dual phosphorylation of tyrosine and threonine residues. MAPK1 controls differentiation and
proliferation while MAPK14 and JNK regulate apoptosis, cell cycle arrest, invasion and others
[164]. It has been reported that ERK1/2 activation enhances NER, hence, decreases mutagenicity
[165]. In addition, this MAPK post translationally modifies RAD23A, RAD23B, and RPA12
[166]. Similarly, to AKT1, MAPK can also mediate phosphorylation of EP300, whereupon UV
radiation, EP300 is recruited to damage site in heterochromatin and is phosphorylated by both
MAPK14 MAPK and AKT1 increasing histone acetyltransferase (HAT) activity to acetylate H3
and H4 leading to chromatin relaxation. After that, EP300 phosphorylation conditions it for
proteasomal degradation enabling the recruitment of DDB2, XPC, and other NER factors [167].
However, MAPK pathway can also mediate metastasis. High ROS levels or UVA radiation
activates MAPKs JNK, MAPK1, and MAPK14 leading to activation of AP-1 c-Jun and c-FOS
mediating the expression of matrix metalloproteinase 1 (MMP1) [168]. MMPs break down
extracellular matrixes and are highly expressed by XPC fibroblasts with enhanced MMPI
promoter activity and ROS activation leading to the predisposition to invasive skin carcinomas
[9]. Moreover, Zhao et al demonstrated a role of MAPK 14 in mediating repair of CPD by utilizing
SB203580, MAPK14 inhibitor, and measuring the repair kinetics using slot blot assay. They also
reported a MAPK14 dependent ubiquitination of DDB2 favoring its degradation and clearance
from damaged chromatin [104].

3.1.5 CSNK2A1 (CK21) PATHWAY

Casein Kinase 2 (CSNK2A1) is a serine/threonine kinase involved in various signaling pathways
including PI3K/AKT]1, epidermal growth factor receptor (EGFR), Heat shock protein 90 (Hsp90)
and nuclear factor kappa B (NFkB) [169-174]. It was recently linked to the regulation of single
and double strand break repair [175, 176]. One of CSNK2AT1 substrates is X ray repair cross-
complementing protein 1 (XRCCI1) involved in the ligation step of both nucleotide and base
excision repair. CSNK2A1 mediated phosphorylation of XRCC1 enhances the stability of
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XRCC1-Ligase III complex [176, 177]. The involvement of CSNK2AT1 in DNA repair pathways
rendered it an important target for combinatorial therapies with adduct inducing agents like
cisplatin. The damage induced by the latter, if not repaired by NER, gives rise to double stranded
breaks at stalled replication forks and the accumulation of y H2AX. In a study by Drygin et al., the
treatment with CX-4945, CSNK2A 1 inhibitor, induced formation of tails in the course of alkaline
comet assay and the accumulation of phosphorylated y H2AX. This thus confirms the role of
CSNK2AT1 in mediating repair of single strand breaks during the late stages of nucleotide excision
repair [178]. In another study by Im and Nho on idiopathic pulmonary fibrosis fibroblasts, they
discovered a reduction in expression of PUMA and caspase-3/7 following cisplatin treatment thus
signifying a decrease in DNA-damage induced apoptosis. They also noted an increase in XRCC1
activity as a result of CSNK2A1 hyper-activation causing a drop in y H2AX levels [179].
CSNK2AL1 is also required for the phosphorylation of XPC at serine 94, as mentioned previously
promoting the CPD and 6-4 PP repair[113].

3.2. CHEMICAL COMPOUNDS

Much effort is focused, nowadays, on identifying components that can modulate NER activity.
During the last years, several distinct chemical compounds have been characterized for their ability
to modulate NER activity in either a positive or negative manner.

3.2.1. NICOTINAMIDE

Nicotinamide (vitamin B3) is a precursor for NAD (Nicotinamide adenine dinucleotide), a
coenzyme for ATP production. The supplementation of Nicotinamide can reverse the ATP
depletion that occurs during chromatin remodeling and DNA repair [180]. This chemical does not
prevent the formation of CPD or 8-oxo-guanine, but it enhances their removal. It favors the
increase of unscheduled DNA synthesis after UV radiation and reduces UV-induced
immunosuppression [181]. In addition, it prevents UV-induced glycolytic blockade and restores
the ATP and NAD levels [182, 183]. Nicotinamide can have a potential role in the
chemoprevention of arsenic-induced skin cancer. Arsenic is a UV radiation co-carcinogen found
in contaminated water and it mediates DNA damage. The administration of nicotinamide prior to
arsenic treatment combined with UV irradiation decreases the levels of CPDs and 8-oxo-guanines
[184]. Nonetheless, nicotinamide supplementation also rescues the mitochondrial phenotype in
XPA cells. The latter are characterized with reduced mitochondrial autophagy and increased
membrane potential speculated to be the cause of neurodegeneration in XPA patients. The
treatment of XPA cells with either nicotinamide riboside or nicotinamide mono-nucleotide
promotes the NAD*-SIRT1-PGC-1a axis attenuating PARP effect and reversing the mitochondrial
dysfunction[185].

3.2.2. NOX1 INHIBITOR

NADPH oxidase (NOX) allows the generation of ROS following UVB radiation. Several NOX
isoforms (NOX1 to NOXS5, DUOXI1, DUOX?2) exist. These proteins differ in their tissue
distribution and they are involved in regulating different biological processes such as cellular
signaling, differentiation and regulation of gene expression. NOX proteins’ activation requires
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their assembly with others which in case of Nox1 are NOXA1, NOXOI, p22ph°", and small Rac
GTPase [186]. NOXI1 activation in XPC keratinocytes via DNA-PK/AKT]1 axis elicits their
neoplastic transformation [187]. Therefore, the inhibition of NOX1 might have a positive effect
on NER. This blockade can be mediated by the utilization of peptide inhibitors that target either
the proline-rich region of NOXO1 or SH3 domain of NOXAI that are necessary for NOX1
function. Their utilization enhances CPD and (6-4) PP repair and decreases apoptosis by reducing
activation of caspase 3, 8, and 9 [188]. Moreover, the same study revealed that CDK4, CDKa®6,
cyclin (B, D1, E) and CDC25C were increased following NOX inhibition while CDKN2A and
CDKNI1A were reduced enabling cell cycle progression. On the other hand, NOX inhibition can
also be mediated by syringic acid that blocks the NOX/PTP-k /EGFR axis [189].

3.2.3. SILIBININ

It is a bioactive flavonolignan present in milk thistle. It has been reported that upon human dermal
fibroblasts' exposure to UVB radiation, the treatment with silibinin increased TP53 and GADD45a
expression and reduced the formation of CPDs. The same study also showed that silibinin increases
the protein levels of XPA, in a TP53 dependent manner, together with XPG and XPF. At the
mRNA level, only XPA but neither XPG nor XPF levels were increased, indicating that the
increase in their protein levels can be mediated by silibinin’s regulation at translational levels
rather than its role in the enhancement of transcription [190]. Furthermore, Silymarin, whose major
active ingredient is silibinin, has been shown to inhibit photocarcinogenesis via the inhibition of
UV induced ROS, inflammation and immunosuppression. These flavonolignans accelerate the
repair of CPDs and increase the expression of XPC and XPA despite lack of a UVB radiation
filtering effect [191].

3.2.4. NAC

N acetylcysteine (NAC) is a nontoxic analog of cysteine with antioxidant activity that detoxifies
mutagens. It can be deacetylated to produce cysteine, a precursor of GSH. NAC decreases the
formation of DNA adducts and its intracellular metabolites are scavengers of ROS [192]. The
administration of NAC to UVB irradiated normal human epidermal keratinocytes can partially
inhibit the production of UVB-induced cytokine IL6 and TNFa [156]. NAC has also been
demonstrated to reduce the formation of 8-oxoguanines and lipid peroxidation in rats treated with
sodium fluoride. This suggested a possible role of NAC in antagonizing the damage induced by
sodium fluoride [193]. In addition, the combination of NAC treatment with Acetyl-L-Carnitine
prior to irradiation causes an increase in DNA damage related factors including XPC [194].

3.2.5 ACQ

ACAQ is an alanine cysteine glutamine tripeptide with antioxidant activity compared to that of
glutathione. Its activity was tested in keratinocytes and fibroblasts treated with hydrogen peroxide.
The administration of ACQ decreased the positive staining with H2DCFA signifying a decrease in
the levels of reactive oxygen species. Hence, it can protect cells against H2O» treatment [195]. This
capacity was proven to reduce NER activity. However, the use of ACQ to enhance NER activity
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has not been established so far. Therefore, it would of great importance to check this correlation
in future studies [116].

3.2.6. ASCORBIC ACID

Ascorbic acid (ASA) is an antioxidant that protects DNA from damage [196]. It has also an anti-
inflammatory potential as it suppresses NFK [197]. It has been established that in keratinocytes
subjected to UVA radiation, the pretreatment with ASA prevents the changes in ROS, GSH, and
lipid peroxidation levels thus it counteracts the UV A-induced oxidative stress. Since the change
of GSH levels can modulate the expression level of XPC, and lipid peroxidation hinders NER, the
use of ASA for NER enhancement should be further explored [118, 152]. Moreover, it has also
been reported that Ascorbic acid decreases the phosphorylation of MAPK14 and MAPKAPK?2
inhibiting UV A-induced MAPK activation together with the reduction of apoptosis through a
decrease in caspase 3 activations [198].

3.2.7 RESVERATROL

Resveratrol (RSV) has a para-hydroxyl group conveying a scavenging activity of free radicals
[199]. As proven by various in vitro studies, it can prevent H>O2 and UV induced oxidative damage
[200]. RSV activates NFE2L2 pathway and induces the transcription and translation of glutamyl-
cysteinyl ligase, glutathione peroxidase 2 (GPX2) and increases GSH levels. This NFE2L2
activation and increase in GSH levels render this molecule of interest for NER enhancement even
though such role has not been explored yet. RSV does not induce the synthesis of NFE2L2 but it
enhances its stability and nuclear accumulation. The NFE2L2 activation is mediated by the MAPK
pathway mainly by MAPK1 [11].

3.2.8. SELENIUM

Selenium is a micronutrient that can be potentially used in cancer prevention. This potential role
was examined in a study done on men with elevated risk of prostate cancer in New Zealand in
2004. Those individuals were provided with either a placebo or selenium supplementation in the
form of selenised yeast for 6 months and DNA damage was assessed by comet assay. The results
show an inverse correlation between DNA damage and selenium status [201]. A different study
also reported a role of selenium in the repair of CPD adducts. A chloramphenicol acyltransferase
reporter in a plasmid was inactivated by CPDs and then transfected into fibroblasts supplemented
with selenium. The reporter activity was restored signifying the repair of the induced CPD adducts
[202]. Selenium is also involved in enhancing the repair of oxidative DNA damage like 8-
oxoguanine. These lesions are mainly repaired by 8-oxoguanine glycosylase (OGG1) where the
oxidation of its redox-sensitive residues leads to the attenuation of OGG1’s activity. Selenium
induces antioxidant selenoproteins that help maintain OGG1 in a reduced active form. The effects
of selenium can be due to (i) selenium metabolites that are not associated with proteins or (ii)
selenoproteins with selenium in the form of selenocysteine [203].
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3.2.9. POLYPHENOLS

Polyphenols can be found in a variety of plants including green tea leaves and grapes' seeds.
Nowadays, various studies are focusing on the use of polyphenols in skin cancer prevention due
to their potential role in photocarcinogenesis inhibition. Green tea polyphenols (GTP) were found
to prevent UV induced immunosuppression while also decreasing the amount of CPDs. The latter
effect was speculated to be the result of GTPs’ enhancement of XPA, XPC, and RPA1’s mRNA
expression [204]. Green tea polyphenols are also effective in the reduction of inflammation
markers (COX2, PGH2, PCNA and Cyclin D) and pro-inflammatory cytokines (TNFa, IL6, and
IL1B) [205]. GSP (grape seeds proanthocyanidins) mediates similar effects as GTP concerning the
repair of CPD as well as enhanced XPA, XPC, RPA11 and DDB2 expression. In addition, it favors
the nuclear translocation of XPA and augments its interaction with ERCC1 [206].

3.2.10. VITAMIN E

The exposure of the skin to UV radiation causes depletion of vitamin E that quenches ROS[207].
One study revealed that the treatment with the antioxidant a-tocopherol, vitamin E, leads to both
direct and indirect protections. The first is mediated by the quenching of free radicals while the
latter is via the increased epidermal thickness[208]. Krol et al. also revealed that the topical -
application of alpha tocopherol on mice skin inhibits the formation of cyclobutane pyrimidine
dimers. This suggests a role of vitamin E in the protection against UV induced skin photo-damage.
However, the applied vitamin E is rapidly depleted in a dose-dependent manner following UV
radiation[209].

3.2.11 ACETOHEXAMIDE

This compound is an anti-diabetic drug targeting ATP-sensitive potassium channels and it belongs
to the family of sulfonylureas regulating insulin secretions. However, a new function was
attributed to acetohexamide following a chemical screen performed on BRCA1 mutated cells.
These cells are deficient in base excision repair (BER) and hence accumulate oxidative stress. The
screen consisted of treating the cells with a chemical library then transfecting them with GFP
plasmid containing oxidized bases. Acetohexamide was then identified as a chemical molecule
that enabled the repair of the oxidized bases in BER deficient cells and that was signified by the
increase in GFP expression [210]. Another chemical screen-based study also proved the
importance of such compound in enhancing DNA repair but of pyrimidine dimers rather than
oxidized bases. They proved that acetohexamide enhances the removal of pyrimidine dimers in
cells deficient in both the global and transcription-coupled nucleotide excision repair. The actual
mechanism is still not clear but it involves the downregulation of MUTYH protein as knock out
of this BER protein gave similar results compared to the drug treatment [211].

50



3.2.12. VITAMIN D

The active form of vitamin D is 1,25-hydroxy-cholecalciferol that can either be provided through
diet or through the conversion of 7-dehydrocholesterol in the skin mediated by the exposure to UV
light. It was reported that keratinocytes with intact vitamin D receptors (VDR) show accelerated
repair of CPDs compared to counterparts with knocked out VDR [212]. Treatment of cells with
1,25 dihydroxyvitamin D3 increases the expression of XPC and DDB2 [213].

3.2.13. ECTEINASCIDIN 743 (ET743)

Also known as Trabectedin or Yondelis is an FDA approved antitumor chemotherapy drug. It
binds to and alkylates guanine residues at the N? position in the minor groove bending the DNA
towards the major groove opposite to the adduct. The mechanism of inhibition occurs at the TC-
NER. Treatment of TC-NER proficient cells with Et743 generates more single strand breaks
compared to cells with mutations in TC-NER involved proteins. The proposed mechanism based
on bacterial homologs is that this drug traps endonucleases after the cleavage step preventing the
ligation of the DNA [214].

3.2.14. F11782

The reported mechanism of action of F11782 is the inhibition of topoisomerases I and II. It is a
2’,3’-bis-Opentafluorophenoxyacetyl-4’,6’-ethylidene-B-D-glucoside of 4’-phosphate-4’-
dimethylpipodophylloyoxin 2-N-methyl glucamine salt. However, in a DNA damage detection
(3D) assay, Barret et al. reported the role of F11782 in the inhibition of NER using UVC damaged
plasmid incubated with cell extract and biotinylated dNTPs. F11782 was found to inhibit the
incision step of NER rather than the repair synthesis stage. Despite that, the actual target of drug
mediating such inhibition is still unknown [215].

3.2.15. FLUDARABINE

Fludarabine or Fludara is a purine nucleoside analog used as chemotherapeutic medication for the
treatment of leukemia and lymphoma [216, 217]. The effect of this drug on NER was reported by
Yamauchi T. et al. using an alkaline comet assay to measure the amount of DNA strand breaks at
the incision step and monitoring the re-joining of the DNA after repair via the incorporation of
tritiated thymidine. The pre-treatment with Fludarabine inhibited thymidine incorporation and
allowed the preservation of the comet tail up to 4 hours post UV with no sign of repair[218].

3.2.16. UCN-01

UCN-01 is known to block cell cycle checkpoints and inhibit protein kinase C [219]. Jiang and
Yang tested the effects of this drug on cisplatin induced DNA damage normally repaired by NER.
UCN-01 was found to inhibit repair as tested by repair synthesis assay and host cell reactivation.
This is probably mediated by the hindrance of XPA-ERCCI interaction despite the fact that no
direct interaction between the drug and NER proteins was reported. They speculated that UCN-
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01’s effect might be through the regulation of signaling pathways enabling post-translational
modifications of NER proteins [220].

3.3. BIOLOGICAL MOLECULES

Micro RNAs (miRNAs) are small non-coding RNA molecules with a seed region in their 5’end
that interacts with the 3’UTR of mRNA leading to the latter’s degradation or block of translation.
They can also interact with 5’UTR and coding regions. miRNAs are involved in regulating a broad
range of biological processes including DNA damage and repair genes [221]. For instance, miR-
192 whose expression is induced by HBV infection can bind and inhibit mRNA of ERCC3 and
ERCC4 [117]. Moreover, hypoxia can induce the down-regulation of RAD23B via the up-
regulation of miR-373. The utilization of anti-miR-373 was able to reverse the hypoxia-induced
Rad23B reduction [222]. CSA which is part of the TC-NER recognition was also proven to be
suppressed by miR-521 [223]. In addition, a study conducted by Shin et al. utilizing irradiated
NSCLC A549 cells showed the up-regulation of miR-34b that targets ERCCS in addition to miR-
192 and miR-215 that both target ERCC3, ERCC4 and XPA [221]. Furthermore, Crosby et al.
showed that forced overexpression of miR-210 leads to the suppression of RADS52 [117]. On the
other hand, Friboulet et al. revealed that miR-375 was reduced in ERCC1 positive cancers and its
predicted targets are PARP4, ERCC3, TP53, and USP1 [224] (table 1). Since a wide range of
miRNAs can control the expression of DNA repair genes, summarized in the following table, it
would be of great interest to analyze the miRNA profile of NER-deficient cells. This analysis will
enable the pinpointing of miRNAs with possible roles in the persistence of lesions by down
regulating repair enzymes paving a road for the utilization of anti-miR to counteract their effects.

Table 1 miRNAs that regulate NER genes

Target mRNA Target mRNA alternative

name
RAD23B
CSA ERCCS
XPG ERCCS

miR-192 XPB ERCC3
XPF ERCC4
XPA

miR-215 XPB ERCC3
XPF ERCC4
XPA

miR-210 RADS2

miR-375 PARP4
XPB ERCC3
TP53
USP1
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Figure 13 Method for the modulation of Nucleotide Excision Repair

Nucleotide Excision Repair is modulated by various signaling pathways that enhance its activity including CSNK2A 1,
Nrf2 and MAPK. This enhancement can also be mediated by several chemical molecules. On the other hand, the
inhibition of NER can be mediated by either miRNAs that target NER genes or by chemical drugs normally used in
combination with chemotherapies.

CHAPTER 3. XERODERMA PIGMENTOSUM (XP)

Xeroderma Pigmentosum originates from mutations in one of the several proteins involved in the
NER pathway. It is an autosomal recessive genetic disease that is manifested mainly in children
suffering from early onset of skin cancers and neurological abnormalities. Therefore, since our
study is based in this disease it is important to first classify the different subgroups of XP focusing
mainly on the XP-C complementation group and the different roles that XPC protein possess in
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pathways other than that of nucleotide excision repair. Some treatments possibilities have emerged
for XP-C which will also be explored here despite them being not yet FDA approved.

1. GENERALITIES AND COMPLEMENTATION GROUPS

XP is a rare autosomal disease characterized by high sunlight sensitivity. Patients exhibit freckle-
like pigmentation in sun-exposed areas that can give rise to precancerous lesions. If kept
unprotected, they can develop into skin cancer. Moreover, XP patients have an increased incidence
of both melanoma and non-melanoma skin cancers with 2,000 and 10,000-fold increase
respectively before the age of 20. In addition to the development of tumours patients also exhibit
several neurological problems. Till date, eight XP complementation groups have been identified
that correspond to mutations in eight genes involved in repair of UV induced DNA damage. Genes
XPA through G is essential for the removal of UV photoproducts while XPV is involved in the
replication of unrepaired DNA [225] (table 2). XP is characterized by the accumulation of
mutations in either proto-oncogene (BRAF, NRAS, MYC...) or tumour suppressor genes (P53,
PTCHI...) that persist due to a defect in NER [226].

1.1 XPC

XPC gene is located on chromosome 3 and codes for a 940 amino acid protein. Together with
XPE, it acts as a damage detector in GGR. XPC recognizes the non-hydrogen-bonded bases of the
undamaged strand to provide a platform for TFIIH [80]. As mentioned earlier, XPC is a
heterotrimeric complex including hRAD23B and centrin 2 (CETN2). The first stabilizes XPC
while the second enhances XPC damage recognition [227]. The gene coding for XPC is located
on 3P25.1 [225] and the most frequent mutation is a homozygous frameshift mutation
c.1643_1644delTG (p.Val548AlafsX25) which was reported in several XPC patients [228] in
addition to a homozygous -9T>A mutation in intron 3 of XPC gene leading to a mRNA with exon
4 deleted [229]. XPC patients exhibit only skin disorders mainly in sun-exposed areas. They have
a deficiency in the global genome repair but an active TCR. XPC cells are more resistant to killing
by UV light than are XPA or XPD cells [230].

1.2 XPE

XPE or DDB2 binds UV damaged DNA and is part of GGR damage recognition step. By
interacting with E2F1, DDB2 acts as a transcriptional activator. It also controls UV irradiation
P53-dependent apoptosis [227]. XPE patients have only a slightly reduced rate of repair and are
not highly sensitive to UV. It is presumed that XPE cells lack DDB2 involved in GGR and whose
expression is controlled by P53 [231, 232]. XPE patients show slow excision of photoproducts
accompanied with mild symptoms [233].

1.3 XPA

XPA gene encodes a 273 amino acid protein that is part of the pre-incision complex together with
RPA and XPG and it controls its proper assembly in both GGR and TCR. XPA binds both NER
substrates and oxidative DNA lesions through interacting with various proteins including the NER
proteins: RPA, ERCC1, TFIIH, XPC as well as ataxia telangiectasia and Rad 3 related (ATR)
protein regulating XPA’s nuclear import after UV radiation. Moreover, its interaction with
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deacetylase sirtuin 1 (SIRT1) favours its deacetylation which enhances XPA-RPA interaction [80].
XPA gene is located on 9q22.33 [228] where patients have mutations in the DNA binding regions
of the protein but other mutations outside such regions may also exist. One of these mutations is a
nonsense homozygous p.Arg228X mutation. XPA patients exhibit both skin cancer and
neurodegeneration and are characterized by a severe deficiency in the repair process [234].

1.4 XPD AND XPB

XPD is part of Cdk activating complex (CAK) component of TFIIH; it's a 5'to 3' ATP dependent
helicase. On the other hand, XPB is a 3'to 5' ATP hydrolysis-driven helicase though weaker than
XPD [235]. Both unwind the damaged DNA in GGR and TCR to favour the assembly of the pre-
incision complex [236]. However, the interaction between XPD, XPB and p53 apoptosis factor
inhibits their helicase activity while reducing the instance of apoptosis [237]. Mutations in XPB
genes include a heterozygous T>C transversion resulting in a phenylalanine -99-to serine missense
mutation [229]. XPB and XPD patients show both neurodegeneration and cancer development.
They manifest the most complicated clinical symptoms. XPB mutations occur outside the
DNA/DNA helicase domain while XPD mutations occur within or outside the DNA/DNA or
DNA/RNA helicase boxes [238].

1.5 XPG

XPG is a 133KDa nuclease that is recruited to the site of damage by XPA/RPA and TFIIH
complexes. It cleaves at the 3' end at the single-stranded/ double-stranded DNA junction [239]. It
interacts with a wide range of proteins. Its nuclease activity is dependent on its interaction with
XPB helicase. XPG was also shown to interact with BER proteins in particular Nth1, DNA
glycosylase-AP lyase, increasing its affinity to the damaged base [240]. Finally, Gadd45, growth
arrest and DNA damage Inducible, interacts with XPG to mediate the demethylation of DNA hence
stimulating DNA repair [241]. One of the mutations in the XPG gene is a single base pair deletion
in a 2170-2172 AAA triplet nucleotide leading to a frameshift [229]. Patients show severe
symptoms of neurological abnormalities, cancers, retardation, etc... Mutation of XPG affects both
NER as well as BER [242].

1.6 XPF

It is a 103kDa nuclease, which similar to XPG, can recognize the single-strand/double-strand
junction but at the 5° end of the damaged bases and mediates cleavage at that site [243]. Its
recruitment and positioning require that both XPA and XPG are bound to their substrates [244].
XPF mainly interacts with ERCC1 forming a dimer [236]. XPF patients exhibit a slow rate of
excision.

1.7 XPV

It is a 79kDa Y family DNA polymerase that is not part of the NER pathway. However, its
deficiency leads to XP even though NER is active. It is a translesion polymerase that bypasses the
damage [245]. Mutation in XPV includes a nonsense mutation at nucleotide 378 [229] leading
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patients to have deficiency in the Pol H involved in translesion synthesis. Other damage-binding
include frameshifts and missense mutations. XPV like XPC has no neuropathologies but increased
risk of skin cancer [246].

Table 2 Characteristics of NER genes

NER Gene Chromosomal Protein Size Function Notes
Location (aa)

“ 9q22.33 273 Damage Verification Part of pre-incision complex
XPB/ERCC3 2q14.3 782 Helicase Part of TFIIH complex
3p25.1 940 Damage Recognition Interacts with HR23B & CETN2

(GGR)

XPD/ERCC2 19g13.32 760 Helicase Part of TFIIH complex

XPE/DDB2 11p11.2 427 Damage Recognition Interacts with DDB1
(GGR)

XPF/ERCC4 16p13.12 916 Incision Interacts with ERCC1

XPG/ERCC5 13g33.1 1186 Incision Part of pre-incision complex

XPV/POLH 6p21.1 713 Polymerase Mediates Trans-Lesion

Synthesis

2. XPC AND ITS ROLES

As mentioned earlier, XPC patients mainly exhibit skin tumours. Therefore, they provide a great
model for UV induced skin tumours as the effect of such irradiation is not repaired and can
ultimately lead to a faster rate of skin cells' malignant transformation. XPC is involved in the
detection of DNA damage in GGR [80]. However, over the years several additional roles have
been attributed to XPC which explains its divergent tumour profile. These roles include its
interplay with base excision repair (BER), its role in redox homeostasis, cell cycle regulation and
transcriptional regulation.

2.1 XPC AND BER

BER is another DNA repair pathway of base modifications caused by the spontaneous decay of
DNA bases, ROS, or even alkylating agents. The first step is the recognition of the damaged base.
In most cases, this base can be either a deaminated, depurinated or 8 oxoguanine bases. Poly-ADP-
ribose polymerase 1 (PARP1) recognizes the altered base and activates the BER pathway [15]. In
case of deamination of cytosine, the uracil base will be removed by the action of uracil DNA
glycosylase that breaks the N-glycosidic bond between the sugar and carbon 1 of deoxy ribose.
While in case of 8-oxoguanine it is mediated by glycosylase OGG]1. This allows the generation of
an apyrimidinic site (AP site). AP endonuclease creates a nick upstream to the AP site to create a
5' abasic deoxyribose phosphate (SRP). The exonuclease activity of DNA polymerase beta will
mediate the removal of the dRP and the addition of a ANTP due to its 5' to 3' polymerase activity
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while using the second strand as a template. The final step is the ligation of 3'OH of the newly
added nucleotide to the 5'P of the upcoming one using DNA ligase1/3 [247]. XPC has been shown
to participate in the initial phase of BER especially in the removal of oxidative DNA damage as
XPC deficient cells show great sensitivity to the latter [79]. OGGI1 activity is stimulated by XPC-
HR23B that acts as a co-factor in BER. This heterodimer enhances the binding of OGG1 to the
DNA but no stable ternary complex between the heterodimer and OGG1- DNA duplex was
observed [79]. One of the proposed mechanisms of this action is that XPC-HR23B favours the
change in DNA conformation at the damage site favouring OGG1 binding and allowing the
excision to occur. After that, the competition between heterodimer XPC-HR23B and OGGI in the
binding to the generated AP site favours the turnover of OGGI that can now go and cleave another
site [248]. Another study also showed that XPC interacts with the endonuclease APE 1 [249]. In
conclusion, it is postulated that XPC-HR23B bends DNA at damage sites enabling the loading and
turnover of DNA glycosylases [82] thus explaining a novel role of XPC in BER and the removal
of lesions created by oxidative damage like the 8-oxoguanines (figure 14).
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Nucleotide Excision Repair (NER) protein XPC that is in complex with HR23B (RAD 23 homolog B) interact with
APE]I, endonuclease. XPC-HR23B enhances the role of OGGI which is a glycosylase that catalyzes the removal of 8
oxoguanine damages (left panel). The result is a higher rate of repair of DNA damage when BER and NER pathways
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are interconnected. On the other hand, a lower rate of repair is observed when BER pathway is utilized in the absence
of NER proteins (right panel). XPC: Xeroderma Pigmentosum Protein C; HR23B: RAD 23 homolog B; APEI:
Apurinic/apyrimidinic (AP) endonuclease 1; OGGI1: Oxo Guanine Glycosylase.

2.2 XPC AND REDOX HOMEOSTASIS

Disrupted redox homeostasis in XPC deficient cells provided evidence for a role of XPC in this
pathway. Silencing of XPC leads to a decrease in catalase activity leading to an increase in the
levels of reactive oxygen species [250]. In addition, another study demonstrated that the
accumulation of damage due to XPC deficiency increases the activation of DNA dependent protein
kinases ultimately leading to the activation of AKT1 [251]. The latter leads to the activation of
NADPH oxidasel (NOX1) that produces ROS [188]. Finally, the combination of XPC and Apex
deficiency leads to increased risk of cancer predisposition, where Apex is required for the
activation of transcription factors like P53 by redox-dependent and independent mechanisms
[252].

2.3 XPC AND CELL CYCLE

XPC was shown to deacetylase HR23B in order to form an HR23B-P53 complex thus preventing
P53 degradation and enabling its function in cell cycle arrest [253]. In addition, damage
recognition and XPC binding aids in the recruitment of ataxia telangiectasia mutated protein
(ATM) and its association with the DNA [254]. This recruitment is mediated by the interaction
between XPC and chromatin remodeling protein SNF5 following UV radiation [255]. ATM will
then allow the phosphorylation and activation of downstream substrates including P53 that
mediates cell cycle arrest due to its induction of P21 expression [256].

2.4 XPC AND TRANSCRIPTION

XPC was also reported to be involved in the regulation of transcription. In the absence of
exogenous genotoxic stress, NER factors assemble sequentially with RNA polymerase II
transcription machinery at promoters of activated genes in an XPC dependent manner. This
triggers the achievement of optimal DNA demethylation and post translational modification of
histones allowing efficient RNA synthesis. NER factors sequential assembly enabled by XPC
starts with the recruitment of CSB, XPA/RPA followed by XPG/XPF/Gadd45a. This assembly
occurs post the formation of the transcription initiation complex [257]. Moreover, Bidon et al.
demonstrated that XPC, in the absence of damage as well, interacts with E2F1 favoring the
recruitment of ATAC (histone acetyl transferase) complex to promoters conveying to XPC the title
of RNA polymerase II cofactor [258].

3. POTENTIAL TREATMENTS FOR XP-C

Some approaches for potential treatments in XP-C includes the utilization of gene therapy methods
for the introduction of non-mutated XPC genes or the utilization of repair machinery of non-human
species to bypass the deficient repair pathways. Genetic therapy in patients is still a topic of debate
ethically and in regards to its safety due to possible random integration of transgenes as well as
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off-target regulation. Another alternative involves the isolation of patient’s cells following their
genetic manipulation to then be grafted back in the patients. Several studies have attempted to
reverse the phenotype of XP-C cells via the re-introduction of non-mutated genes into XP-C cells.
The latter was mediated by the utilization of recombinant adenoviruses to transfer a functional
copy of XPC ameliorating photo-sensitivity and enabling DNA repair[259]. Adenoviruses can
only mediate transient expression of the delivered gene as they lack the machinery required for the
integration in the targeted cell genome. However, such vectors can allow the transfection of both
dividing and non-dividing cells. Another group utilized a similar approach by using retroviral
vectors for the delivery of XPC gene. This enabled a more stable expression due to gene integration
however accompanied with lower transduction efficiency. XPC transduced cells showed
correction of the XP defects. Transduced keratinocytes and fibroblasts were further on used to
create in vitro skin reconstructions[260, 261]. Caution should be given when utilizing such
approaches due to two main risk factors. The first being the possibility of transgene silencing via
epigenetic regulation. The other more dangerous aspect is possible genotoxicity arising from the
integration of the transgene in random position that can disrupt host genes[262]. The latter can be
addressed via the use of more advanced genetic therapy techniques including CRIPSR-Cas9 to
specifically introduce the normal gene replacing the mutated one but still off-target regulation is
an issue. Another approach for XP-C treatment involves the introduction of repair enzymes to help
bypass the deficiency in XPC. T4 endonuclease V is a repair enzyme utilized by bacteriophages
to recognize CPD and thus creating a nick 5’ of the dimer. Exonucleases will be further on recruited
to degrade the area surrounding the single strand break to remove the damage and polymerases
will then fill the gap. Dimericine is a T4 endonuclease V lotion under clinical trial phase 3 for its
use in repair CPDs. It is based on the liposomal delivery of the enzyme to the skin showing no
adverse effects and leading to fewer CPD damages. This lotion is still not FDA approved[262]. T4
endonuclease V was shown to exclusively repair CPD while UVSE (UV DNA damage
endonuclease) expressed in Deinococcus Radiodurans was shown to allow the repair of both CPD
and 6-4 PP lesions. The transfection of recombinant UVSE in HEK193T cells enables faster repair
showing 80% repair of CPD and 85% repair of 6-4 PP one hour post irradiation as detected by
ELISA. UVSE recognizes pyrimidine dimers and cleave phosphodiester bonds immedaitly at the
5’end of the lesion where the damage can be further on repaired by the BER machinery[263].
Finally, direct reversal of damage can be mediated by photolyases found in bacteria, plants and
lower vertebrates. Such proteins are said to be dependent on blue light reactivation[264]. However,
the introduction of these exogenous proteins can give rise to immune responses that need to be
addressed as well causing further delay in the possible use of these methods in XP-C therapy.
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CHAPTER 4. SUPPRESSOR MUTATIONS AND THEIR
CLASSIFICATIONS

Genetic information encoded by the DNA should be preserved and faithfully transmitted across
generations. This process is essential for determining the genetic composition of a species.
Therefore, any mutation can alter the life of the affected species. Mutations range from nonsense,
missense or frameshifts. These alterations’ outcomes can change the functionality of encoded
proteins or block their translation generating a diseased phenotype[265].

However, mutation is a double-edged sword. First, random mutations are the basis of evolution
and organism adaptation to the environment, an aspect not discussed here[266]. Second,
deleterious mutations have a counterpart: suppressor mutations. Assuming a primary mutation
creates a diseased phenotype, a new mutation(s) can reverse its effect to generate a wild-type or
less severe phenotype and thus is defined as synthetic rescue[267]. Synthetic lethality, on the
contrary, involves cell death arising from the combination of loss of function mutations in at least
two genes where the loss of function in any gene individually does not contribute on its own to
cell death. This can be beneficial in identifying tumor vulnerabilities. Suppressor mutations have
been found by genetic screening in yeast, flies and worms, enabling the understanding of genetic
interactions occurring during development[268, 269]. The existence of secondary mutations may
explain how some individuals appear healthy despite harboring disease-causing mutations[270]
while, on the other hand, some patients show resistance to treatments[271]. For example, a
secondary mutation in fetal globin genes can ameliorate the effects of B globin gene mutation,
modifying the severity of sickle cell anemia[272]. In addition, a mutation in solute carrier family
30 member 8 (SLC30AS8), which encodes an islet zinc transporter, decreases the risk of diabetes
by 65% even in the presence of risk factors such as obesity[273]. The discovery of human
suppressor mutations is still an emerging field with little documentation. Suppressor mutations are
classified according to whether they are located in the same gene as the primary mutation to be
intragenic or not hence extragenic.

In the course of this study, the screening of the two different libraries is an attempt to modify the
expression of various genes in an attempt to mimic suppressor mutations identifying one that can
reverse the detrimental effect of the primary mutation in XPC gene. For that, this chapter will focus
on summarizing the different types of suppressor mutations discovered till date to aid later on in
the possible characterization of any identified suppressor mutation in the course of our screen.

With the growth of genome-wide association studies (GWAS), characterization of synthetic rescue
mutations in humans would be valuable to comprehend phenotypic outcomes in patients and create
new therapeutic strategies based on synthetic rescue. Moreover, due to recent advances in cell
phenotype-based screening it is only logical that such approaches are used for the identification of
suppressor mutations. The screening methods rely on CRISPR-Cas9, RNAI, insertional
mutagenesis and chemical screens combined with cell phenotype quantification methods[274-
277].
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1. INTRAGENIC SUPPRESSION

Intragenic suppression refers to the counteraction of an altered phenotype by a suppressor mutation
located in the same gene as the primary mutation[278]. The classification is divided into true and
pseudo revertant mutations.

1.1 TRUE REVERTANT

A single base modification caused by a primary mutation is completely reversed to the wild-type
sequence due to a suppressor mutation at the same position[279] (figure 15a)that restores the wild-
type amino acid sequence. However, suppressor mutation does not necessarily restore the same
DNA due to the redundancy of the genetic codon (figure 15b). This was reported in Caenorhabditis
elegans by Novelli et al., who found that a glutamine to proline mutation in the collagen processing
protease (dpy-31) was reverted back to the wild-type phenotype[280].

a) Conservation of DNA and amino acid sequence
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Figure 15 True Revertant Intragenic Suppression.

The primary and secondary mutation occur in the same codon and at the same level, the nucleotide level. a) A mutation
that changes a guanine nucleotide into an adenine nucleotide can lead to the conversion of an encoded amino acid
from tryptophan to a stop codon. A true reversion mutation can change the sequence back to tryptophan with an
adenine mutated to guanine such that tryptophan replaces the stop codon. Thus, the DNA and amino acid sequences
are conserved. b) In another scenario, a mutation of thymine to adenine changes the tyrosine amino acid to yield a
stop codon. A true reversion mutation that changes the adenine to cytosine will enable the conversion of the stop codon
back to tyrosine, thereby conserving the amino acid sequence alone. WT: wild type, Trp: tryptophan, Tyr: tyrosine

1.2 PSEUDO REVERTANT

The function of the gene product will be partially or fully restored even if the wild-type sequence
is not restored. The suppressor mutation produces a modified DNA or amino acid sequence that
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can still carry on the functional or structural characteristics of the wild-type gene[278]. Pseudo
reversion is achieved through various mechanisms.

1.2.1 Base modification:

A single base change created can be corrected by another base modification either in the same
codon or nearby. This modified gene codes for a different amino acid, but the resulting product
can still restore the functionality of the original protein. The different base modifications can occur
either in the same codon and the same or different nucleotide or at different codons in the same
gene[269] (figure 16a). Examples from C. elegans include the conversion to proline amino acids
created by a primary mutation that changed a glutamine to serine in the dpy-31 gene. This reversion
prevents the lethality induced by loss of function mutation of the latter gene[280]. Furthermore,
several second-site missense mutations in the cell interaction glp-/ gene promote the reversion of
the primary temperature-sensitive missense mutation[281].

1.2.2 Frameshift mutation:

They involve changes in the reading frame due to the insertion or deletion of nucleotides. Addition
of a nucleotide that results in a detrimental change to the reading frame can be restored by a
deletion mutation nearby that restores the reading frame[282] (figure 16b).

1.2.3 Altered splicing:

Multiple splice variant genes demonstrate altered splicing where a mutation in one of the
alternatively spliced exons can be suppressed by a mutation to the acceptor site near said exon
omitting it (figure 16¢). The perlecan-encoding gene unc-52 exhibits altered splicing that reverts
the effect of the primary mutation causing defects in myofilament assembly and in the attachment
of the myofilament lattice to the muscle cell membrane.[283]. This mechanism is utilized for the
treatment of Duchenne Muscular Dystrophy in which antisense oligonucleotides mimic altered
splicing suppressor mutation by biding to the site of mutation and induce the skipping of the
mutated exon[284].
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a) Base Modification
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Figure 16 Different Forms of Intragenic Pseudo Reversion

Pseudo reversion of primary mutation can occur by various types of secondary suppressor mutation. The first is a) base
modification further classified depending on the position of both mutations that can be in the 1) same codon and same
nucleotide as the primary mutation resulting in a different translation output, from stop codon to cysteine for example,
or 2) same codon but in a different nucleotide to produce arginine instead of a stop codon. In contrast, genes can be
mutated at 3) different codons in the same gene to yield the amino acid proline near the mutated leucine. b) A frameshift
secondary mutation can partially restore the reading frame if the primary deletion mutation is counteracted by a
suppressor insertion mutation. c) Finally, altered splicing may mean that exons carrying mutations are skipped. This
skipping can occur due to suppressor mutations altering the splice acceptor sites near the mutated exon that enable
skipping and hence eliminate the effect of the primary mutation. WT: wild-type, Trp: tryptophan, Cys: cysteine, Arg:

arginine, Leu: leucine, His: histidine, Pro: proline
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2. EXTRAGENIC SUPPRESSION

The rescue of the mutant phenotype by a suppressor mutation located in a different gene is termed
extragenic suppression. This involves either informational or functional suppression.

2.1 INFORMATIONAL SUPPRESSION

Informational suppression is allele-specific and gene-nonspecific[285] mutations involved in the
transmission of genetic information from DNA to protein. They involve mutations that alter the
machinery of DNA transcription, RNA processing, or protein translation. The genes responsible
for stabilizing mRNAs or proteins can also influence the mutations that fall into this category: this
stabilization may compensate for the poor functionality of a mutated product. The two genes
involved in information suppression do not share a close functional relationship in a given
developmental or pathological process.

2.1.1 NONSENSE SUPPRESSOR TRNA: TRANSLATIONAL SUPPRESSION

Nonsense mutations result from base modifications creating any of the three nonsense codons:
UAA (ochre), UAG (amber), or UGA (opal) leading to termination of translation hence partial or
complete loss of gene function. However, suppression of this mechanism is enabled by nonsense
suppressor tRNAs with anticodons that recognize stop codons and adds amino acids at such sites
to partially or fully restore protein function (figure 17a). A nonsense suppressor tRNA class with
a mutation in the anticodon loop exists for the recognition of each type of the three stop codons
[286]. For example, tRNA with a 3°’AUGS’ anticodon carries a tyrosine amino acid that is added
to the growing polypeptide when it encounters the 5’UAC3’ codon. Mutation in this anticodon
from 3’AUGS5’ to 3’AUCS’ results in a tRNA that still carries tyrosine but can now recognize the
amber stop codon 5’UAG3’ and add this tyrosine to the growing polypeptide chain instead of
terminating translation (figure 17a). One downside of these mutated tRNAs is that they can no
longer recognize their wild-type codons. However, tRNA genes are available in multiple copies
across the genome; therefore, other copies can still code for the unmutated tRNA[287]. O’Neill et
al. showed the presence of mutated tRNA genes by screening a human DNA library cloned in a
bacteriophage with an opal suppressor tRNA probe[288].

2.1.2 LOSS OF NMD

NMD refers to “nonsense mRNA decay” initiated by the presence of a premature termination
codon (PTC) 50 to 55 nucleotides upstream of the final exon-exon junction and leads to the
downregulation of the transcript via its degradation[289]. However, the absence of NMD ensures
a longer half-life for the transcripts carrying this PTC, increasing the chance that they will be
translated. This loss can be mediated by mutations at the NMD level, including mutations in
mRNA decay associated SMG kinase genes, enabling the translation of the mutated mRNA and
thus suppressing the effects of the primary nonsense mutation[269] (figure 17b). It should be noted
that increasing the translation of disease-associated mRNA is utilized for the treatment of certain
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genetic disorders, including Duchenne muscular dystrophy, rendering the loss of NMD an
appealing suppressor mechanism[290]. Loss of NDM was first identified in C. elegans following
the creation of nonsense mutations by forward mutagenesis screens that yielded mutations in genes
associated with NMD[291].

2.1.3 MODIFIED SPLICING

Unlike the altered splicing in pseudo revertant mutations, the effect of the primary mutation is
suppressed by mutations at the level of the splicing machinery (figure 17¢c). In C. elegans, loss-of-
function mutations in smu genes encoding proteins homologous to mammalian spliceosome-
associated factors lead to enhanced exons skipping, including the skipping of exons with primary
mutations[292]. The mutated perlecan gene unc-52 is reportedly suppressed by loss-of-function
mutations in the smu-1 and smu-2 genes in addition to its suppression by altered splicing.

2.1.4 INFORMATIONAL DOSAGE SUPPRESSION

Dosage suppression involves elevated gene expression rather than a gene mutation to suppress the
altered phenotype (figure 17d).

l. OVEREXPRESSION OF RIBOSOMAL SUBUNITS

The overexpression of ribosomal subunits has counterbalancing outcomes. Certain studies found
a correlation between genetic fitness and ribosomal composition, suggesting a role for ribosomal
subunit stoichiometry in regulating translation or affecting the progression of the cell cycle[293].
However, another study attributed a different role for these proteins, suggesting that they are
possible chaperones that increase the stability of the proteins harboring mutations and shielding
them from degradation[294].

. PROTEIN TURNOVER

The overexpression of transcription factors leads to increased transcription of mutated genes. This
increased gene expression increases the likelihood that the upregulated RNA will be
translated[295].

I1. MODULATING PROTEIN STABILITY OR DEGRADATION

Mutated mRNA can be translated to yield unstable proteins prone to degradation. Interfering with
this degradation or stabilization of proteins can increase their half-lives, which may enable them
to partially function, depending on the severity of the original mutation. J. Van Leeuwen et al.
demonstrated that a genetic mutation in ubiquitin protein kinase san/ annuls its role in targeting
proteins’ hydrophobic residues for proteasomal degradation[270]. In addition, overexpression of
chaperones that stabilize the mutant protein increases the pool of active mutated proteins[295].
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Figure 17 Extragenic Informational Suppression.

Informational suppression deals with any suppressor mutations that alter the transmission of genetic information form
DNA to protein. (a) Nonsense suppressor tRNA. tRNA with the anticodon 3’'UUC 5’ carries a lysine amino acid to add
to the growing polypeptide when it encounters the codon 5’AAG3’. Mutation of this codon from 5°’AAG3’ to 5°UAG3’
results in a stop codon. However, a tRNA suppressor mutation that mutates a 3’AUGS " anticodon to 3’AUCS’ results
in a tRNA that still carries the same amino acid tyrosine but can recognize the 5’'UAG3’ stop codon and prevent the
termination of translation. (b) Loss of NMD. A nonsense mutation can cause the mRNA to carry a premature
termination codon (PTC) that targets it for degradation by NMD. However, a suppressor mutation in the NMD
machinery can block degradation and prevent protein loss. (c) Modified splicing involves skipping the exons that carry
mutations. This phenomenon occurs due to suppressor mutations that altering the spliceosome, which enables the
mutated exon to be skipped, thus eliminating the effect of the primary mutation. (d) Informational dosage suppression.
Primary mutations can either decrease the expression or code for modified proteins that are subjected to proteasomal
degradation. Suppressor mutations can increase the expression of the mutated protein by overexpressing either
ribosomal subunits or transcription factors. Another mechanism deals with protein stability and degradation whereby
a mutation in proteasomes can protect the mutated protein from degradation, or the protein can be rescued by
overexpressed chaperone proteins that stabilize the mutated protein. tRNA: transfer RNA, Pro: proline, Lys: lysine,
Tyr: tyrosine, NMD: nonsense mediated mRNA decay, PTC: premature termination codon, TF: transcription factor,
CH: chaperon

2.2 FUNCTIONAL SUPPRESSION

Mutations can modulate the function of gene products by affecting their posttranslational
modifications, localization or their interaction with either activators or inhibitors. Functional
suppressors can help substitute or restore this modulated function via the alteration of proteins
functionally related to the primary proteins[296]. Different classes of functional suppressors exist,
and they are all gene-specific.

2.2.1 EPISTASIS

Signal transduction requires sequential steps initiated by receptor activation, second messengers,
effectors and transcription factors. The modulation of one-step can hinder message transmission.
Epistasis involves additional mutations in a different step upstream or downstream, but in the same
pathway, that can restore protein functionality[297]. This occurs in regulatory switch pathways
alternating between “on” and “off” state where the primary and suppressor mutation often have

antagonistic effects. For example, in the sequential pathway of signal=> protein l==| protein 2=
protein 3, the signal activates protein 1, which in turn inhibits protein 2 to abolish its effect in the
inhibition of protein 3, thus rendering protein 3 active. A primary mutation that disrupts the
function of protein 1 will block this pathway due to the constitutive activation of protein 2.
However, an additional suppressor mutation to protein 2 enables the activation of protein 3,
although in a constitutive manner. The two mutations in this example scenario are loss-of-function
mutations. Another possible mechanism for epistatic suppression in the example pathway is the
combination of a primary loss-of-function mutation in protein 1 and a simultaneous gain-of-
function suppressor mutation in protein 3, reestablishing the pathway. Mutation in yeast cdc25,
which encodes the guanine nucleotide exchange factor, prevents downstream Ras activation but
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can be suppressed either by a secondary loss of function mutation in GTPase activating protein
Iral, a known inhibitor of Ras activation, or by a gain-of-function mutation in Ras itself (figure
18a). Dosage suppression was also recorded where Ras overexpression suppresses cdc25
mutation[298]. In mice, the functional loss of Mdm2, a TP53 negative regulator, can be suppressed
by the functional loss of P53[299].

2.2.2 BYPASS SUPPRESSION

Bypass suppression genes belong to different pathways biochemically or genetically parallel. Here,
the alteration of protein activity in a pathway is compensated by one of two modifications of an
alternative protein in a related but different pathway[300]. The first involves bypassing of protein
1 loss of functionality by the alteration of the specificity of protein 2 such that the alternate pathway
is rewired to perform the function of protein 1. In E. coli, mutations the alter the specificity of
lactose permease permit the transport of maltose despite the presence of a mutated maltose

permease[301](figure 18b).

Moreover, in yeast, the reduction of the mitochondrial membrane potential caused by the absence
of mitochondrial ribosomal protein Mrpl3 is restored by the gain-of-function mutation in Atpl, an
ATP synthase subunit[270]. The other model can be classified as both bypass and dosage
suppressor because the amount of the alternate protein is the factor responsible for the
compensation of the modified activity. The overexpression of protein 3 can overcome protein 1
mutation despite being of low constitutive activity at normal expression rate[302]. For instance,
the overexpression of BRL1 involved in changing the nuclear membrane composition can suppress
the inhibited nuclear protein import caused by a mutation in NUP116[303] (figure 18b).

2.2.3 INTERACTION SUPPRESSION

Interaction suppression affects proteins belonging to the same complex and it is allele- and gene-
specific[278]. Mutations that change the shape or binding site of one protein prevent its
complexation abrogating the complex’s function. However, a suppressor mutation that creates a
compensatory shape change in the second protein can help restore the lock-and-key
interaction[304]. Another mechanism relies on the overexpression of another complex subunit that
increases the recruitment ability of the mutated component without a compensatory change in the
shape of the secondary protein[305]. The overexpression mass action will kinetically drive the
formation of the complex regardless of the decreased binding constant. Moreover, overexpression
of a paralog can also compensate for this loss[306]. Finally, a gain-of-function mutation in one of
the remaining complex subunits can reinstate the complex function by either stabilizing it or
completely substituting the function of the originally mutated component[307]. In yeast, mutation
in the DNA polymerase delta subunit Pol31 is suppressed by either the mutation in the catalytic
subunit Pol3 of the DNA polymerase or by its overexpression[308](figure 18c). Another example
from yeast involves both Cdc2 kinase and Cdcl13 cyclin, for which a suppressor mutation that
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introduces an additional contact surface between the two proteins helps reestablish complex

formation[309, 310].
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Figure 18 Functional Suppression: Epistasis, Bypass and Interaction Suppression.

(a) Epistasis describes a suppressor mutation in a protein belonging to the same pathway as the protein that was
primarily mutated. For example, a mutation in cdc25, a guanine nucleotide exchange factor, prevents downstream
Ras activation but can be suppressed by either a secondary mutation in GTPase activating protein Iral, a known
inhibitor of Ras activation, or by a gain-of-function mutation in Ras itself. Dosage suppression was also recorded in
which Ras overexpression can suppress the mutation of cdc25. (b) Bypass suppression involves two mutated genes
that belong to different pathways that are functionally related. Mutations altering the specificity of lactose permease
(LacY) permits the transport of maltose despite the mutation to maltose permease (MAL). Another example is that of
the overexpressed BRLI involvement in changing the nuclear membrane composition to suppress the inhibited nuclear
protein import that was induced by a mutation in Nupll6. The latter mechanism can be categorized as dosage
suppression. (c) Interaction suppression involves mutations in proteins that belonging to the same complex. For
instance, the mutation in the DNA polymerase delta subunit Pol31 is suppressed by either the mutation in the catalytic
subunit Pol3 of DNA polymerase or by its overexpression. Cdc25: guanine nucleotide exchange factor, Iral: GTPase
activating protein, LacY: lactose permease, MAL: maltose permease, BRLI: Nucleus export protein, NUPI116:
nucleoprotein 116

CHAPTER 5. HIGH CONTENT SCREENING FOR SUPPRESSOR
MUTATIONS

The relationship between genotype and phenotype has long been studied by genetic screens
introducing genetic perturbation into cells or organisms to investigate their effects on phenotype.
Suppressor screens go one step further to identify modulators of an altered phenotype with an
inborn genetic abnormality in an attempt to overcome the outcome of primary mutation. Since our
study involves the use of two different screening techniques for the identification of suppressor
mutations in the course of XP-C we will here classify the different screening procedures to clarify
our reasons for choosing these particular screening techniques as well as their pros and cons.

In silico suppressor screen was performed by Das Sahu et al. It aimed to identify synthetic rescue
(SR) mediators of resistance to immunotherapy by analyzing tumor transcriptomics and survival
data of cancer patients. Several SR interactions in cancer cells resistant to therapy have been
reported, some of which are rescuers of DNA methyltransferase (DNMT), which renders the cells
resistant to killing by the DNMT 1 inhibitor decitabine[271]. Another algorithmic based screening
was carried out by Motter et al. who predicted secondary mutations in metabolic pathways
reversing the growth defect of a primary metabolic one[311]. The utilization of this same approach
to compare transcriptomes from patients with similar primary mutations but differing symptoms
can help identify secondary suppressor mutations and synthetic rescuers. Nonetheless, other
conventional screening approaches include CRISPR-Cas9, RNAI, insertional mutagenesis and
chemical-based screening (table 3).On one hand, RNAi screen in our case is convenient to
specifically down regulate our target genes for a short duration enough for the measurement of our
readout with no need for stable long term knock down mediated by other screening techniques.
Chemical screen on the other hand can allow the identification of drugs that can be on the fast
track for clinical testing especially with screens based on the use of approved drugs.
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Table 3 Pros and Cons of the different mutagenesis/gene expression alteration methods

Screening Technique Pros Cons

CRISPR-Cas9 e Induces irreversible alteration e PAM sequence restrictions
into the DNA that is transmitted o JLow efficiency of HDR
to progeny. relative to NHEJ.

e Enables alterations in transcribed
and untranscribed regions
e Engineers versatility in Cas

protein
e Target genes can be identified e Can partially suppress genes
immediately such that they are limited to
e RNAi can be chemically knocking them down
modified o Exhibits off-target effects
e RNAi can be used as a e Limited to  transcribed
therapeutic agent regions
Insertional e No need for complex library e Random insertion
Mutagenesis design e Sequencing is necessary
Chemical e No need for complex delivery e Requires time-consuming
techniques target identification

1 CRISPR-BASED SCREENING

CRISPR-Cas9 screens can be conducted in either arrayed or pooled formats. In both cases, cells
harboring a particular mutation are subjected to knockout of different genes to assess the desired
phenotype. In the arrayed format, a single gene is deregulated in each well and different
phenotypes can then be investigated, such as death versus survival, or phenotypical changes at the
single cell level[312]. In contrast, a pooled screen offers more high-throughput characteristics and
delivers a massive library to cells that are then sorted based on a particular phenotype of interest.
This sorting can be either a positive selection in which the perturbations that enable survival are
enriched, or negative sorting where targets deplete cells from the population. The effects of genetic
perturbations are determined by comparing the sgRNA profile. The latter selection is more
laborious as it requires a highly sensitive readout. Nonetheless, following both selection
techniques, DNA is extracted and PCR amplification of the sgRNA encoding regions is performed
to be further on sequenced and mapped. This process identifies either the enriched or depleted
genes[313](figure 19a). It should be noted that CRISPR-Cas9 screens have recently evolved such
that they can be used not only for knockdown screens but also for loss-of-function or even
activation screens due to the different possible modifications to sgRNA or to Cas9, such as those
that disable some of its activities and fuse it with various effectors [314]. Moder et al. aimed to
find a suppressor mutation enhancing the viability of cells deficient in the Fanconi anemia
pathway. They generated their own disease model by introducing a frame-shift mutation in
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FANCC by CRISP-Cas9, which led to the loss of its protein expression[315]. Loss of FANCC
renders the cells hypersensitive to cross-linking agents such as mitomycin C (MMC). The cells
were transfected with a pooled genome-scale CRISPR-knockout library and then selected with
MMC to identify suppressors that rescue AFANCC hypersensitive phenotype. Moder et al.
successfully identified several members of the BLM complex that is part of a multienzyme DNA
helicase and bridged to the FA complex by FANCM[316].

Similarly, MUTYH gene suppression was determined to alleviate photosensitivity in cells
harboring mutations in the nucleotide excision repair gene XPA. This mechanism was discovered
through the combined chemical and CRISPR-Cas9 effects on a CRISPR-Cas9-created XPA-
deficient cell model[211].

2 RNAI-BASED SCREENING

Different forms of interfering RNAs are microRNA (miRNA), small interfering RNA (siRNA) or
short hairpin RNA (shRNA). miRNAs are generally not used in screens due to their partial
complementarity that permits them to target several transcripts[317]. siRNAs are synthetically
produced and can be introduced to the cells directly or within a plasmid as shRNA.

When performing RNAi-based screens, one should first identify which type of interfering RNA
best suits the screen. If short-term silencing is required, siRNA libraries are the right choice as
they do not undergo replication and are diluted upon cell division. siRNA libraries are mainly
delivered to cells by lipid particles[318]. Otherwise, for long-term and stable silencing, sShRNA
vectors that can be integrated into the genome and copied to the progeny are used. The utilized
vectors could be either nonviral plasmids or retroviral, adenoviral, or lentiviral vectors[319].

Similar to CRISPR-Cas9-based screens, RNAI screens are performed in two formats. Both siRNA
and shRNA vectors can be utilized in the arrayed format each targeting one gene per well[320].
Pooled format is carried out with shRNA transfected or transduced in a large cell population then
selected according to a particular phenotype. This process is followed by PCR amplification and
sequencing of the enriched shRNA. Additional DNA sequences can also be added to the vectors
to act as barcodes easing the identification of hits. This technique can also be used in a microarray
format in which normal and mutant cell populations are transduced with barcode-containing
vectors that are linked to two distinct fluorochromes, each unique to a population. The
hybridization of DNA to the barcode probes on a microarray will favor the comparison between
the shRNA profile of the normal and mutant cells[321](figure 19b). Microarray is not only used
for assessing the output but can also be a screening format on its own. siRNAs, shRNA plasmids
or even shRNA viral vectors can be arrayed on slides as individual drops, each targeting a specific
gene. Cells can then be plated directly. After identifying the positions where a preferred phenotype
is located, it can be simply linked to the target gene[322].
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Luo et al. utilized a pooled genome-wide retroviral shRNA screen. The barcode incorporated
shRNA vectors were transfected into normal and colorectal cells with KRAS activating mutation
followed by microarray based comparison of shRNA profiles. They obtained several shRNA with
anti-proliferative activity depleted from the population[323].

3 INSERTIONAL MUTAGENESIS-BASED SCREENING (GENE TRAP)

A gene trap cassette contains a promoterless reporter expressed only when inserted in the correct
orientation in a transcriptional unit. It also contains one or several splice acceptor sites that render
their expression conditional to the insertion of such cassette into introns or exons. Splicing enables
the fusion of splice donor sites with the reporter splice acceptor creating transcriptional fusion and
thus a fusion protein. Some insertions render the protein nonfunctional[324]. The procedure for
insertional mutagenesis screening starts with the transduction of gene trap viruses. Expression of
areporter gene in the cassette allows the identification of the transduced cells to be FACS isolated.
Phenotypic sorting is then performed to enrich the mutations favoring survival. The mutagenesis
position is then determined by sequencing[325] (figure 19¢).

Moder et al. perfumed a gene trap screen in parallel with the CRISPR-Cas 9 screen described
earlier. They identified the loss of NAD(P)H:quinone oxidoreductase 1 (NQO1) as a possible
suppressor mutation that alleviated the hypersensitivity of AFANCC HAP1 to MMC. Furthermore,
BLM loss identified by CRISPR-Cas9, was also identified in the insertional mutagenesis
screen[315]. A similar screen by Velimezi et al. led to the identification of USP48, that has a
synthetic rescue interaction with FA genes[326]. The loss of USP48 enhanced the recruitment of
homologous recombination proteins RAD51 and BRCA1 and reduced chromosomal instability.

4 CHEMICAL-BASED SCREENING

Chemical screens can be either phenotypic or target based. Phenotypic screening involves the
treatment of cells with molecules that enable the identification of hits that mediate the formation
of a desired phenotype. This methodology allows for selecting compounds directly active in the
cells. In contrast, target-based screens are mostly focused on purified protein(s) and how the
treatment with different compounds can affect its (their) functions or interactions. The limitation
of the target-based method has to do with the fact that certain compounds may not be active within
the cell or may interact with multiple targets depending on the cell context, thus abolishing the
paradigm of one compound for one target [327]. Chemical screening consists of cell seeding
followed by compound treatment and incubation (figure 19d). Screen variables include compound
concentration and incubation duration. Screening is conducted in an arrayed format with different
possible readouts[328].

The biggest drawback of cell-based chemical screening is target identification, especially for
newly created active compounds. Several target deconvolution techniques have been developed
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for phenotypic screens, including affinity chromatography, activity-based protein profiling,
analysis in silico or expression cloning[329].

Alli et al. conducted a chemical screen on a BRCA1-mutated breast cancer cells deficient in base
excision repair (BER). To visualize the reversal of the BER, the cells were transduced with an
adenovirus coding for ODD and containing GFP. The expression of the reporter is only mediated
if the damage is repaired due to treatment, signifying that the compound restored the repair process.
The compounds identified were the FDA approved acetohexamide and benserazide[210]
previously used in treatment of diabetes and Parkinson; therefore, rerouting their use to potentially
generate a new outcome would be relatively easy. In another screen, CRISPR-Cas9 generated XPA
deficient HAP1 cell lines were treated with a library of 290 FDA-approved drugs, and the hits
corresponded to drugs that alleviate the photosensitivity and enable the repair of DNA damage
following UV irradiation. Acetohexamide was identified for its NER repair enhancement
capacity[211].

5 EXAMINING DRUG RESISTANCE BY FUNCTIONAL GENETIC SCREENS

The development of drug resistance in the course of treatment is a common issue that hinders
patient recovery. For instance, pancreatic ductal adenocarcinoma with oncogenic KRAS mutation
exhibits resistance to gemcitabine treatment mediated by the gain of function of DCLKI. The
targeting of the latter protein with anti-DCLK1 antibody inhibits in vivo tumorigenesis[330]. Thus,
the identification of resistance mechanisms and mediators is of great importance. The latter seems
possible with advances in screening technologies, especially in the fields of RNAi and CRISPR-
Cas9. The most robust of such screens are survival-based positive selection screens. They are
mediated by the introduction of either pooled shRNA or gRNA followed by the treatment with the
drug in question for which the effect is hindered due to resistance. The identification of enriched
sh/gRNA in these resistant cells enables the determination of possible targets for inhibition[331].
It is worth noting that the arrayed format of these screens is also effective for identifying resistance
targets. For example, in a synthetic lethal experiment, treatment with AKT kinase inhibitor
combined with a kinome RNAI library screening helped identify kinases involved with AKT for
the mediation of survival, including inositol polyphosphate multikinase (IPMK). The latter can be
targeted in combination with inhibited AKT to favor synergistic synthetic lethality[332].
Moreover, the involvement of PRC2 complex suppression in the mediation of resistance to BET
inhibitors in Acute Myeloid Leukemia was also discovered by carrying out a pooled shRNA library
targeting 626 chromatin-associated murine genes. The effect was mediated indirectly via the
remodeling of regulatory pathways favoring the transcription of genes like Myc[333]. CRISPR-
Cas9-based genome-wide screen in melanoma cells co-cultured with cytotoxic T cells identified
the inhibition of members of the SWI/SNF chromatin remodeling complex, as sensitizers for T
cell-mediated tumor killing and reversion of immunotherapy resistance[334]. Moreover, gene trap
screens have also been utilized in synergy with chemical treatment. JW Bigenzahn et al. reported,
after introducing a gene trap cassette in BCR-ABL™ leukemia cells, that the inactivation of LZTR1
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enables resistance against several BCR-ABL inhibitors due to increased RAS activity[335]. One
final approach for deciphering resistance mediators can be via the utilization of sequencing. RNA
sequencing of prostate circulating cancer cells from patients treated with androgen receptor
inhibitors compared to untreated counteracts revealed the involvement of noncanonical Wnt

signaling in resistance facilitation[336].
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Figure 19 Screening Formats and Methods.

(a) CRISPR-Cas9 screening requires the delivery of the sgRNA and Cas-9 through viral vectors to infect cells in
either an arrayed format, followed by the detection of phenotypic changes in each well or in a pooled format in which
cells are positively or negatively selected based on the phenotype of interest, followed by PCR amplification and
sequencing for the identification of the sgRNA that is enriched or depleted. (b) RNAi screening can be done by
transfecting siRNA or shRNA plasmids or by transducing cells with shRNA viral vectors. These three forms can be
used in the arrayed or micro arrayed format to target one gene per well/spot and measure readout. The pooled format
utilizes sShRNA in plasmids or viral vectors. The readout can be assessed by PCR amplification and sequencing of
ShRNA, or the barcode containing shRNA can be hybridized to the barcode microarray. (c) Insertional mutagenesis
requires the transduction of cells in a pooled format with viral vectors carrying a gene trap cassette. Once the latter
is inserted, the cells will be sorted if they are positively transduced and carry the phenotype of the insert. PCR
amplification and sequencing will then enable the identification of sites of mutagenesis. (d) Chemical screens are
initiated by treating cells in an arrayed format with one drug per well. The difficulty to track individually every drugs’
effect and the possibility of interaction between drugs renders it impossible for this assay to be carried out in a pooled
format. Different phenotypic outputs can be assessed after the arrayed format treatment. CRISPR: clustered regularly
interspaced short palindromic repeats, sgRNA: single guide RNA, siRNA: short interfering RNA, shRNA: short
hairpin RNA
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MATERIALS AND METHODS

1. CELL CULTURE

1.1 CELL LINES

Wild type (AG10076) and XP-C (GM15983) immortalized patient derived-fibroblasts were
purchased from Coriell Biorepository. XP-C fibroblasts possess a two-base pair shift mutation at
codon 431 of the XPC gene. Primary XP-C cell line GM14867 (Coriell Institute) and FMA164
were also utilized for confirmation. The cells were cultured in DMEM high glucose, GlutaMAX™
media (Gibco™) supplemented with 10% FBS and 1% penicillin/streptomycin at 37°C in a 5%
CO2 incubator.

1.2 CONFLUENCY ANALYSIS

Since specific cell confluencies are favored during the steps of chemical drug treatment, siRNA
transfection and irradiation, the growth of the two cells was monitored as function of time. For
that, different densities of each cell line (between 1000 to 20,000 cells/well) were seed in 96 well
plates and monitored. Images of the cells were captured once per day at the same time point for 5
consecutive days using Zen Axio-observer then analyzed with PHANSTAT FIJI plugin with Halo
correction for the automatic determination of cell confluency as function of time and seeding
density.

2. IMMUNOFLUORESCENCE AND ASSOCIATED MICROSCOPY

For the characterization of cytoskeleton and XPC expression, both cell lines were seeded in 96
well microplates then fixed with 4% paraformaldehyde followed by permeabilization using 0.2%
Triton X-100 and saturation with 3% FBS in PBS. Primary antibodies targeting XPC (mouse, santa
cruz, sc-74410), Cytokeratin 14 (mouse, abcam, ab7800) and Vimentin (rabbit, abcam, ab92547)
were utilized then incubate with 2ry Abs Alexa Fluor 488 (goat anti-mouse, Invitrogen) or Cy3
(goat anti-rabbit, Jackson). For YAP translocation, XP-C and WT cells were transfected with either
siAS or siLAST]1 then irradiated at dose 0.02J/cm?. One hour post irradiation the cells were fixed
then stained with YAP antibody (Santa Cruz). 2ry mouse-CY5 antibody (Jacksons Lab) was ten
incubated together with FITC-Phaloidine (Thermofisher Scientific). Nuclear DNA was counter-
stained with Hoechst (Sigma-Aldrich). Cell images were acquired by the Zen Axio-observer.

3. UVB DOSE RESPONSE

To examine the photosensitivity of XPC cells relative to WT in response to UVB irradiation both
cells were seeded in 96 well plates until 80% confluency, washed with PBS then subjected to
increasing doses of UVB. 24hrs post UV, the viability of the cells was recorded as a measurement



of the cells’ reducing capacity by Presto Blue (Thermofisher Scientific) according to
manufacturer’s suggestion. The LD50 for each cell line was calculated.

4. QRT-PCR

Total RNA was isolated using RNeasy plus mini kit (Qiagen) then quantified using Nanodrop
1000. Tpug of RNA was reverse transcribed to cDNA using the Superscript vilo cDNA synthesis
kit (Invitrogen). Next, SuL. of cDNA (5ng/uL) was used in qPCR reactions with gene-specific
primers targeting XPC, PIK3C3, LAST1, FOXN1 and GAPDH (Qiagen). qPCR was performed
by Platinum SYBER Green qPCR SuperMix-UDG (Invitrogen). Samples were run in triplicates
through BioRad CFX96™ Real-time Sys (C1000 Touch™ Thermal Cycler). Melt curve analysis
was conducted to ensure the specificity of the utilized primers by having a single melt-curve peak.
Expression level of the target gene was normalized to the expression of glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) housekeeping gene. Relative expression levels were
calculated based on the 22T method reported Livak et al.[337].

5. PROTEIN EXTRACTION AND IMMUNOBLOTTING

Total proteins were extracted with REPA buffer (Sigma Aldrich) supplemented with protease and
phosphatase inhibitor cocktail then dosage was carried out with BCA protein quantification kit
(Life Technologies). Western blotting was performed as previously described [338]. Briefly, equal
amounts of proteins were resolved by SDS-PAGE and transferred to nitrocellulose membrane
(IBlot gel transfer, Life Technologies). The membrane was saturated with 5% lyophilized milk
and primary antibodies were incubated at 4°C overnight. Following the incubation with 2ry anti-
HRP antibodies western lightening ECL Pro ECL (Perkin Elmer) was added and images were
recorded using Biorad Molecular Imager® Chemi Doc™ XRS and analyzed using Image Lab™
software. For phosphorylation experiments, the membranes were stripped using ReBlot Plus Mild
Antibody Stripping Solution (Merck), washed, blocked with 5%BSA then re-incubated with
primary Ab following the previous protocol.

Table 4 Source of the utilized antibodies and their dilutions

Targeting Supplier Dilution Targeting Supplier Dilution

Protein Protein

P53 Sigma 1/6000 PIK3C3 Sigma 1/1000

p-P53 Cell 172000 LATS1 Sigma 1/1000

Serl5 Technologies

AKT Cell 1/2000 GAPDH Santa Cruz = 1/5000
Technologies

p-AKT Cell 1/2000 XPC Santa Cruz | 1/500

Serd73 Technologies

UVRAG Cell 1/1000 Yap Santa Cruz = 1/1000
Technologies
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6. DNA LC-MS/MS

The quantification of pyrimidine dimers (CPD & 6-4PP) was carried out by LC-MS/MS according
to previous protocol [339]. Briefly, both cell lines were seeded in 100mm dishes until sub-
confluency where they were subjected to a UVB dose of 0.01J/cm?. At different time points post
UV (0, 2, 24 and 48h) the cells were collected and their DNA extracted with Qiagen DNEasy Kit
(Courtaboeuf, France). Sample preparation was carried out in two steps, the first includes
incubation of DNA for 2 hours at 37°C and pH 6 in the presence of nuclease P1, DNase II, and
phosphodiesterase II. The pH was then raised to 8 by the addition of Tris. A second incubation
period in the presence of phosphodiesterase I and alkaline phosphatase at 37°C for 2 hours yielded
digested DNA with normal bases as nucleosides and photoproducts as dinucleoside
monophosphates. Samples were then injected on an HPLC system (Agilent, Massy, France)
connected to a reverse-phase HPLC column (150_2mm ID, 5 mm particle size, ODB, France). The
detection was provided first by a UV detector aimed at quantifying normal nucleosides.
Photoproducts were detected by a tandem mass spectrometer (API 3000, SCIEX, Thornill,
Canada) used in the reaction-monitoring mode as previously described [340]. The four CPDs and
the four 6-4PPs (TT, TC, CT, and CC derivatives) were quantified individually in the same HPLC
run. Results were expressed in the number of lesions per million normal bases.

7. DNA REPAIR ICC AND SINGLE CELL ANALYSIS

For the quantification of DNA damage, cells were seeded and treated with the different conditions
either drugs or siRNA. The cells were then further on subjected to UVB irradiation. 24h post UV,
the cells were stained according to previous protocol [341] consisting first of cell fixation with 4%
paraformaldehyde and permeabilized with 0.2% Triton X-100. Cells were further on treated with
2M HCL to denaturate the DNA and thus allow access to the DNA damage-targeting antibody.
After saturation, the cells were incubated with 6-4PP antibody (64M-2 cosmo bio) followed by
AF488 secondary antibody (Invitrogen) and the DNA was counterstained with Hoechst (Sigma
Aldrich). Image acquisition and quantification were carried out by Cell-insight NXT high content
screening platform at 10X magnification. Single-cell fluorescence was quantified for all the cells

under each particular treatment condition.

8. CELL PROLIFERATION ASSAY

Cell health and genotoxicity can be assessed by staining the cells with ki67 antibody or by
measuring the cell’s ability to proliferate via the incorporation of the nucleoside analog EDU. For
KI67 staining and single cell analysis, the cells were seeded until sub-confluency then subjected
to UVB irradiation at a dose of 0.02J/cm?. 24h post-irradiation the cells were fixed with 4%
paraformaldehyde and permeabilized with 0.2% Triton X-100. After saturation, the cells were
incubated with ki67 antibody (clone MIB-1, Clinisciences) followed by AF488 secondary
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antibody (Invitrogen) and the DNA was counterstained with Hoechst (Sigma Aldrich). Image
acquisition and quantification were carried out by Cell-insight NXT high content screening
platform at 10X magnification. Single-cell fluorescence was quantified for all the cells under each
particular treatment condition.

Cell proliferation can also be examined via the incorporation of the nucleoside analog EDU. The
latter can be further on quantified by a click-it covalent reaction between an azide and alkyne
catalyzed by copper. For that, both cell lines were seeded in 100mm dishes subjected to different
forms of treatment followed by irradiation. Sham irradiated and sham-treated controls were also
utilized. Two hours before the end of post UV incubation EDU was diluted in the cell media at
different time points. The cells were then collected and stained according to the manufacturer’s
protocol. The samples were analyzed by flow cytometry (FACScan, BD LSRII flow cytometer,
BD Biosciences). The post analysis was carried out using flowing software[342] (Turku
Bioimaging, Finland).

9. APOPTOSIS-CELL EVENT QUANTIFICATION

To follow the effect of treatment on the induction of apoptosis post UV irradiation cell event
(Thermofisher Scientific) was utilized that allows the measurement of caspase 3/7 activity. For
that cells were seeded in 100mm dishes, treated with the molecules, irradiated them cells event
was added post UV and incubated for 24hrs. The cells were then collected and PI was added before
their analysis by flow cytometer (FACScan, BD LSRII flow cytometer, BD Biosciences). The post
analysis was carried using flowing software[342] (Turko Bioimaging, Finland).

10. COMET ASSAY FOR THE QUANTIFICATION OF OXIDIZED PURINES

Comet assay is a single-cell gel electrophoresis assay that is used to measure the DNA lesions of
cell extracts, and consequently, can monitor the excision repair capacity when it is employed at
various time points post-treatment of cells. More specifically, upon adding FormamidoPyrimidine
[fapy]-DNA Glycosylase (FPG) enzyme, we were able to detect 8-oxoguanine excision activity.
Hydrogen peroxide (H202, 400uM) was used as an internal positive control. Cells were plated in
6 well plates as triplicates, transfected with siAS, siPIK3C3 or siLATS]1 then irradiated with
0.02J/cm? UVB-irradiation to be collected after 0, 2 and 24 hours. Cells were harvested, counted
and suspended at a concentration of 200 000 cells in 100 pL freezing buffer. Samples were stored
at -80°C until use. Slides were prepared with normal agarose coating 219 one day in advance. On
the day of the experiment, cells were deposited on the slides with 0.6 % solution of low-melting
agarose followed by adding a coverslip, immersing in lysis buffer, and incubation for 1 hour after
which a 3 times wash with Tris-HCL 0.4 M (neutralizing buffer) was done. FPG 0.05 u/uL (1.25
pL/slide) was then prepared in which 100 pL FPG solution with or without FPG enzyme was
deposited on the slides and covered with coverslips. The slides were set on a humidified bed and
added in a 37°C incubator for 40 minutes. The reaction was stopped by incubation for few minutes
on ice. After digestion, the slides were transferred to an electrophoresis tank filled with
electrophoresis buffer pre-chilled at 4 °C. The slides were left at room temperature for 30 min and
electrophoresis was subsequently done for 30 min at 25 V and 300 mA. The slides were then rinsed
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3 times with Tris-HCL 0.4M. 50 pL of Gel Red was added per slide and a coverslip was added for
reading on next day. We read the slides using a 10X objective microscope and Comet Assay IV
software (Perceptive Instruments, Suffolk, UK). 50 randomly selected nuclei were scored in each
slide and triplicate slides were processed for each experimental point. The extent of damage was
evaluated by the Tail DNA value defined as the percentage of DNA in the tail of the comet.

11. IMMUNO-PRECIPITATION

For the detection of autophagy protein interaction modulation following PIK3C3 knockdown, XP-
C cells were transfected with either siAS or siPIK3C3 then irradiated at 0.02J/cm?. Proteins were
further on extracted using RIPA buffer supplemented with protease inhibitors. Img/ml of protein
was incubated with either an IgG isotype or Beclin antibody (Cell Technologies) together with
protein G Magne Beads (Promega). The complexes were incubated overnight at 4 degrees after
which the beads were washed with the lysis buffer and the proteins and antibodies were eluted
from the beads using LDS loading buffer and reducing agent (Invitrogen). The elutes as well as
the input protein were resolved on SDS page and blotted with UVRAG antibody (Cell
Technologies) to analyze the UVRAG-Beclin interaction.

12. 3D RECONSTRUCTED DERMAL EQUIVALENT

For the construction of dermal equivalent, 0.4 million XP-C fibroblasts were added to a hydrogel
consisting of fibrinogen, aprotinine, thrombin, CaCL and NaCl,. The mixture was seeded in an
insert and placed in the incubator for 30min to allow polymerization then was supplemented with
Glutamax DMEME high glucose media supplemented with EGF, vitamin C, amphotericin, P/S
and SVF. The dermal equivalent was cultured for 14 days to allow maturation. Three days prior to
the end of culture the dermis was transfected with either siAS or siPIK3C3 using lipid particles.
The dermal equivalents were then irradiated at the end of culture time with UVB at a dose of
0.01J/cm?. Post irradiation the dermis was cultured in the presence of cell event for twenty four
hours after which the dermis was dehydrated by a sucrose gradient and frozen with OCT. Samples
were then sliced with cryotome then fixed with 4% PFA. Staining for both 6-4PP and PIK3C3
expression was carried out according to the protocol discussed earlier. Hoechst was used for
counterstaining the nuclei. Image acquisition was carried out using Zeiss microscopy at 10X
magnification.

13. STATISTICAL AND BIOINFORMATICS ANALYSIS

Screening hit selection and single cell analysis were carried out by R software[343]. GraphPad
Prism v.8 was used for statistical analysis, data normalization and quantification of normality to
allow the downstream selection of the respective statistical test (parametric or non-parametric)
for each particular set of experiments. Functional annotation of pathways related to the siRNA
hits was conducted using enricher bioinformatics tool. Protein interaction for siRNA hits was
conducted using string bioinformatics tool.



AIM OF THE PROJECT

Mutations in DNA damage recognition protein, Xeroderma Pigmentosum protein C (XPC),
hinders repair of UV induced photoproducts and increases skin cancer incidence. XP-C patients’
cells are characterized with increased photosensitivity and accumulation of DNA damage post UV.
Till date, there is no approved treatment for XP-C with only preventative measures at action.
However, despite the diseased phenotype caused by XPC mutation, not all mutations are
deleterious. This lead to the concept of suppressor mutations defined as secondary mutations in
the genome that can help reverse the effect of a primary mutation. Therefore, based on the concept
of suppressor mutations, our aim is to identify molecules that can reverse the phenotype of XP-C
cells. We screened libraries of approved chemical drugs and kinase targeting siRNAs to mimic
suppressor mutations and identify potential therapeutic targets in XP-C. The screening of approved
drugs can allow for the possible drug re-purposing enabling a swift switch in the mode of action
of the selected drugs toward a new purpose. The potential use of siRNAs in therapy can be possible
via identifying the appropriate and selective delivery method. Also the possibility of substituting
the siRNAs with kinase targeting drugs exhaustively explored in the literature provides another
alternative for the feasibility of such therapy.
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RESULTS AND DISCUSSION
CHAPTER 1. CHARACTERIZATION OF THE CELL LINES

1. IMMUNOCYTOCHEMISTRY OF XPC AND CYTOSKELETON

It is imperative, prior to the screening procedure, to characterize the cells’ XPC expression
ensuring that it’s differentially regulated between the WT and XPC mutated fibroblasts. For that,
both cell lines were immune-stained with antibody targeting XPC. XPC cells showed the absence
of this protein compared to the normal cells. In addition, due to the difference in cell morphology
between the two cell lines additional markers were utilized including vimentin, a fibroblast
intermediate filament that revealed the equal wide spreading of cytoskeleton in the normal cells
compared to the peri-nuclear localization in XPC cells. Moreover, XPC cells were also stained
with cytokeratin 14, a keratinocyte intermediate filament, to ensure that they are indeed fibroblasts
despite their keratinocytes like morphology (small and round morphology) (figure 20).

Vimentin

~K1A
CK14

Figure 20 Characterization of the WT and XP-C cell lines by immunustaining.

XP-C and WT cell were seeded in 96 well plates then fixed and stained with different Antibodies for the analysis of
XPC expression as well as the cytoskeleton.. XP-C cells show absence of XP-C protein compared to WT cells detected
via the incubation with XPC antibody. Both cell lines are positively stained with vimentin, a marker for fibroblast.
XP-C cells despite having a keratinocyte like round phenotype stain negatively with CK14 confirming their fibroblast
nature.
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2. ASSESSING XPC EXPRESSION AT THE RNA AND PROTEIN LEVEL

The expression of XPC mRNA and protein was examined in both WT and XP-C cells
immortalized from patient primary fibroblasts. RT-PCR quantification of XPC mRNA revealed a
highly significant five-fold decrease in XPC mRNA in XP-C cells compared to WT (p-
value<0.0001). At the protein level, western blot analysis revealed the total absence of XPC protein
expression in XP-C cells unlike the WT cells (p-value<0.001). Since the cells were both
immortalized with SV40, the P53 expression at the protein level was also examined by western
blot where both cells showed P53 expression. XP-C cells displayed a significant 1.5 increase in
P53 expression compared to WT cells (p-value<0.01) (figure 21).
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Figure 21 Downregulated expression of XPC mRNA and protein in XP-C cells with upregulated P53
expression compared to WT.

RNA and protein extraction was carried out for both XP-C and WT cells to analyze the expression of XPC using RT-
PCR and western blot. XP-C show significantly downregulated expression of XPC mRNA with total loss of XPC
protein compared to WT cells. XP-C cells also show higher levels of P53 expression compared to WT cells. Unpaired
t-test *** p-value <0.001, **** p-value<0.0001
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3. UVB PHOTOSENSITIVITY

To examine the photosensitivity of XP-C cells relative to WT, both cell lines were seeded until
80% confluency then subjected to increasing doses of UVB. After 24 hours, cells’ viability was
recorded as a measurement of the cells’ reducing capacity by Presto Blue. Viability was
normalized based on the percent of control calculation[344] with non-irradiated sample defined as
controls and set as 100% viability. The LD50 of UVB was determined for both cell lines. Both cell
lines showed a decrease in viability as a function of increased UVB doses. XP-C cells were more
photosensitive showing a sharper significant (p<0.001) decrease in viability compared to the WT
ones at each UVB dose. XP-C cells also showed a lower LD50 (about 0.02j/cm?) compared to WT
cells that required a considerably higher dose (about 0.19j/cm?) to mediate an equal lethality of

50% (figure 22).

Dose response of fibroblasts at 24hrs.
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Figure 22. XP-C cells manifest increased sensitivity to UVB irradiation

Viability of fibroblasts 24h post UVB. XP-C cells manifest significantly increased photosensitivity compared to WT
cells. Both XP-C and WT cells were seeded in 96-well plates to be irradiated at 80% confluency with increasing UVB
doses then their viability was quantified 24hours later by the incubation with PrestoBlue. XP-C cells show a sharper
significant decrease in viability as a function of increased UVB dose compared to WT cells. Viability was calculated
by means of percent of control with 100% control being non-irradiated cells. *** p< 0.001, unpaired t-test. Results
presented are the mean of three technical replicates.
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4. DNA REPAIR KINETICS BY LC-MS/MS

XPC protein is essential for lesion recognition step of GGR[80]. For that, we aimed to determine
the effect of XPC mutation on the repair of lesions. The two major photoproducts generated after
UVB exposure are CPDs and 6-4PPs that are formed between pyrimidine dimers either TT, TC,
CT, or CC. Quantification of these lesions was carried out by LC-MS/MS. The cells were seeded
until 80% confluency then irradiated at 0.01 j/cm? then collected post UV at different time points.
Following that, DNA was extracted and digested to be analyzed by LC-MS/MS. For CPDs, the 4
different lesion types were quantified. WT cells showed a decrease in different CPDs lesions’
amounts as a function of time to reach a minimum after 48hrs signifying repair of DNA damage
compared to XP-C cells who showed elevated amounts of lesions as a function of time. It should
be noted that not all lesions were present in the DNA in the same quantities where the majority of
CPD lesions were of TT-CPD nature to be followed by TC-CPD, CT-CPD where the least
abundant lesion was CC-CPD. In addition, the repair kinetics differed between lesion types with
the fastest repair for the CT-CPD in normal cells. Only the TT and TC lesions could be detected
for the 6-4PPs, as the two remaining lesions were less frequent. 6-4 PPs were repaired faster than
CPD with total repair 24hrs post UV in WT cells compared to the higher amounts of lesions in
XP-C cells. There were no discrepancies in the repair kinetics between the TT and TC 6-4PP
lesions in normal cells (figure 23).
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Figure 23 XP-C cells show decreased pyrimidine dimer repair kinetics compared to WT cells.

WT cells manifest faster repair kinetics of both CPD and 6-4PP lesions post UV compared to impaired repair in XP-
C cells. Both cell lines were subjected to UVB then incubated for different time points post UV (0, 2, 24 and 48hours).
At each time point, cells were collected, their DNA extracted and digested to be then analyzed by LC-MS/MS. Four
different CPD lesion types (TT, TC, CT, CC) were quantified with TT-CPD being the most frequent. Normal cells
show a decrease in the % of CPD lesions as a function of time signifying repair with different kinetics per lesion time.
XP-C cells, however, manifest an increase in CPD lesion at 2h post UV and continue to have a large amount of lesion
% as time elapses, a sign of impaired repair. Two lesion types were quantified for 6-4PP with TC-6-4PP being more
abundant. Similar to CPD, impaired repair is visualized in XP-C cells manifested by a slow decrease in lesion % as
a function of time compared to the normal cells which in contrast to CPD lesions show even faster repair for 6-
4PP.CPD: cyclobutane pyrimidine dimer, 6-4PP: 6-4 photoproducts, WT: wild type, XP-C: Xeroderma Pigmentosum
C

CHAPTER 2. SCREENING METHOD DESIGN AND VALIDATION

1. CELL CONTRACTION

One of the most crucial steps of the screening procedure is irradiation for the induction of DNA
damage to be followed by the analysis of photosensitivity and damage repair. The latter requires
aspiration of the media, washing of the cells with PBS, irradiation in the presence of PBS to be
followed by the addition of media back to the cells with 24hrs incubation. The washing steps allow
the removal of all traces of molecules from the media that can either absorb UVB and become
oxidized or block the delivery of the rays to the cells. Unfortunately, the XPC cells manifest weak
adhesion to the culture plates resulting in detachment of the cells upon the different washing steps
and the contraction of the cells from the edges of the well. The following phenomena are not due
to irradiation step that renders the cells contracted but rather the washing step as even non-
irradiated cells manifested the same phenomena when undergoing the same steps of washing.

To tackle this issue several parameters were modified (figure 24). The optimal parameters were
the aspiration of only 60-80% of volume in the well to prevent cell drying and contraction from
the well edges. The use of reduced serum media Opti-MEM at 37° C decreased cell detachment
but it was impossible to determine the effector of such result due to the undisclosed composition
of this media. The latter also did not have any UVB shielding properties. Only one wash was
carried out at extremely low speed (10ul/sec) and low Z position compared to the surface of the
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Irradiated

well. The selected parameters, particularly the low speed, were not applicable for both screening
platform: chemical screen platform at CMBA with lowest speed 30ul/sec which necessitates the
coating of the culture plate with collagen to enable attachment.
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Figure 24 Optimization of cell adhesion and washing condition for the screening procedure.

Due to the fragility of the XPC cells several parameters where modified to ensure the proper adhesion of the
cells during the screening procedure. Different washing solution were utilized of which optimem was found
ideal. Temperature of the wash solution was kept at all times at 37°C with the shortest incubation time possible
and least number of washes of one wash. The cells were kept in culture three days prior to irradiation to ensure
proper amount of extracellular matrix secretion. Lowest possible Z position was utilized for the aspiration and
washing of the cells at around 10-30ul/sec flow speed.

2. DESIGN OF THE CONTROLS

The aim of the study is to identify molecules that can reverse the phenotype of XPC cells. The
study is novel with no known drug or siRNA in literature to serve as positive control enabling
viability increase and repair. For that, concerning the chemical screen, the controls will be DMSO
treated cells that are either irradiated to act as negative control or non-irradiated to act as positive
control. For the siRNA screen, the cells will be transfected with non-targeting siRNA (siAS) to be
either irradiated or sham treated. For the sake of elimination of between plate variation, it was
important to have both controls in the same plate. However, since the whole plates will be
irradiated at a time placing the positive non-irradiated controls in the same plates was not possible
without modifying the plate cover to protect several wells from UV irradiation. These covers
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effectively protected the cells from UV showing same viability as the non-irradiated ones even at
high doses of UV for both cell lines (figure 25).
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Figure 25 Validation of UV protection of control wells during the screening procedure.

For the sake of analysis and the elimination of between plates variation it is imperative to have both irradiated and
non-irradiated controls in the same plate. For that, we designed a plate cover that allows the shielding of the first
column of each plate from UV. The efficacy for UV protection was tested post irradiation with increased doses where
both cell types showed the same viability for the protected columns compared to non-irradiated cells regardless of
the irradiation dose utilized.

3. SIRNA SCREEN

For the siRNA screen, the zephyr robot was utilized and programmed with maestro software for
the different pipetting steps. After the optimization of the program, the screen was held with the
controls to validate the applicability of the procedure. The layout is presented below. Cells are
seeded then 24hrs later forward transfected with either non-targeting siAS, siCD or non-
transfected. siCD is a death inducing siRNA upon its entry in the cells hence it gives information
on transfection efficiency by decreasing viability. 48hrs. post transfection cells were washed with
opti-MEM, irradiated then the viability was recorded 24hrs. post UVB. The 48hrs transfection
enables appropriate knockdown of the kinases as tested in our lab previously by means of kinetic
analysis of knockdown post transfection. The results show good separation between the siAS
irradiated vs UVB protected in both cell lines with good transfection efficiency manifested in low
viability of siCD. Low toxicity exists for the transfection reagent when comparing cells incubated
in presence of the reagent vs. non manipulated cells (figure 26).
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Figure 26 Design and validation of siRNA screen controls

The main controls of the siRNA screen are siAS irradiated cells (negative control), siAS non-irradiated cells (positive
control), and siCD transfected cells used as control for transfection. A mock screen was carried out with these controls
in both cell lines and viability was then measured via Presto Blue incubation. Good separation between the positive
and negative controls was visualized in both cell lines depicted by the difference between the viabilities of irradiated
vs. non-irradiated scramble transfected cell lines.

4. CHEMICAL SCREEN

For the chemical screen the robot Tecan-Freedom Evo was utilized for the different pipetting steps.
After the optimization of the program the screen was held with the controls to validate the
applicability of the procedure. The controls include DMSO treated UV irradiated or protected cells.
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Figure 27 Chemical Screen UV dose optimization and reproducibility assessment.

To determine if the data collected from each plate meet the minimum quality requirements, quality control
assessment was carried out with the controls. The latter include DMSO treated UV irradiated or protected
cells. The calculation of the Z’ factor was performed at the different doses to allow the selection of the
appropriate dose giving a Z’ factor above (.5, without the induction of excessive cell death. This Z’ factor
signifies the applicability of the screen on large scale. Moreover, having a good separation between the
positive and negative is a hallmark for cell reproducibility, for that several UV doses where tested. The
dose 0.05j/cm® was chosen as it is the lowest lethal dose with a Z’ factor above (.5

Moreover, it is imperative to have good separation between the positive and negative control to
have a reproducible assay, for that several UV doses were tested. The calculation of the Z’ factor
was performed at the different doses to allow the selection of the appropriate dose giving a Z’
factor above 0.5, without the induction of excessive cell death, signifying the applicability of the
screen on large scale. The dose 0.05j/cm? was chosen as it is lowest dose with a Z’ factor above

0.5 (figure 27).

5. READOUTS

XPC phenotype comprises increased photosensitivity and accumulation of DNA damage.
Therefore, for the reversal, the readouts should allow the measurement of cell viability and amount
of residual DNA damage post UV to test whether either form of treatment can reverse the XPC
phenotype.

5.1 VIABILITY

For the measurement of cell viability, a reproducible and fast assay is required therefore several
products were considered. Presto Blue was utilized that measures the reducing capacity of cells.
Its advantage is that it is a live cell assay that is not destructive to the cells like other viability
reagents including MTT. It is also relatively more sensitive and requires low incubation time.
Other than choice of reagents, the time point for the readout measurement was also optimized. The
viability of both cell lines was measured post UVB irradiation with different doses and as function
of different time points (24, 48, 72, 96hrs. post UV). The biggest separation between the viability
of XPC and WT cells was observed with 24hrs. Having a good separation between the two cell
lines aid in the identification of molecules that can increase the viability of XPC cells and render
it close to that of WT when irradiated at the same dose. Beyond that, as the incubation time
increases the gap between both cell lines decreased making it harder to use such time points for
the screen. Therefore, 24hrs. post UV incubation was selected as readout time point for viability

(figure 28).
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Figure 28 Optimization of the incubation time post UV for XP-C and WT cell lines.

For the carrying out the screening procedure, a readout based on viability was utilized. XP-C and WT cells were
seeded in 96 well plates until 80% confluency then irradiated with different UVB doses. Several incubation times post
UVB irradiation were tested including 24, 48, 72 and 96hours post UV. The incubation of 24hours post UV was the
optimal one showing lowest toxicity range post UV still showing a good separation between XP-C and WT cells.

UVB induces the formation of two types of direct DNA damages that are the cyclobutane
pyrimidine dimers (CPD) and the 6-4 pyrimidine pyrimidone photoproducts (6-4PP). The lesions
require 48hrs and 24hrs, respectively, to be repaired in WT cells while they accumulate in XPC
cells without repair. The quantification of DNA damage post treatment allows the identification of
molecules that can decrease such damage in XPC cells. In the aim of extracting more data from
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Figure 29 Multiplexing of Viability and Immunofluorescence readouts and the procedures
followed.

For the sake of screening, it was imperative to test the possibility of performing both readout on the same plates.
Presto Blue was said to be a live cell assay with limited toxicity on cells thus, we tested whether we can preserve cell
integrity after Presto Blue incubation and washing steps then cell fixation. After testing several washing steps the
cells were further on fixed and stained with vimentin, phalloidine and Hoechst. Indeed cells showed normal staining
for intracellular matrix and nuclei.

each screen and to minimize the need to repeat each screen twice for the quantification of both
readouts we tested the possibility of staining the cells that were previously incubated for the
measurement of viability with presto blue assay. As a first step we tested whether the cell integrity
was un-damaged post incubation with presto blue and whether any residual fluorescence will
interfere with multiplexing of both assays. Cells incubated with the viability reagent were washed,
fixed, permeabilized then stained with Hoechst for the visualization of their nuclei and with
vimentin and phalloidine for the assessment of the cytoskeleton which were both intact. This
signifies that the screen can be used for the assessment of both readouts successively. Moreover,
since 24hrs. post UV was the chosen time point for the measurement of viability, 6-4 PP was the
chosen damage to be detected as it possesses faster repair kinetics within the selected time point.
6-4 PP quantification was carried on non-treated irradiated or non-irradiated WT and XPC cells to
confirm the validity of this protocol. XPC cells showed elevated levels of DNA damage 24hrs.
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post UV while normal cells showed significant complete repair manifested with minimal DNA
damage lesions detected at the same time point. The analysis is based on single cell quantification
of the fluorescence signal within each nucleus for better statistical value. This is carried out by
utilizing Hoechst staining for the identification of the nuclei that will be set as region of interest
(ROI) for the quantification of DNA damage within the circumference of the nucleus of each
individual cell (figure 29). We further on tested the applicability of this method on XP-C and WT
cells. WT cells showed significant decrease in the amount of DNA damage 24 hours post UV while
XP-C cells showed no repair (figure 30).
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Figure 30 Single-cell analysis of nuclear DNA damage quantification.

UVB induces the formation of two types of direct DNA damages that are the cyclobutane pyrimidine
dimers (CPD) and the 6-4 pyrimidine pyrimidone photoproducts (6-4PP). The lesions require 48hrs and
24hrs, respectively, to be repaired in WT cells while they accumulate in XP-C cells without repair. The
quantification of DNA damage post-treatment allows the identification of molecules that can decrease such
damage in XP-C cells. 6-4 PP quantification was carried on non-treated irradiated or non-irradiated WT
and XP-C cells. XP-C cells show elevated levels of DNA damage 24hrs. post UV while normal cells show
significant complete repair manifested with minimal DNA damage lesions detected after the same time
point. The analysis is based on single-cell quantification of the fluorescence signal for better statistical
value. This is carried out by utilizing Hoechst staining for the identification of the nuclei that will be set as
the region of interest (ROI) for the quantification of DNA damage within the circumference of the nucleus
of each individual cell. *** p<0.001 paired t test.



6. CONFLUENCY ANALYSIS FOR SCREENING SCHEDULE

For the sake of having optimal conditions during transfection, drug treatment and irradiation,
confluency analysis of both cell lines was carried out. For cell transfection the optimal cell
confluency should be something between 30 to 50% confluent slightly lower than that of chemical
treatment that requires 60% confluency. Irradiation on the other hand should be carried out at
subconfluency corresponding to about > 80% confluency. For that, different cell densities were
seeded in 96 well plates and incubated for 5 days where well images were taken daily and analyzed
with ImagelJ plugin PHANTAST with the application of HALO correction. The optimal cell
density for having subconfluent cells after 5 days was 6000 cells for XPC cells and 5000 for the
WT cells. The designed treatment protocol for the chemical treatment consists of seeding cells at
day 1 followed with pre-treatment with drugs on day 3 then irradiation and post-treatment on day
4 to be completed with readout on day 5 (figure 31). The reason for the pre and post treatment is
that the drug can either have a preventative effect if administered prior to UV radiation or
therapeutic effect post irradiation so we would like to examine both conditions. As for the siRNA
screen the seeding will be on day 1 followed by transfection on day 2 to be incubated for 48hrs
prior to irradiation on day 4 and readout on day 5.
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Figure 31 Quantification of XP-C and WT cell confluency.

Both XP-C and WT cells were seeded at different amounts per well (from 1000 to 20000 cells per well) and they were
incubated for different times (24-96 hours). At each time point images of the cells were acquired in bright field then
analyzed by imageJ plugin PHANTAST for the quantification of cell confluency. Based on that, specific cell count was
used for seeding in both screens for the attaining of the desired cell confluency during the different treatments.

CHAPTER 3. CHEMICAL SCREEN

1. PRIMARY SCREEN

1.1 SCREEN LAYOUT AND CONTROLS

The utilized library is the Prestwick library of 1280 FDA approved drugs distributed over 16
daughter plates and placed in the inner wells while columns 1 and 12 are for both controls the
sham treated irradiated negative control and the non-irradiated positive control. The concentration
utilized is 10uM. The effect of the treatment can either be therapeutic or preventative to the UVB
induced damage depending on the treatment time point pre or post UV that is why for the sake of
this screen we will carry out both treatment protocols simultaneously. The plates will be first
treated for 24hrs. with the drug to check the molecules’ preventative effect. They will be then
irradiated at 0.05 j/cm? then post treated to check the therapeutic effects. This course of treatment
will be further on separated into pre and post treatment after hit identification to decipher whether
pre, post or both treatment course is the main player for phenotype reversal. The drug treatment
was done in duplicate with two test plates for each one daughter drug plate with 80 drugs per plate.
An additional well per plate was added with no cells to allow the removal of the background
fluorescence. The readout will be the measurement of cell viability by Presto Blue (figure 32).
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The general layout of the chemical screen consists of the screening of 80 compounds per plate at 10uM for twenty
four hours after which the cells will be irradiated at 0.05J/cm? and incubated for an additional twenty-four hours with
the same drugs. The readouts will be based on the quantification of both viability and DNA repair. The utilized controls
are DMSO treated cells that will be either irradiated to serve as negative controls or non-irradiated serving as positive
control. No cells well will be utilized for the subtraction of background Presto Blue noise.

1.2 HITS’ SELECTION CRITERIA

To identify compounds that can improve the photosensitive phenotype of XP-C cells, Prestwick
library of 1280 FDA and EMA approved drugs was screened on XP-C cells at 10uM for 24hrs in
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Figure 33 Identification of 16 compounds reversing XP-C photo-sensitivity upon UVB irradiation.

Prestwick library of chemical drugs was screened on XP-C cells. The cells were treated with the library at 10uM for
24 hours then further on irradiated at 0.05J/cm?. Post Irradiation the cells were then incubated with the library for
an additional 24h prior to having their viability assessed 24 hours post UV via the addition of PrestoBlue reagent and
the recording of the fluorescent values. Based on two different normalization criteria, control based % of activity and
non-control based RZscore, 16 compounds were selected manifesting >25% increase or >2.5 value for both % of
activity and RZscore respectively. % Activity was calculated by normalizing the obtained values between the interval
of 100% donated to non-irradiated DMSO treated cells and 0% that donated irradiated DMSO treated cells. RZscore
was measured by normalizing the fluorescence values to the median and median absolute deviation. RZscore: Robust
Z score

duplicates. Following the incubation, the cells were UVB irradiated at 0.05j/cm? based on Z’
Factor calculation then post-treated with the same drugs for an additional 24hrs before the
measurement of viability. The effect of the treatment can be either preventive or therapeutic to the
UVB-induced damage depending on the treatment time point. The readout was the measurement
of cell viability by Presto Blue. The bioactivity of the test compounds, signifying the drugs’
beneficial effects on photo-resistance, was calculated from the fluorescence values by determining
its relative percentage with respect to non-irradiated DMSO treated wells set as 100% and
irradiated DMSO treated wells set as 0%. The robust Z score was also calculated per plate as an
additional non-control based normalization technique. The hit selection was based on two criteria.
Hits are test compounds that possess a bioactivity > 25% and robust Z score > 2.6. Sixteen
molecules were identified on this basis (figure 33 and the table 5). An additional drug was added
to the list which is acetohexamide as it was reported to have a positive effect on increasing XP-A
cells’ viability in response to UV irradiation [211].

Table 5 Raw data of the primary chemical screen hits

Compound ID Formula Bioactivity (%) RZscore Chemical Name
227 C19H21CI2N3 455 6.6 Clemizole hydrochloride
127 C18H14CI4N20 39.6 45 Isoconazole
1704 C24H3206 39.2 4.8 Desonide
1750 C21H25N 33.7 3.8 Terbinafine
546 C21H3202 33.5 3.0 Pregnenolone
955 CI2H14CI2FNO4S 325 3.8 Florfenicol
477 C21H3002 322 4.6 Progesterone
67 C18H14CI4N20 31.7 3.8 Miconazole
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1770 C23H30N402S 30.8 3.3 Perospirone

792 C27H3412N4 29.9 34 Propidium Iodide
1241 C22H18N2 29.8 3.4 Bifonazole

1700 C5H11CI2N3 29.7 31 Histamine dihydrochloride
1735 C24H29N503 29.4 3.1 Valsartan

781 C25H32CIFO5 29.2 3.3 Clobetasol propionate
1117 C19H22FN30 26.9 2.8 Azaperone

1334 C14H22N202 26.4 2.8 Rivatimine

2. SECONDARY SCREEN

2.1 SCREEN LAYOUT AND CONTROLS

To exclude the possibility of having false positives among the hits of the primary screen, a
secondary screen of the 16 hit drugs was carried out. One additional drug was added which is
acetohexamide as it was reported to have a protective effect on XPA cells in an NER independent
manner [211] so it was included in the secondary screen to test its effect on XPC. Additional
conditions were included together with the initial screen’s conditions. The drugs were screened at
three different concentrations: 1, 5 and the initial 10uM. The reason for that is to test whether the
increased drug concentration may induce cytotoxicity. Moreover, the treated plates were irradiated
at doses of 0.02j/cm?, 0.05j/cm? or non-irradiated. Each drug was screened in triplicate in each of
the different irradiation conditions and concentrations. The same viability readout will be
measured.

2.2 HITS’ SELECTION CRITERIA

Drug bioactivity was calculated by control based normalization of the fluorescence values with
irradiated DMSO treated cells set at 0% bioactivity versus non-irradiated set at 100%. For each
drug, a dose-response curve of bioactivity as a function of [drug] was plotted for the three different
doses. The drugs that showed the highest bioactivity were isoconazole, clemizole hydrochloride,
and bifonazole. Acetohexamide only mediated a slight increase in viability as a function of drug
concentration and UV doses compared to the two other ones (figure 34).
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Figure 34 Confirmation of primary screen hits and the identification of the 3 most effective compounds.

XP-C cells were treated with the different primary screen candidate compounds at three different concentrations (1, 5 &
10uM) then subjected to two UVB doses (0.02 & 0.05 j/cm?) after which their viability was measured 24 hours later by the
addition of PrestoBlue. It should be noted that pre and post-irradiation treatment with the drugs was carried out. The three

compounds showing the increased drug bioactivity as a function of increased concentrations are isoconazole, clemizole
hydrochloride and bifonazole showing the highest protection against UV irradiation. % Activity was calculated by
determining the relative % of fluorescence with respect to non-irradiated DMSO treated cells set as 100% and irradiated
DMSO treated cells set as 0%. The dotted line represents a threshold of 25% Activity. The statistical significance of the effect
of two UVB doses and the three drug concentration on the % activity was conducted by using 2-way anova ** p<0.01, ***

p<0.001.
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2.3 DNA DAMAGE ANALYSIS

After the assessment of drug bioactivity, it was also imperative to determine whether the identified
drugs could reverse the impaired DNA repair activity in XP-C cells. For that, DNA damage
analysis was carried out on the 17 drugs used in the secondary screen and irradiated at a dose of
0.05j/cm2. After the measurement of bioactivity, the plates were fixed and immunostained with
an anti-6-4PP antibody for the quantification of the amount of DNA damage following drug
treatment. The positive control showing maximal DNA damage was the DMSO treated irradiated
cells while the negative control with minimal damage is the non-irradiated DMSO treated ones.
The treatment with either isoconazole or clemizole hydrochloride showed a decrease in the amount
of 6-4 PP at the single-cell level compared to untreated controls indicating an induced repair due
to treatment. This decrease in DNA damage was significant (p<0.001) only when SuM of both
drugs was utilized (figure 35).

Single Cell Analysis of 6-4PP post 0.05J/cm?
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Figure 35 Identification of compounds enabling repair of 6-4PP in XP-C cells.

XP-C cells were treated with the 16 primary screen candidate hits at three different concentrations (1, 5 & 10uM)
with pre and post-irradiation treatments. Irradiation was carried out at a dose of 0.05j/cm?. 24 hours post UV the
cells were fixed and stained with 6-4 PP antibodies for the quantification of DNA damage. Fluorescence intensities
of individual cells for each condition were quantified and more than 1000 cells per condition were analyzed. Among
the 16 hits, only isoconazole and Clemizole hydrochloride enabled a decrease in the amount of DNA damage post UV
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shown here. Almost 20% repair of 6-4PP DNA damage was recorded for both drugs at a concentration of SuM which
was found to be significant. DNA damage quantification in DMSO treated irradiated cells was used as positive control
showing the maximum amount of DNA damage while quantification of 6-4PP in DMSO treated non-irradiated cells
was taken as a negative control with the minimum amount of detected damage. *** p<0.001, freedman non-
parametric test with dun’s post hoc analysis.

2.4 DRUG UV DOSE RESPONSE

To further characterize the effect of the two selected drugs on viability enhancement, UV dose-
response experiments were carried out. In contrast to the previous experiments, the dose-response
analysis here was performed on both the XP-C and WT cell lines and viability was calculated
based on percent of control normalization to non-irradiated cells only. This aim was to decipher
whether the effect is specific to XP-C cells or also valid in WT cells. The two cell lines were
treated with either isoconazole, clemizole hydrochloride or DMSO then subjected to increasing
UVB doses. Both drugs enabled enhanced photo-resistance to the increasing UVB doses in XP-C
and WT compared to DMSO treated cells (figure 36). Such photo-resistance was significant for
both drugs in XP-C cells with p-value <0.05. However, in WT cells, the treatment with isoconazole
showed significant photo-resistance against increased UV doses irradiation (p-value <0.05), unlike
clemizole hydrochloride whose increase in viability was not significant. Of note this protective
effect does not seem to be specific to XP-C cells as a similar protective effect was also shown for
the WT cells.

a) Dose Response of XP-C-Treated vs XP-C-DMSO b) Dose Response of WT-Treated vs WT-DMSO
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Figure 36 Isoconazole and Clemizole Hydrochloride viability analysis post UVB in both XP-C and
WT cell lines.

XP-C and WT cells were treated with either drugs or DMSO (pre ad post-irradiation treatment) then subjected to
increased UVB doses. Their viability was further on assessed 24hours post UV by the incubation with PrestoBlue. a)
Viability of XP-C treated cells vs DMSO. Both drugs enabled significant (p value<0.05) protection of XP-C cells from
UVB induced death with isoconazole having a more protective effect. b) Viability of WT treated cells vs DMSO. Drug
mediated protection against UVB irradiation was also evident in treated WT cells and not unique to XP-C cells. Only
isoconazole mediated protection was significant with p value<0.05. Viability was calculated by determining the
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percent of control with respect to non-irradiated DMSO treated cells taken as 100% viable. * p-value <0.05, Repeated
Measure one way ANOVA with Dunnett’s multiple comparison test.

2.5 DRUG TREATMENT REGIMEN SEPERATION

As mentioned above, the chemical treatment consisted of two phases a pre-irradiation treatment to
test the preventative effect of the drug and a post-irradiation treatment to examine its therapeutic
effect. In order to determine which treatment phase had a more essential role in the phenotypic
normalization, the two phases were separated and their effects were compared to that of the
combined treatment regimen. For isoconazole, the pre-irradiation treatment had no effect
compared to either the post-irradiation treatment or the combined pre and post-treatment that gave
similar kinetics (figure 37). The increase in drug bioactivity % mediated by both treatment
regimens combined at SuM was significant with p-value <0.05. At 10uM the difference in
bioactivity was significant between pre and post-treatment as well as between the pre and both
treatments with p-value <0.01, signifying that both treatment regimens share significant protection
compared to pretreatment. Thus isoconazole mostly serves as a therapeutic remedy post UVB
irradiation. As for clemizole hydrochloride, the pre-irradiation treatment showed higher bioactivity
than that of isoconazole but again the most effective regime is the both pre- and post-irradiation
treatment showing the highest bioactivity. However, a significant difference in bioactivity only
exists between pretreatment and both treatments together with p-value <0.05 at both 5 and 10uM.
It should be noted that bioactivity is defined by the ability of the drugs to impose an effect on
living matter which in this case is its ability to increase photo-resistance of the cells between non-
irradiated cells set at 100% and irradiated non-treated cells set at 0% (figure 37).
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Figure 37 Drug treatment regimen separation.

To determine which treatment regimen was more effective, XP-C cells were treated with the drugs either pre-
irradiation, post-irradiation or both pre and post-irradiation. Drug Bioactivity % was then calculated 24 hours post
UV. Such calculation is based on determining the relative percentage considering non-irradiated DMSO treated
samples as 100% and irradiated ones as 0%. Thus the obtained fluorescence values normalized to these two controls.
Isoconazole post-irradiation or both treatments showed a significant p value<0.01 increase in bioactivity at 10uM
while only both treatments showed significant enhancement of bioactivity at SuM compared to pre-treatment
procedure. Clemizole hydrochloride, however, seems to have better bioactivity when both pre and post-irradiation
regime was used where the increase of bioactivity was significant p value<0.0.5 for both SuM and 10uM treatment
compared to pre-treatment at each concentration respectively. *p value<0.05, **p value<0.01, 2-way ANOVA with
Tukey’s multiple comparison test.

2.6 DOUBLE DRUG TREATMENT HAS NO SYNERGISTIC NOR ADDITIVE EFFECT

Both of the hits have an azole ring in their structure. We, therefore, examined whether the
combined treatment with both drugs at 10uM could improve further the acquired photo-resistance
compared to single-drug treatment. Accordingly, XP-C cells were treated with either drug alone
or with both and then subjected to irradiation at a dose of 0.02j/cm?. The double treatment had the
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same bioactivity as the single treatment with isoconazole with no benefit (figure 38). Hence no
synergetic effect was obtained upon double drug treatment.
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Figure 38 Double Drug Treatment

Double drug treatment was carried out to test whether both drugs possess synergistic or additive effects. XP-C cells
were treated with either Isoconazole, clemizole hydrochloride or double treated at 10uM then irradiated at 0.02j/cm?.
% of drug bioactivity was measured 24 hours later. Double treatment showed the same protective profile as

isoconazole with no added protection against UVB irradiation.

3. TREATMENT PHYSIOLOGICAL CONSEQUENCE

3.1 APOPTOSIS

In an attempt to decipher the cellular mechanisms of photo-resistance of the drug treatment,
different cell phenotypes were analyzed. Apoptosis was therefore quantified using Cell Event
which allows the indirect measurement of caspase 3/7 activity, key downstream players in the
apoptosis activation cascade. XP-C cells were therefore treated with either drug or DMSO
followed by UVB irradiation then staining with Cell event and PI 24hrs post UV. The samples
were analyzed by flow cytometry. Out of the two drugs, Isoconazole showed a decrease in cell
event % cells reaching 23.35% as well as lower Pl-positive population percentage (9.57%)
compared to DMSO treated cells showing higher population percentages of 41.23% and 11.57%,
respectively. On the other hand, clemizole hydrochloride did not show any decrease in both
quantified parameters. These results suggest that unlike isoconazole, it is probably not via the
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reduction of apoptosis that the clemizole hydrochloride mediates its protective role (figure 39).
Similar outputs were also detected in WT cells (figure 40).
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Figure 39 Isoconazole but not clemizole hydrochloride decreases the population % of apoptotic XP-

C cells post UV.

XP-C cells were treated with the different drugs or DMSO then irradiated. CellEvent caspase 3/7 marker was added
post UV to quantify apoptosis. Cells were collected and Pl was added just before analysis on flow cytometer.
Isoconazole treatment decreased the percentage of apoptotic cells (23.35%) post UV compared to DMSO treated cells
(41.32%) evident also by the increase in the live cell population. Clemizole hydrochloride, however, had no effect in
increasing the live cell population with respect to DMSO treated cells (32.08% vs. 41.64%) and only a slight decrease
in the apoptotic cell fraction so it is perhaps via another mechanism that this drug mediates its mode of action s it
showed no further decrease in apoptotic cell population compared to DMSO treated cells. Two way anova was used
to compare between the two independent variables (type of cell death or stain and nature of the drug treatment) and
the dependent variable which is the population %, ***p<0.01.
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Figure 40 Isoconazole and not clemizole hydrochloride decreases the population % of apoptotic WT
cells post UV.

WT cells were treated with the different drugs or DMSO then irradiated. Cell event caspase 3/7 marker was added

post UV then cells were collected. PI was added just before analysis on flow cytometer. Isoconzaole treatment
decreased the percentage of apoptotic cells post UV (14.82%) compared to DMSO treated cells (29.77%). Clemizole
hydrochloride, however, had no effect so it is perhaps via another mechanism that this drug mediates its mode of
action.

3.2 PROLIFERATION

3.3.1 KI67 STAINING

In a first step, and in order to analyze the proliferative state of the irradiated cells and whether the
different treatments can modify this profile, cells were stained with Ki67 antibodies and analysis
was carried out at the single-cell level. Ki67 antigen was expressed during all phases of the cell
cycle (G1, S, G2, M) but not in quiescent cells. Both XP-C and WT cell lines were positive to
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KI67 signifying that the cells are not in quiescent state post UV. Cells treated with either DMSO,
isoconazole, clemizole hydrochloride, or both drugs showed no difference in the Ki67 expression

profile (figure 41).
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Figure 41 Drug treatment has no effect on ki67 proliferation marker expression.

XP-C and WT cells were treated with isoconazole, clemizole hydrochloride, both drugs or with DMSO then
irradiated. 24 hours post UB the cells were fixed and stained with ki67 Ab. The staining profile of the proliferative
marker ki67 was the same for all treatment conditions in both XP-C and WT cells.

3.3.2 EDU

Ki67 stains cells in various stages of the cell cycle, and it was previously reported that some non-
proliferating cells tend to test positive for Ki67 due to antigen retention[345]. Moreover, bulky
adducts generated by UV tend to block the progression of replication forks decreasing DNA
replication. Therefore, in a second step, EDU incorporation assay was performed to clarify whether
this positive staining was due to antigen retention or rather the cells were capable of recovering
from the DNA replication blockade following different treatment. It should be noted that EDU
insertion into DNA allows the identification of cells that have progressed through the S phase. XP-
C cells were treated with either DMSO, isoconazole or clemizole hydrochloride in a pre and post-
treatment regime and then irradiated with UV to be finally cultured in the presence of EDU at
different time points (Zhrs. or 4hrs. post UV). Cells were then collected and stained to be analyzed
by flow cytometry. When comparing the course of EDU incorporation in DMSO treated cells over
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the different time points post UV, it was clear that the intensity of EDU decreases as a function of
time till becoming null at 24hrs. post UV. This signifies that the cells were no longer able to
undergo DNA replication at 24hrs. post UV. Isoconazole had a slight effect on increasing EDU
positive population at 2hrs. post UV, but both drugs failed to increase DNA replication beyond
that showing similar effects to DMSO (figure 42). These results indicate that cell proliferation
does not seem to be the major mechanism underlying the protective effect induced by these drugs.
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Figure 42 Same EDU incorporation profile is evident between drugs or DMSO treated XP-C cells.

XP-C cells were treated with the different drugs or DMSO then irradiated. Prior to the end of the post UVB incubation,
the cells were incubated in the presence of EDU. Cells were further on collected, stained and analyzed by flow
cytometry. No difference is seen between the mean fluorescence intensity of the EDU positive populations between
the different treatment condition at either 2 or 4 hours post UV. It should be noted that as incubation time post UV
increases, the mean fluorescence intensity of EDU positive population decreases. Quantification of both the mean
fluorescence intensity (MFI) and EDU positive population percentage were carried out. Two way anova was used to
compare between the two independent variables (time post UV and nature of the drug treatment) and the dependent
variable of either EDU population percentage or MFI, **p<0.01.
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CHAPTER 4. siRNA SCREEN

1. PRIMARY SCREEN

1.1 SCREEN LAYOUT AND CONTROLS

We used the Qiagen human siRNA kinase library targeting the total 646 kinases with 2 different
siRNAs each (Qiagen siRNA libraries (V1.0)). A total of 1292 different sequences of siRNAs were
placed in the inner wells of 17 different mother plates with controls on the edges as depicted. The
final concentration of the siRNA utilized is 5 nM and the transfection was carried out for 48 hours
to allow proper knockdown of mRNA expression. Plates were further on UVB irradiated at 0.03
J/em? and 24hrs later viability was assessed using presto blue. It should be noted that the two
siRNA targeting the same kinase were placed in the same plate in different wells as shown in the
plate format where they were designated by the same number. The positive control that shows
highest viability is the siAS transfected non-irradiated while the negative control is the siAS
transfected irradiated cells. SiCD is used to analyze the transfection efficiency as their proper
delivery allows the induction of cell death in the cells allowing a notable decrease in viability
(figure 43). This screening procedure was carried out on both cell lines simultaneously.
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Figure 43 Layout of the siRNA primary screen

The general layout of the siRNA screen consists of the screening of 76 siRNAs per plate with two different siRNAs
targeting the same kinase. The transfection will be carried out at SnM for forty-eight hours after which the cells will
be irradiated and incubated for an additional twenty-four hours. The readouts will be based on the quantification of
both viability and DNA repair. The utilized controls are siAS transfected cells that will be either irradiated to serve as
negative controls or non-irradiated serving as positive control. siCD was used as a control for transfection. AS: All
Star, CD: cell death
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1.2 HITS” SELECTION CRITERIA

After the performance of the actual screen, the readout is in the form of fluorescence value for
each well where the latter requires normalization to eliminate the variation that arises between the
plates. There are three causes for such variation. The first is the difference in transfection efficiency
between plates that was evident in the values recorded by the siCD. The second is the variation in
the irradiation that is not homogenous throughout the totality of the wells per plate and between
the different plates as the controls varied within and between plates. Finally, the two utilized
siRNAs per kinase have different sequences which signify a difference in knock-down efficiency.
Therefore, different normalization techniques were utilized to identify the most appropriate

method (figure 44).

Normalization techniques can be either control or non-control based. The first attempt was via the
utilization of the non-control based Z score or robust Z score. The advantage of the use of the non-
control based robust Z score is that it is less sensitive to outliers compared to the Z score.

Xi — mean (ASR)
SD(ASR)

Z score =

Xi —median(Xall) Xi —median(Xall)
MAD (Xall) "~ 1.4826 * median|Xi — median(Xall) |

robust Z score =

After the performance of both normalizations, the positive control values in both cases differed
between plates which requires additional normalization. For that two attempts were done. The first
involves the multiplication of the score with siCD of each plate then dividing it by the median of
siCD for all the plates to normalize for the difference in the transfection efficiency.

robust Z score * siCDi
median(siCD)

modified robust Z score =

However, since siCD is based on inducing the death of the cells to allow the visualization of the
transfection efficiency then the output will be based of the viability measurement of the few cells
remaining due to the proper transfection of the cell death inducing siRNA in the siCD wells
excluding the possibility of using such normalization technique. The next option is to use the siAS
wells for the normalization using the median of irradiated siAS per plate and the median of
irradiated siAS calculated from all the plates combined. The latter proved to be not helpful as some
plates show a negative median for the irradiated siAS transfected wells rendering it impossible for
hit identification due to the negative sign.

Therefore, we utilized percent of control for hit identification taking the siAS non-irradiated
median as 100% viability and the median of the irradiated ones as 0%. After the normalization,
hits were identified as siRNA enabling an increase in viability of > 25% compared to the siAS
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irradiated wells. In addition, additional selection criteria were utilized to include the siRNAs that
manifest a RZ score > 1.8
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Figure 44 Raw viability data heatmap of transfected plates and normalization techniques

The heat map shows the distribution of viability values among the well of different plates. The 3 utilized normalization techniques to limit
the inter-plate variation are the control based percentage of viability and the non-control based RZscore and correction factor
normalization. Hits that are found positive in the majority of the normalization techniques were considered for further analysis.

The final normalization was based on the utilization of the geometric mean for the calculation of
correction factor for each plate. This method starts with the calculation of the geometric mean of
the raw viability values for all the plates combined. Then for each plate, the raw viability of each
well will be divided by this geometric mean to allow the calculation of well correction factor.
Finally, per plate, the median of the well correction factors will be calculated. This median will
act as plate correction factor to allow the normalization of the between plate variation. So from
that, we obtain one correction factor per plate so that all the raw viability values will be divided
by their respective plate correction factor. This is a non-control based normalization. Combining
all three normalization techniques, 28 kinases were selected for the secondary screening procedure
(figure 45). These kinases were selected from the data of the XP-C cells screening. Some of these
siRNA increase the viability of XPC exclusively while some have effects of both WT and XPC
cells (table 6) after the comparison of these 28 hits of XP-C with the hits of the WT screen.

. n
geometric mean = \/lelate a *X2piate a * Xpiate b - Xthpiate 7
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Figure 45 Identification of 28 kinases decreasing XP-C photo-sensitivity upon UVB irradiation.

Kinome targeting siRNA human library was screened on both XP-C and WT cells. Both cell lines were transfected
with the library and controls at 5SnM and incubated for forty-eight hours. The cells were further on irradiated at
0.03J/cm? UVB dose and their viability was measured twenty-four hours post irradiation via the addition of Presto
Blue. Based on the different normalization techniques, mainly the control based % of activity and non-control based
RZscore, 28 kinases were identified whose knock down enabled a >25% increase or > 1.8 value for both % of activity
and RZscore respectively. Control based % of activity was calculated by the normalization of the presto Blue data to
the interval of 100% corresponding to siAS transfected non-irradiated cells and 0% attributed to siAS transfected
irradiated cells. RZscore was calculated using the median and median absolute deviation per plate. RZscore: Robust

Z score.
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Table 6 Data of the primary siRNA screen hits after the different normalization techniques

AK2
PIK3R3
FASTK
NEK4
CAMK2G
TIE1
ITK
CALM2
LATS2
DGKZ
TSSK6
DGUOK
NEK3
GAK
MAP3K6
IRAK1
CLK1
STK17B
LATS1
PRKACG
CDK2
GRK6
DDR2
PANK2
GSK3A
PIK3C3
RPS6KB1
TEK

55.45
46.28
45.74
42.67
33.03
32.82
32.263
29.34
28.72
28.27072
28.14
27.84
27.09
26.64
24.049
23.76587
23.39498
22.24702
21.42016
20.90685
16.98371
16.65791
16.6161
15.60773
15.0651
12.29368
2.546046
0.781111

NEK4
CALM2
TEK
DGUOK
PIK3R3
CLK1
TSSK6
STK17B
AK2
TIE1
CDK2
ITK
GRK6
FASTK
MAP3K6
PRKACG
DGKz
LATS1
CAMK2G
GAK
LATS2
IRAK1
PIK3C3
RPS6KB1
PANK2
NEK3
DDR2
GSK3A

3.3
3.23
3.14

3.1
2.69
2.36
2.34
2.27

2.2
2.16
2.14
2.12
2.11
2.01

1.88
1.85
1.83
1.8
1.79
1.71
1.69
1.6
1.48
1.48
1.43
1.29
1.27

0.79
-0.68
-0.24
0.23
0.54
1.22
1.19
1.43
1.13
0.41
-0.25
-0.02
0.74
1.15
0.06
0.54
0.13
-0.15
0.65
1.28
1.46
1.28
1.74
0.91
-0.49
1.25
0.58
1.04

AK2
NEK4
IRAK1

CALM2
DGUOK
PIK3R3
TEK
TIE1
ITK
PRKACG

CLK1

FASTK
STK17B
CDK2
GRK6
GAK
MAP3K6
PIK3C3
LATS1
DGKz
RPS6KB1
TSSK6
LATS2
CAMK2G
DDR2
PANK2
NEK3
GSK3A

15971.66728
15297.84373
14537.11188
14233.83013
14027.24962
13341.60173
13138.67661
13114.0164
13054.04914
12902.45329
12674.00691
12604.87486
12554.80524
12534.95829
12490.1751
12444.96992
12386.07954
12378.92896
12126.9889
12047.15746
12008.47428
11637.3345
11183.26259
11131.84962
10851.78081
10730.46429
10724.17409
10291.37009
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1.3 GO ENRICHMENT OF HITS

To figure out whether there is a relationship between the selected 28 kinases or if they belong to a
common pathway, gene ontology and pathway analysis were conducted using Enrichr. It should
be noted that these 28 kinases were selected based on the data of photo-protection in XP-C cells
regardless whether some also have protective effects in WT cells as well or are exclusive to XP-C
cells. This database allows the identification of the top ontologies or pathways that most genes in
a particular hit list belong to. The output is in ranks where the highest rank is the pathway that
most genes belong to. The scoring can be based on p value, rank-Z score, or a combination of the

(a) Panther-Pathway Analysis

ns P00047

L.I

mo sapiens P00019

0 sapiens P00048
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(b) GO-Biological Process

y Homo sapiens P04386

0:0046834)

mopoiesis (GO:0060216)
vasculature development (GO:0072012)

ulation of fibroblast apoptotic process (GO:2000271)
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Figure 46 Biological Pathways enriched among the siRNA primary screen hits

The identified deregulated genes of the primary siRNA screen were run in the enricher software to allow
the clustering of the different genes into common biological pathways based on the data provided by
panther analysis and GO biological processes. One pathway of interest involves the regulation of the
apoptotic process.

two. When conducting pathway analysis based on data from panther database and the combined
score ten pathways were obtained. One pathway of interest is the P53 signaling pathway that might
explain the increased survival of cells once such genes are deregulated leading to the inhibition of
this pathway. However, when exploring the GO enrichment for common biological processes the
top enriched processes are related to protein phosphorylation which is expected given the kinase
nature of the used library. One of the enriched GO is the regulation of the apoptotic process
(GO:004298) involving the genes: LATS1, LATS2, IRAK1, MEK4, RPS6KBI, TIE1, TEK, and

DDR?2 (figure 46).

2. SECONDARY SCREEN

2.1 SCREEN LAYOUT AND CONTROLS

A secondary screen with the 28 selected kinases was carried out on the XPC and WT cells. The
aim of this secondary screen is to eliminate any false positives that might have been selected among
the possible hits of the primary screen. Two siRNAs per kinase were utilized to have a total of 56
siRNAs utilized which correspond to the same siRNA sequences used in the primary screen. The
positive control that shows highest viability is the siAS transfected non-irradiated cells while the
negative control is the siAS transfected irradiated cells. SiCD is used to analyze the transfection
efficiency as their proper delivery allows the induction of cell death in the cells allowing a notable
decrease in viability. An additional control was added designated by EGS5, an siRNA that induces
mitotic arrest due to the depletion of KIF11 (Eg5) encoding a motor protein that belongs to the
kinesin-like protein family involved in chromosome positioning and bipolar spindle formation
during cell mitosis. This control can act as a marker for transfection efficiency as well and it was
either irradiated or non-irradiated. The same siRNA concentration of SnM was utilized with 48hrs
transfection. The screening was carried out in triplicate.

2.2 HITS” SELECTION CRITERIA
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Secondary screen hit selection was similar to the criteria utilized for the primary screen where the
results of controls based normalization designated by % of control as well as non-control based
normalization designated by Zscore were utilized. The confirmed hits were the ones showing a
viability higher than 20% and a Zscore above 1.8. Twenty-eight different siRNAs were selected
from the fifty-six ones that were tested (table 7). Some siRNAs selected target the same kinase
with different sequences for a total of 23 kinases targeted (figure 47).
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Figure 47 Secondary siRNA screen hits validation on XP-C cells

The primary screen selected hits were screened again on XP-C cells in a secondary screen for hit validation and the
elimination of false positives. Same procedure of transfection at 5nM for 48 hours followed by irradiation at 0.03J/cm?
then measurement of viability was carried out. After normalization based on % of control (>20%) and Z score (>1.8),
twenty eight siRNA were selected where some target the same kinases with 2 different sequences. The total amount of
targeted kinases is 23 different genes.
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Table 7 Confirmed hits of the secondary siRNA screen on XP-C cells

AK2_5 3.927062 | 29.11726 LATS2_1  3.429556  27.60679
CALM2_7 | 5.21025 30.89495 | MAP3K6_6 @ 6.249729 @ 41.37262
CAMK2G_2 5.150012 37.9231 NEK4_6 5.323561  25.50276
CAMK2G_3  6.392244 42.4956 PANK2_5 | 3.412649 @ 22.46257
CDK2_8 4.56631 30.34379 PANK2_6 @ 4.551301  30.56283
CLK1_2 5.220535 | 30.68944 PIK3C3_5 | 4.949462  33.14366
DDR2_2  3.841227 31.17385 PIK3C3_6 | 5.411534  31.48701
DGKZ_5 3.214304 | 22.75285 PIK3R3_5 | 5.358642 | 35.79591
DGUOK_10  3.644053 24.68216 PRKACG_5 7.333284 42.4458
FASTK_8 | 3.374449 ' 22.93462 | RPS6KB1_4 2.937697 | 23.34491
GSK3A_1 4.742301 32.96922 STK17B_1 @ 6.36139 42.2956
ITK_6 4.64827 28.32118 TIE1_3 3.335515 | 22.68225
LATS1_5 4.132616 | 31.60858 TSSK6_1 5.71493 38.10533
LATS1_6  4.505755 | 28.17822 TSSK6_2 | 3.807859 @ 25.96305

2.3 DNA DAMAGE ANALYSIS

The capacity of the knockdown of a particular kinase in enabling increase of XPC cells’ photo-
resistance post UVB is not enough as it should be coupled with enhanced repair of the created
DNA damage. The lack of the latter leads to accumulation of DNA damage that with increased
cell survival can give rise to mutation and ultimately cancer. Therefore, an additional readout was
carried out to assess the ability to knock down particular kinases to decrease DNA damage. For
that, XP-C cells were transfected with the siRNA library then UVB irradiated and incubated.
Twenty-four hours post incubation the cells were fixed and stained with anti-6-4PP antibody to
quantify the residual amount of DNA damage. The DNA damage analysis was carried out by
quantifying the median fluorescence average intensity further on normalized such as 100% DNA
damage was attribute to cells transfected with siAS and irradiated while 0% damage corresponds
to cells transfected with siAS but in the absence of irradiation.

Out of the selected siRNA only a few enabled a slight decrease in DNA damage amount with the
most prominent ones being the siRNAs targeting the genes LATS1 and PIK3C3 enabling a 20%
repair of DNA damage when compared to siAS transfected irradiated cells (figure 48). The single
cell representation of the selected kinases is portrayed as well where the difference between the
siAS transfected irradiated cells and the kinase knocked down cells were found to be significant

(figure 49).
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Figure 48 identification of siRNAs partially decreasing % of DNA damage in XP-C cells.

XP-C cells were transfected at 5nM with the 28 siRNAs hits of the secondary screen then irradiated at 0.03J/cm?. The
cells were further on fixed twenty four hours later and stained with 6-4 PP antibody and Hoechst. The fluorescence
intensity of individual cells was calculated per condition then normalized to that of siAS transfected irradiated cells
set as 100% and siAS non-irradiated cells set as 0%. Kinases whose knockdown enabled a 20% decrease in DNA
damage were selected which are LASTI and PIK3C3.
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Single Cell quantification of DNA damage
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Figure 49 Single cell analysis of LATS1 and PIK3C3 mediated decrease in DNA damage levels.

Following transfection with secondary screen hits and irradiation, XP-C cells were stained with 6-4PP antibodies
followed by DNA counterstain with Hoechst. More than 1000 cells per condition were selected based on DNA stain
and their DNA damage was quantified. Mean average intensity per cell is presented here in a violin plot that shows a
decrease in DNA damage for cells transfected with either LATS1 or PIK3C3 compared to siAS transfected irradiated
cells. This decrease was found to be significant. *** p<0.001, freedman non-parametric test with dun’s post hoc
analysis.

2.4 KNOCKDOWN VALIDATION AT RNA AND PROTEIN LEVEL

To validate the effect of the selected siRNAs in down-regulating their targets, the expression levels
of both LATS1 and PIK3C3 were investigated at mRNA and protein levels. WT and XP-C cells
were transfected with either AS, siLATS1 or siPIK3C3 to be followed by both RNA and protein
extraction. RT-qPCR revealed at ten-fold significant decrease in PIK3C3 mRNA in both WT and
XP-C cells (p-value<0.001 and p-value<0.01 respectively). Fourfold decrease in expression of
LATS1 was shown upon transfection with siLATS1 siRNA (p-value<0.05). This is also reflected
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at the protein level with the absence of protein expression for both PIK3C3 and LATSI in
transfected cells compared to siAS transfected cells (figure 50).
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Figure 50 Validation of siRNA mediated knockdown at the mRNA and protein level

To ensure that both siPIK3C3 and siLATS 1 specifically knockdown the expression of their targets, XP-C and WT cells
were transfected with either these siRNAs or siAS. After forty eight hours of incubation RNA and protein extraction
was carried out. Both siPIK3C3 and siLATS 1 were able to significantly decrease the expression of PIK3C3 and LATS1
respectively at the mRNA level in both XP-C and WT detected by RT-PCR. This knockdown was validated at the level
of protein expression via western blot where transfected cells manifest absence of protein bands at the level of each
target protein compared to siAS transfected samples. N =3 paired t-test *p-value<0.05, **p-value<0.01, ***p-
value<0.001

2.6 BIOINFORMATICS ANALYSIS OF OFF-TARGET EFFECTS

siRNAs mediate the knockdown of a particular gene via the degradation of its mRNA. This action
is completed via the perfect complementarity between the mRNA and the siRNA incorporated in
the RISC complex favoring the cleavage and thus degradation of the messenger RNA. However,
siRNAs possess off target effects due to their miRNA like activity where only a seed region of
around 7 bases and not the whole siRNA sequence has to have perfect complementarity with the
mRNA for the deregulation to occur. Therefore, according to the sequence of the siRNA different
possible miRNA like effects can exist allowing the downregulation of genes other than the
intended target.
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In the course of our study it is important to identify any possible off target effect to unravel the
gene whose knockdown is really enabling the phenotypic reversal of the XP-C cells. For that, the
two siRNAs that were validated to have an effect in this reversal were blasted against the whole
genomic transcripts to determine on which other mRNA they can exert a miRNA like effect on. It
was central to determine the mRNA as the two siRNA had similar effects so it is perhaps via the
off-target regulation of the same gene that they exert their action. This was carried out with the
Genome-wide enrichment of seed sequence matches: GESS bioinformatics method. One
identified off-target deregulated gene is FOXN3 which has a role in repression of transcription and
cell cycle arrest due to DNA damage. One can hypothesize that perhaps the knockdown of this
gene prevents the cell cycle arrest and allows cells to go further and undergo mitosis. However,
such possible role mediated by off-target downregulation needs to be confirmed by quantifying
FPXN3 expression in transfected cells hence determining if the phenotypic reversal is due to off-
target or on-target regulation of the hits identified. Expression profile of FOXN3 mRNA was
analyzed by RT-PCR in XP-C and WT cells transfected with either siLATS1, siPIK3C3 or siAS.
No significant down-regulation of FOXN3 expression was observed in siLATS1 or siPIK3C3
transfected XP-C and W'T cells compared to siAS transfected cells eliminating the possibility that
the reversal may have been due to a downstream effect of the deregulation of the off-target FOXN3

(figure 51).
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Figure 51 GESS analysis of off-target siRNA effects and RT-PCR mediated confirmation of the main
hit

SIRNAs can possess miRNA like effects on downregulating genes other than their targets based on incomplete
complementarity. For that we utilized the GESS bioinformatics tool to identify possible off-target effects of the two
SIRNAs based only on seed complementarity of each siRNA sequence with the whole transcriptome. The mRNA that
are potentially downregulated via a miRNA effect by both siRNAs were determined. A list of potential hits was
generated among which FOXN3 deregulation was of interest due to its role in DNA damage-inducible cell cycle
arrest. RT-PCR analysis negated the potential downregulation of this mRNA whose expression was not diminished in
neither WT nor XP-C cells transfected with siLATS1 or siPIK3C3 compared to siAS.

2.7 siRNA SECONDARY SCREEN ON WT CELLS
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Among the hits selected in the primary screen, some siRNAs showed increase in viability of both
WT cells as well as XP-C as a consequence of the knockdown of their respective kinases.
Therefore, screening hits on WT cells will allow us to check whether the effect is XP-C dependent
or not. Also, identifying potential kinase knockdowns that can help protect WT cells is of great
interest. The selected primary screen siRNAs were screened in WT cells at a higher dose of
0.1j/cm? and hit selection was based on the Zscore and % of control as discussed earlier. Ten
kinases were selected whose knockdown enhances viability of WT cells to UVB irradiation (figure
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Figure 52 Secondary siRNAs screen hits validation on WT cells

The primary screen selected hits were screened again on WT cells in a secondary screen for hit validation and the
elimination of false positives. Same procedure of transfection at 5nM followed by irradiation at 0.1J/cm? then
measurement of viability was carried out. After normalization based on % of control (>20%) and Z score (>1.8), ten
SiRNAs were selected where some target the same kinases with 2 different sequences. This allows the identification of
hits with exclusive effect on XP-C cells like PIK3C3 only found protective for XP-C cells or hits with common
protective response in both cell lines.liek LATS1.

52, table 8). All the genes selected also enabled an increase in XPC viability except for IRAK1

gene that had an exclusive effect in WT cells rather than XPC.

Table 8 Confirmed hits of the secondary siRNA screen on WT cells

- Gene  Zscore  %of Control
CAMK2G_2 1.812826 24.28381
CAMK2G_3 1.93524 25.63021

CDK2_8 1.633119 23.07316
DGKZ_5 2.238294 30.14579
FASTK_8 2.78004 34.92197
IRAK1_5 | 2.158327 29.14894
LATS1_6  1.456052 20.39447

123



Viability %

LATS2_1  2.397941 32.13593
NEK4_6 1.419124 20.18567
PRKACG_5 2.347105 31.50222

2.8 UVB DOSE RESPONSE AANALYSIS POST TRANSECTION IN XP-C AND WT CELLS

To further characterize the effect of PIK3C3 and LATS1 knockdown on the enhancement of
viability, both XP-C and WT were transfected with either siAS, siPIK3C3 or siLAT1 then
subjected to increasing doses of UVB. Viability was measured twenty four hours later and
normalized to that of non-irradiated cells (viability 100%). This can help decipher whether the
effect of the knockdown of these particular kinases is specific to XP-C or is a general protection
phenomenon for both cell lines. SiPIK3C3 transfection in XP-C conveyed a significant protection
against increased UVB doses compared to siAS transfected cells (p-value<0.05). Such effect was
not evident for WT cells where only siLATS]1 transfection enhanced the viability of WT cells post
UVB (p-value<0.05). LATS1 knockdown also mediated photo-protection in XP-C cells but was
not significant (figure 53). In conclusion, the protective effect of PIK3C3 knockdown was specific
to XP-C cells while LATS1 knockdown mediated photo-resistance in both XP-C and WT cells.
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Figure 53 Consequence of PIK3C3 and LATS1 knock down on cell viability in UVB dose response
analysis

XP-C and WT cells were transfected with either siLATS1, siPIK3C3 or siAS then subjected to increased UVB doses.
Their viability was further on assessed 24hours post UV by the incubation with PrestoBlue. Both siRNAs showed UV -
protection in XP-C cells with siPIK3C3 having a higher and significant increase in XP-C viability compared to siAS
(p-value<0.05) with LD50 of 0.05576J/cm? compared to 0.01297J/cm? for siAS transfected cells. WT cells UVB-
protection was evident in cells with LATS1 knockdown (p-value<0.05) showing increase in LD50 to reach 0.1574J/cm?
while siPIK3C3 transfection had no effect. Viability was calculated by determining the percent of control with respect
to non-irradiated siAS transfected cells taken as 100% viable. * p-value <0.05, For WT cells: Repeated Measure one

way ANOVA with Dunnett’s multiple comparison test and for XP-C cells Freedman test with Dunn’s multiple
comparison.
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3. KNOCKDOWN PHYSIOLOGICAL CONSEQUENCE

3.1 REDUCTION OF APOPTOSIS BY PIK3C3 AND LATS1 KD IN XP-C AND WT CELLS
RESPECTIVELY

To examine the cellular mechanisms of photo-resistance mediated via the depletion of the two hit
kinases LATS1 and PIK3C3, we assessed cell death. Quantification of apoptosis using Cell Event,
indirect measurement of caspase 3/7 activity, and PI staining were carried out. XP-C or WT cells
were transfected with either siAS, siLATS1 or siPIK3C3 then irradiated at doses 0.03J/cm? and
0.1J/cm? respectively for XP-C and WT cells. Twenty hours post UV the cells were collected and
analyzed by flow cytometry. Both siLATS1 and siPIK3C3 transfection enabled a significant
increase in XP-C live cell population compared to siAS transfected cells (p-value<0.001). The
photo-resistance mediated by PIK3C3 knockdown in XP-C cells was greater than that of LATS1
knockdown. The opposite is visualized in WT cells, where LATS1 knockdown induced a higher
increase in live cell population compared to a lower increase induced by PIK3C3 knockdown (p-
value<0.001) (figure 54). This suggests that PIK3C3 knockdown in XP-C cells and LATS1
knockdown in WT cells decrease the level of apoptosis in these cells post UVB irradiation.
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Figure 54 PIK3C3 and LAST1 knockdown and their consequences on apoptotic cell death in XP-C
and WT cell lines.

To decipher the effect of downregualtion on UVB induced apoptotic cell death, XP-C and WT cells were transfected
with siAS,siPIK3C3 or siLATI then irradiated at 0.03 and 0.1J/cm? for the XP-C and WT cells respectively. CellEvent
caspase 3/7 marker was added post UV then cells were collected. PI was added just before analysis on a flow
cytometer. Both knock downs efficiently increased live cell populations in XP-C cells with siPIK3C3 mediating a
higher increase (61.75% vs. 43% for siAS) accompanied with a decrease in apoptotic cell population (29% vs. 43%
for siAS). For WT cell LATSI knock down mediated a higher increase in live cell population compared to siPIK3C3
or siAS. Two way anova was used to compare between the two independent variables (type of cell death or stain and
nature of the transfection) and the dependent variable which is the population %, ***p<0.01.

3.2 NO CHANGE IN THE PROLIFERATION STATUS UPON TATGETED KINASES’
DOWNREGULATION IN XP-C AND WT CELLS

To study the effect of the different siRNAs transfection on the proliferative capacity of the cells,
XP-C and WT cells were transfected with the different siRNAs then subjected or not to UVB
irradiation at 0.02J/cm?. Two hours post UV and EDU incorporation, the cells were collected and
stained. Analysis with flow cytometry revealed no significant difference in EDU incorporation at
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Figure 55 Same EDU incorporation is evident between siPIK3C3, siLLLAST1 and siAS transfected XP-
C cell line.

XP-C cells were transfected with the different siRNAs then irradiated. Prior to the end of the post UVB incubation, the
cells were incubated in the presence of EDU. Cells were further on collected, stained and analyzed by flow cytometry. No
difference is seen between the EDU positive populations in the different treatment condition at either 2 or 4 hours post
UV. Two way anova was used to compare between the two independent variables (time post UV and nature of the siRNA
transfected) and the dependent variable of EDU population percentage.

the basal non-irradiated level as well as two hours post UV for both XP-C and WT cells transfected
with either siAS, siLATS1 or siPIK3C3. Hence, it is not via proliferation enhancement that the
down regulated kinases exert their action in the enhancement of cell viability (figure 55 and figure
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Figure 56 Same EDU incorporation is evident between siPIK3C3, siLLLAST1 and siAS transfected WT
cell line.

WT cells were transfected with the different siRNAs then irradiated. Prior to the end of the post UVB incubation, the cells
were incubated in the presence of EDU. Cells were further on collected, stained and analyzed by flow cytometry. No
difference is seen between the EDU positive populations in the different treatment condition at either 2 or 4 hours post
UV. Two way anova was used to compare between the two independent variables (time post UV and nature of the siRNA
transfected) and the dependent variable of EDU population percentage.
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56) despite LATS1 knockdown showing a slight increase in EDU incorporation at basal level in
both cell lines.

3.3 EFFECT OF TRANSFECTION ON OXIDIZED PURINE REPAIR

XPC cells are characterized by an increase in the production of reactive oxygen species due to a
disrupted homeostasis. The latter favors the formation of oxidized purines[188]. Thus, to decipher
the effect of transfection on the production and repair of oxidized purines, XP-C and WT cells
were transfected with the different siRNAs, irradiated at dose 0.02J/cm? then collected at different
times points post UV (0, 2 and 24 hours). The cells were then analyzed with modified alkaline
assay with the addition of FPG that allows the conversion of oxidized purines into strand breaks
permitting their quantification by the subtraction of the mean tail intensities in the presence of FPG
from those in the absence of FPG. The speed of repair was determined via the quantification of the
slope of decrease in damage as function of time. WT cells transfected with siLAT1 showed lower
amount of oxidized purines at time zero post UV compared to siAS or siPIK3C3 transfected WT
cells (p-value<0.001). Regardless of the downregulated kinase, all conditions manifest significant
decrease in amount of oxidized purines as function of time post UVB irradiation. siAS and
siPIK3C3 transfected WT cells show similar repair kinetics, with siAS samples manifesting
slightly faster repair with slope of -0.2886 compared to -0.2148 for siPIK3C3. In XP-C cells little
repair is visualized for XP-C cells transfected with siAS that show lower amount of oxidized
purines at time zero compared to the other conditions despite not being significant. SILATSI
transfected cells manifest greater oxidized purines at time zero but they were significantly
decreased as function of increased incubation time post UV with a slope of -0.3626. Slower repair
is visualized in PIK3C3 knocked down XP-C cells showing a slope of -0.23. It should be noted
that the slope for the repair was calculated based on the linear regression for each condition (figure
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Figure 57 Repair of oxidized purines in WT and XP-C cells post transfection

The amounts of oxidized purines were quantified in the different transfection conditions with either siAS, siPIK3C,
SiLATS1 for both WT and XP-C cells using comet assay £ FPG. WT cells with downregulation of LATSI1 manifest
lower amounts of lesions at time zero compared to siAS or siPIK3C WT transfected cells. In all samples the amount
of damage decreased as function of time with fastest repair for siAS transfected cells. XP-C cells, however, showed
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little repair for oxidized purines in siAS condition, while in both siPIK3C and siLATS1 repair was evident as function
of time ad was more efficient for XP-C cells with LATSI knockdown. Two-way anova with Tukey’s multiple
comparison and linear regression. *p-value<0.05, **p-value<0.01, ***p-value<0.001, ****p-value<0.0001.

4. DECIPHERING REGULATION OF MOLECULAR MECHANISMS OF XPC

SYNTHETIC RESCUE

4.1 EFFECT OF siPIK3C3 AND siLATS1 ON THE PHOSPHORYLATION PROFILE OF AKT
AND P53.

In order to decipher the effect of LATS1 and PIK3C3 depletion then irradiation on the downstream
effected signaling, we chose to quantify the phosphorylation level of both phospho-AKT Ser473
and phospho-P53 Ser15 as well as P53 and AKT expression. Phosphorylation of AKT Ser473 was
shown to be mediated by UVB irradiation and leads to skin survival via the inhibition of apoptosis
[346]. As for phosphorylation of P53 at Serl5, it is considered as an early step leading to
downstream induction of apoptosis[347].

XP-C and WT cells were cultured in 6-well plates and transfected with either siAS, siLATS1 or
siPIK3C3. Forty-eight hours later the cells were exposed or not to UVB of dose 0.02J/cm®.The
same dose was used for both cell lines. Thirty minutes post UV, the cells were collected and their
proteins extracted to be resolved on SDS-PAGE.

XP-C cells transfected with PIK3C3 showed no change in P53 expression or P-P53 Serl5
phosphorylation at the basal level compared to siAS transfected cells. However, post irradiation
siPIK3C3 XP-C cells manifested a significant (p-value<0.05) decrease in P53 expression as well
as decrease in P53 Ser15 phosphorylation hence explaining the lower apoptotic levels manifested
in XP-C siPIK3C3 transfected cells. As for AKT expression and phosphorylation, basal level
expression of AKT was non-significantly higher in siPIK3C3 transfected cells. An inverse profile
was displayed post irradiation with lower AKT expression for siPIK3C3 transfected XP-C cells
combined with a significant (p-value<0.05) increase in AKT Ser473 phosphorylation compared to
siAS controls (figure 58a). WT cells transfected with siPIK3C3 showed no change in the basal or
post irradiation expression level of either P53 or AKT between siPIK3C3 transfected versus siAS
cells. The phosphorylation levels of both proteins were as well unaltered (figure 58b). This lack of
differential expression and phosphorylation validates the absence of effect of siPIK3C3
transfection on WT cells compared to their effects on XP-C cells.
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Figure 58 The effect of PIK3C3 knock down on the phosphorylation profile of P53 Ser15 and AKT
Ser473 in XP-C and WT cells.

XP-C and WT cells were transfected with either siAS or siPIK3C3 then irradiated. Protein extraction was then carried
out to follow up the phosphorylation profile of both P53 and AKT. a)siPIK3C3 transfection lead to a decrease in the
level s of P-P53 Serl5 while mediating an increase of P-AKT Ser473 (p-value<0.05) in XP-C cells. b) WT cells
showed no significant difference for both phosphorylated proteins profile. Paired t-test *p-value<0.05
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SiLATST1 showed no significant changes in P53 expression or phosphorylation compared to siAS
in transfected XP-C cells at both basal and post irradiation conditions. Although, this treatment
was able to induce changes in AKT expression with an increase at basal level (p-value<0.05) and
a non-significant decrease upon irradiation. P-AKT Ser473 was elevated in siLATS1 transfected
cells with and without UV but was non-significant (figure 59a). Finally, LATS1 downregulation
in WT cells showed similar effects as siPIK3C3 transfection in XP-C. siLATS1 transfection in
WT cells enabled a non-significant decrease in both P53 and AKT levels while P-P53 Ser15 was
significantly downregulated and P-AKT Ser473 significantly upregulated (p-value<0.05) in
response to UV irradiation and compared to scrambled transfected WT cells. Thus LATSI1
downregulation was more effective in WT cells altering both P53 and AKT phosphorylation
compared to a lower effect manifested in XP-C cells (figure 59b).
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Figure 59The effect of LATS1 knock down on the phosphorylation profile of P53 Ser1S and AKT
Ser473 in XP-C and WT cells.

XP-C and WT cells were transfected with either siAS or siLATS1 then irradiated. Protein extraction was then carried
out to follow up the phosphorylation profile of both P53 and AKT. a) siLATSI transfection lead to an increase in the
level s of P-P53 P-AKT Ser473 without affecting P-P53 Serl5 levels in XP-C cells. b) WT cells showed a decrease in
P-P53 Serl5 with an increase in P-AKT Ser473 upon LATS1 knockdown. Paired t-test, *p-value<0.05
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4.2 EFFECT OF LATS1 DOWNREGULATION ON YAP EXPRESSION AND
TRANSLOCATION

LATSI is one of the proteins involved in the Hippo pathway (Supplementary figure 1). The latter
negatively regulates the activity of the transcriptional co-activator with PDZ-binding motif (TAZ)
and the Yes-associated protein 1 (YAP). The off-state of the Hippo pathway involves the
translocation of the YAP/TAZ complex to the nuclei where it interacts with the TEA domain
family member (TEAD) leading to the transcription of genes controlling cell proliferation,
apoptosis and cell fate [348]. In the on-state, Y AP/TAZ will be sequestered to the cytoplasm where
they will be subjected to degradation. Therefore, we postulate that the knockdown of LATS1 might
have an effect on the YAP expression. XPC and WT cells were transfected with either siAS or
siLATS1 then irradiated at 0.02]/cm?. The cells were further on collected 30 minutes post UV and
had their proteins extracted to be resolved on SDS-PAGE. On one hand, YAP expression was
unaltered upon LATS] transfection in XP-C cells compared to siAS in both irradiated and sham
irradiated samples. There was a slight but insignificant increase in YAP expression in LATS1
transfected WT cells post UV. On the other hand, LATS1 transfected WT non-irradiated cells
manifested an increase in YAP expression compared to siAS transfected control. However, upon
irradiation Yap expression was downregulated in WT LATSI transfected cells. Both regulations
in WT cells were not significant (figure 60).
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Figure 60 YAP expression profile in XP-C and WT cells upon LATS1 downregulation

YAP expression at the basal and post UV levels was analyzed in both XP-C and WT cells transfected with siAS or
siLATS1. No difference was recorded for YAP expression in XP-C cells between siAS versus siLATS1 transfections.
In WT cells basal YAP was upregulated upon LATS1 knockdown while post UV expression was decreased. However,
both differential regulations were not significant. Paired t-test.

Due to the lack of significant differences in YAP expression in XP-C siLATSI1 transfected cells,
we then proceeded to quantify the translocation of YAP to the nuclei to further clarify the nature
of the observed photo-protection. XP-C and WT cells were seeded in 96 well plates then
transfected with either siAS or siLAST1. One hour post irradiation the cells were fixed. After
permeabilization, the cells were incubated with an antibody against YAP. Phalloidin staining was
used to delimit the circumference of the cell while Hoechst staining enabled the determination of
the nuclear region. XP-C cells manifested vast translocation of YAP to the nuclei at the basal level
upon the knockdown of LATS1 (p-value<0.001) which was lower upon irradiation but still
significantly different than siAS transfected irradiated XP-C cells (p-value<0.01). WT cells
showed slight increase in translocation of YAP to the nuclei at basal and irradiated states but were
not significant (figure 61). However, these translocations had no effects on the proliferation
capacity of both XP-C and WT cells as manifested earlier. So it perhaps via another pathway that
Y AP is exerting its protective in XP-C cells.
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Figure 61 YAP translocation upon LATS1 downregulation in XP-C and WT cells.

The effect of siLATS1 transfection on YAP translocation to the nucleus was quantified in both XP-C and WT cells
prior and post UVB irradiation. XPC and WT cells were seeded in 96 well plates and transfected with either siLATS1
or siAS for 48 hours. The cells were then irradiated and fixed one hour post UV. YAP Ab was utilized to follow the
translocation of YAP protein while staining with both Hoechst and phalloidine were used to delimit both the nuclei
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and the cell circumference respectively. XP-C cells manifested increased translocation of YAP to nuclei prior and
post UV upon LATSI knockdown. WT showed as well YAP translocation at the basal no UV level that was less upon
irradiation. Mixed effect analysis with Tukey’s multiple comparison analysis. *p-value<0.05, **p-value<0.01, ***p-
value<0.001.

4.3 PIK3C3 KD MEDIATES SYNTHETIC RESCUE IN XPC CELLS

In order to understand better the downstream effects of PIK3C3 knockdown, we performed string
protein analysis to find validated protein interactors with PIK3C3. The search was based on known
interactions from databases or experimentally established interactions. In addition, other
interactors based on gene neighborhood, fusion and co-occurrence, text mining, co-expression and
protein homology were taken into consideration. Ten proteins were identified which mostly belong
to the autophagy pathway (figure 62) including UVRAG, Beclin and ATG proteins. PIIK3C3 is
an active mediator of autophagy via the formation of complexes with Beclin and UVRAG[349] .
Therefore we wanted to examine the changes in UVRAG and Beclin interaction upon the depletion
of PIK3C3. For that XP-C cells transfected with either siAS or siPIK3C3 were subjected to
irradiation then their proteins were extracted. These proteins were then incubated with isotype or
Beclin antibody coated protein G Magne beads to immune-precipitate Beclin interacting partners,
mainly UVRAG, and decipher their differential interaction between siAS and siPIK3C3
transfected cells. Western blot of the eluted samples from the beads revealed decreased complex
formation between UVRAG and Beclin as visualized by the lower intensity of UVRAG detected
after immune-precipitation using Beclin antibody in siPIK3C3 transfected cells compared to siAS
transfected cells (figure 63). This indicated that in the absence of PIK3C3 UVRAG interacts less
with Beclin. It should be noted that the isotype controls did show a band for UVRAG of lower
intensity relative to the immune-precipitation samples due to the need for more rigorous washing
steps and the need for lysate pre-clearing to prevent non-specific binding to the beads.

Moreover, whole cell lysate (WCL) blotting revealed an up regulation of UVRAG expression in
siPIK3C3 transfected samples that we investigated further (figure 63). XP-C and WT cells
transfected with siPIK3C3 and siAS then irradiated were examined to quantify UVRAG
expression. This confirmed the WCL results where UVRAG is significantly upregulated in XP-C
cells lacking PIK3C3 (p-value<0.01). WT cells, however, did not show any upregulation in
UVRAG expression (figure 64). This upregulation of UVRAG in XP-C cells and its reduced
involvement in the autophagic complex signifies an alternative non-autophagy related function for
UVRAG.
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Figure 62 Direct Interactors In the network of PIK3C3.

For the determination of the possible downstream effectors of the PIK3C3 knock down string protein interaction analysis

was carried out to identify potential and experimentally proven interactor with the PIK3C3 protein where the majority
belonged to the autophagy pathway.
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Figure 63 Co-Immunoprecipitation of UVRAG with Beclin in XP-C siPIK3C3 transfected and
irradiated protein extract.

To visualize changes in Beclin-UVRAG interaction upon siPIK3C transfection, Beclin antibody was mobilized
with protein G Magne beads to allow the immunoprecipitation of both Beclin and other interacting proteins.
The resulting immunoprecipitated proteins were run on SDS page gel and immunoblotted for the detection of
UVRAG comlexed with Beclin. PIK3C3 knockdown slightly decreased UVRAG association with Beclin
compared to siAS transfected cells.
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Figure 64 UVRAG expression levels differ between XP-C and WT cells with PIK3C3 downregulation.

GAPDH 37kDa

UVRAG expression was analyzed post siPIK3C3 transfection in XP-C and WT cells after UV irradiation. XP-C cells
manifest a significant increase in UVRAG expression upon PIK3C3 deregulation that was not evident in WT cells.
Paired t-test, **p-value<0.01.

5. VALIDATION OF SIRNA MEDIATED PHOTO-RESISTANCE ON PRIMARY

XP-C AND WT CELLS

The exclusive photo-protective effect of PIK3C3 knockdown on XP-C immortalized cells and the
effect of LATS1 downregulation on both WT and XP-C immortalized cells were further on
validated on primary cell lines. Primary XP-C and WT fibroblasts were transfected with either
siAS, siPIK3C3 or siLATS1 for forty eight hours then irradiated at increasing UVB doses to have
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their viability quantified twenty four hours post UV. siPIK3C3 transfection in primary XP-C cells
enabled a significant (p-value<0.05) photo-protection upon increasing UVB doses compared to
siAS transfected cells showing an LD50 of 0.08]J/cm? matched by an LD50 of 0.02]/cm? for siAS.
LATS1 downregulation did as well increase XP-C cells’ viability mediating an LD50 of
0.045J/cm? but was not significantly varied from siAS. For WT cells, siPIK3C3 showed the same
LD50 value as siAS transfected cells of 0.065]J/cm? while siLATS1 manifested only a slight
increase in protection with an LD50 of 0.069J/cm? which was not found significant (figure 65). In
conclusion, this confirms the XP-C exclusive effect of PIK3C3 knockdown.
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Figure 65 PIK3C3 and LATS1 knock down’s consequence on cell viability in primary XP-C and WT
cells

XP-C and WT primary cells were transfected with either siLATS1, siPIK3C3 or siAS then subjected to increased UVB doses.
Their viability was further on assessed 24hours post UV by the incubation with PrestoBlue. Both siRNAs showed UV-
protection in XP-C cells with siPIK3C3 having a higher and significant increase in XP-C viability compared to siAS giving
higher LD50 of 0.08J/cm? for siPIK3C3 transfected cells (p-value<0.05). WT cells UVB-protection was not highly enhanced
after transfection with only slight variation in LD50 values compared to siAS. Viability was calculated by determining the

percent of control with respect to non-irradiated siAS transfected cells taken as 100% viable. Freedman test with Dunn’s
multiple comparison * p-value <0.05.

6. 3D DERMAL CONSTRUCTS

Experimentation on cells in 2D culture is imperative yet limited by the fact that it does not resemble
the physiological conditions in the human body. Since XP-C is a rare disease it is quite difficult to
obtain skin samples from patients. For that, the alternative is to reconstruct 3D XP-C skin
equivalents in the lab from amplified 2D cultured XP-C patient cells thus providing access to a
model closer to the physiological one with possibility of having more constructs for
experimentation. The protocol consists of seeding XP-C fibroblast, embedded in fibrin hydrogel,
in an insert to allow dermal equivalent formation. This is then followed by the seeding of WT
keratinocytes on top of the dermis that will further on differentiate by placing the construct in
air/liquid interface. As an attempt to visualize the difference posed by PIK3C3 knockdown, XP-C
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dermal equivalents were constructed then transfected with siPIK3C or siAS for three days prior to
their irradiation with UVB at 0.01J/cm2. Cell apoptosis will be monitored via staining with cell
event for 24 hours post irradiation. Twenty four hours post UVB, the samples were frozen then
sliced for staining. Part of the dermis was used for protein extraction for western blot. The dermis
will be stained with PIK3C antibody, 6-4PP DNA damage recognition antibody, and Hoechst. We
were able to construct the dermal equivalent and monitor the different markers of apoptosis and
DNA damage yet the transfection of the cells was not efficient as PIK3C was still visualized by
both immune-fluorescent staining and western blot (figure 66). The other possibility was to
transfect the cells with the siRNA prior to their seeding however due to the minimal 2 weeks’ time
required for dermal maturation the siRNA mediated knockdown will not be stable for that long
duration. Therefore, the final alternative is to create PIK3C3 knock out XP-C cells via CRISPR-
Cas 9 technology to ensure a longer duration of knockdown. In conclusion, despite the fact that
the transfection of inserts in 3D was not possible due to lack of access for the siRNA in the dense
construct we still managed to optimize the different readouts to be carried out including the
monitoring of apoptosis and DNA damage post irradiation on the dermal equivalent to be created
by PIK3C3 knocked out XP-C cells. It would be of interest after that to continue till the formation
of the full XP-C skin construct and study whether PIK3C3 deregulation can have an effect on
keratinocytes’ invasion in XP-C dermis.

XP-C dermis siPIK3C3 XP-C dermis siAS

50

Composite

Dermis
siAS siPIK3C3

PIKC3C3 100kDa

<

Figure 66 XP-C dermal equivalent immune-stained for the quantification of apoptosis, 6-4PP and PIK3C3
expression with western blot validation of the latter.

3D re-constructed dermal equivalents were constructed using XP-C cells then subjected to both siRNA transfection and UV irradiation.
Transfection of siPIK3C3 was not efficient in decreasing PIK3C3 expression detected by both immune-fluorescence as well as western
blot. Similar levels of apoptosis and 6-4 PP were detected that can be explained by the lack of differential regulation of PIK3C3.
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GENERAL DISCUSSION

CHEMICAL SCREEN DISCUSSION

The presented work identified two drugs, isoconazole and clemizole hydrochloride that could
partially reverse the XP-C characteristic phenotype: increased photosensitivity and absence of
DNA damage repair of photoproducts. In addition, both drugs also enabled photo-protection in
WT cells exposed to high doses of UVB irradiation.

XP-C patient cells carry a mutation in the XPC gene required for the recognition of DNA damage.
This mutation renders the cells photosensitive[350] and unable to repair UVB induced DNA
damage. Here we confirmed the photosensitive profile of XP-C as they show a significantly (p-
value<0.001) reduced viability compared to WT cells as a function of increased UV doses (figure
22). Such cells lack the XPC proteins, as confirmed by immunostaining signifying that such
mutation leads to the complete loss of the XPC protein (figure 20). Moreover, upon the
quantification of the different UVB induced DNA lesions by LC-MS/MS is was evident that XP-
C cells manifest slower repair kinetics compared to WT cells. UVB induced lesions include either
CPD or 6-4PP that are formed between two adjacent pyrimidines giving four possible lesions T-
T, C-C, C-T and T-C[351]. The most abundantly formed lesions are the T-T and T-C lesions for
both the CPD and the 6-4PP. In WT cells both lesion types of 6-4PP are readily repaired by the
cells few hours post irradiation while CPDs require more time with lesion dependent repair kinetics
the slowest repair being for T-T, T-C, C-C then C-T CPD showing the fastest repair confirmed by
us and others[352]. XP-C cells show no or reduced repair for both CPD and 6-4PP different lesion
types as a function of time (figure 23).

Drug repurposing is the process of testing previously approved drugs, used for a particular
therapeutic purpose, for their potential use in the treatment of other common or rare diseases. This
cuts down drug discovery costs and the long process of toxicity and pharmacokinetics testing[353].
For that, our aim was to test a library of 1280 approved drugs for their potential use in normalizing
the XP-C phenotype. XP-C cells were treated with the compounds at 10uM for 24h then irradiated
with UVB and then treated again with the same compounds at the same concentration for an
additional period of 24h. The overall viability of the treated cells, proportional to the amount of
metabolically active cells, was then measured via incubation with PrestoBlue. The fluorescent
values obtained were normalized via either the calculation of drug activity %, control based with
100% for non-irradiated DMSO treated cells and 0% for irradiated ones or via the calculation of
the non-control based RZscore. Drugs that showed an activity >25% with an RZscore above 2.6
were selected as primary hits to be confirmed via a secondary screening which were 16 drugs
(figure 33). Acitohexamide was added to the secondary screen drug list due to its previously
described photo-protective effect on XPA cells via the enabling of damage repair[211].
Isoconazole, clemizole hydrochloride and bifonazole manifested the highest bioactivity after
secondary screening enabling photo-protection in XP-C cells compared to DMSO treated controls
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with a range of 20 to 40% increase of cell viability depending on the conditions (figure 34).
However, the enabling of photo-resistance is not sufficient by itself for a satisfying curative
outcome. The persistence of cells with accumulated DNA damage can lead to the conversion of
such lesions into mutations which depending on their localizations can lead to carcinogenesis[354].
The main lesion in XP cells mediating the UV signature mutation is the C-C lesion where the slow
repair of such lesion in XP cells compared to its fast repair in WT cells favors the deamination and
induction of mutations[351]. Therefore, photo-resistance should be associated with increased
DNA damage repair in the perspective of therapeutic treatment. Indeed, we tested the capacity of
the 16 primary hits and acetohexamide in mediating the decrease of DNA damage post UVB
irradiation. Out of this collection, two compounds, isoconazole and clemizole hydrochloride
decreased the amount of DNA damage post UV in XP-C cells by about 20% (p-value<0.001 at

SuM) (figure 35).

Isoconazole is an azole antifungal drug with no reported data on its effect in sun-shielding upon
its use on the skin while clemizole hydrochloride is a Histamine H1 antagonist. Other documented
functions for clemizole hydrochloride include its role in the treatment of HCV infection [355] and
its blocking effect on TRPCS ion channels [356]. These functions fail to explain these drugs’ effect
on XP-C cells suggesting possible alternative mode(s) of action than the ones documented that
needs to be further on explored.

One similar approach to ours was conducted on XP-A cells where the anti-diabetic drug
acetohexamide was found to be effective in reducing the cells’ photosensitivity and enabling
damage repair [211] mediating the identification of an additional mode of action for this drug not
related to its documented effect. Acetohexamide had minimal effect in the reversal of XP-C
phenotype when tested in our screen, yet we managed to identify other drugs that can aid in this
phenotypic partial reversal. Acetohexamide enabled the degradation of MUTYH, a protein
involved in the removal of adenine residues mispaired with 8-oxo-guanine residues after oxidative
stress[357]. The authors hypothesized that the degradation of such protein might be enabling
spatial access of the lesions to other repair machinery independent of nucleotide excision
repair[211] which was not yet further explored to date. It is therefore possible that the hit drugs
identified in this study might similarly impose spatial access effect or that they interfere with on
one or several mediators of DNA repair, a hypothesis which needs to be further on examined.

Collectively, our data show that isoconazole and clemizole hydrochloride mediated an increase in
cell viability post UV irradiation and enabled to a lower extinct the repair of accumulated DNA
damage in the form of UVB-induced 6-4PP. Isoconazole, on one hand, mediated a curative effect
post UV irradiation by enabling the decrease of apoptotic cells’ population as measured by flow
cytometry with cell event caspase 3/7 activity staining (figure 39). Clemizole hydrochloride’s
effect, on the other hand, was both preventative pre UV and curative post UV irradiation showing
a p-value<0.05 while the difference between the post-irradiation alone and the pre-irradiation
treatment was not significant (figure 37) . Such effect is mediated via a yet unknown mechanism.
The simultaneous double treatment with both drugs revealed no synergistic nor additive effect
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(figure 38). This suggests that both drugs interfere with a similar biological process or target which
is consistent with the fact that they share similar chemical scaffold (azole ring). Moreover, both
drugs were shown not to affect the cells’ proliferation rate (figure 42). The photoprotective effect
of the drugs was also evident in WT cells post UV irradiation signifying the involvement of a
protective pathway indirectly related to the mutated XPC gene (figure 36). This work will mark
the first attempt in discovering compounds for the amelioration of the XP-C phenotype yet the
exact regulated target needs to be further on explored to allow the identification of the effectors
aiding in this phenotypic reversal and thus paving a way for a potential therapy for this yet
untreatable genodermatosis.

SIRNA SCREEN DISCUSSION

This work allowed the identification of two kinases whose knockdown can partially reverse the
phenotype of XP-C cells enabling an increase in photo-resistance and decrease in the accumulation
of DNA damage following UVB irradiation. The two kinases are LATS]1, an integral player in the
Hippo pathway, and PIK3C3, involved in autophagy. The effect of LATS1 knockdown was
evident in both WT and XP-C cells whereas downregulation of PIK3C3 mediated a photo-
protection exclusive to XP-C cells.

UVB irradiation generates a plethora of damage in our DNA including mainly pyrimidine dimers.
These dimers are repaired by the Nucleotide Excision Repair machinery to maintain genomic
integrity. NER is further on sub-classified into global genome-NER (GG-NER) repairing damages
throughout the genome and transcription coupled-NER (TC-NER) mainly designated for repair in
actively transcribed genes. Mutations in one of the associated NER machinery can lead to de-
regulation of this orchestrated repair process and the development of numerous pathologies.
Xeroderma Pigmentosum C is a complementation group of the NER-deficient disease, Xeroderma
Pigmentosum, with a mutation in GG-NER damage recognition protein XPC[350]. XP-C patients
manifest sensitivity to UV irradiation and accumulation of DNA damages. We confirmed the latter
profile in our XP-C cell lines. XP-C patient derived cells used in this study manifest a
downregulation of XP-C mRNA expression (p-value<0.0001) and absence of protein expression
(p-value<0.001) (figure 21). Upon UVB irradiation, XP-C cells manifest decreased viability as
function of increased UVB dose compared to WT cells showing higher photo-resistance (p-
value<0.05) (figure 22). Finally, LC-MS/MS quantification of 6-4 PP and CPD in XP-C versus
WT cells as function of incubation time post UVB revealed that WT cells indeed can efficiently
repair pyrimidine dimers compared to XPC deficient cells as shown earlier[351] (figure 23).

XPC mutation increases the risk of cancer in patients, who need to be shielded from UV light at
all times. However, not all mutations are deleterious. Suppressor mutations can reverse the effect
of a primary mutation via a second one. This secondary mutation might take place in a gene
belonging to the same pathway or a distinct one. Although not extensively studied in humans,
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suppressor mutations can help explain how some individuals appear to be normal despite carrying
a disease causing mutation that is counteracted by a suppressive one[358]. Therefore, our aim was
to utilize the concept of suppressive alteration in the course of XP-C. XP-C and WT cells were
transfected with an siRNA library targeting all human kinases followed by irradiation to allow
DNA damage induction. After recovery time, readouts were quantified to identify hit siRNAs
mediating photo-resistance and damage repair. Primary screening allowed the identification of
twenty eight different kinases whose knockdown enabled increase in post UVB viability (figure
45) . Hit confirmation was then carried by secondary screening that allowed the elimination of
false positives (figure 47). Finally, staining the cells transfected with secondary screen hits allowed
the identification of siLATS1 and siPIK3C3 that in addition to their photo-protective effect also
enable decrease in the amount of UVB-induced 6-4 PP by 20% compared to siAS transfected
irradiated cells (p-value<0.001) (figure 49).This is critical as increasing cell viability alone without
repair can further on allow the accumulation of cells harboring lesions and ultimately lead to
carcinogenesis[354]. Moreover, the simultaneous screening of WT cells can be advantageous in
detecting kinases’ deregulation with exclusive effects on either XP-C or WT cells (figure 52).
siRNAs mainly function via the degradation of target mRNA due to perfect complementarity
between their sequences. That being said, incomplete complementarity of siRNAs can lead to
secondary off-target effects. For that we conducted bioinformatics based identification of
commonly deregulated off-targets of the two identified siRNAs. This search yielded FOXN3
further on confirmed not to be deregulated in either siPIK3C3 or siLATS1 transfected XP-C and
WT cells (figure 51). Moreover, the knock down of the intended targets, LATS1 and PIK3C3, post
transfection was validated at the mRNA level by RT-PCR and protein level by western blot (figure
50). Finally, UVB dose response analysis on WT and XP-C cells transfected with siAS, siPIK3C
or siLATS1 then irradiated at increasing doses revealed that the knock down of LATS1 despite
increasing XP-C cell viability also had similar effect on WT cells (p-value<0.05). The knock down
of PIK3C3, however, mediated an increase in XP-C cells’ viability compared to siAS control (p-
value<0.05) without having a protective effect on WT cells (figure 53).

Phenotypic reversal especially at the level of increased viability post UV can rise from either
modulation of apoptosis, cell proliferation or the indirect effects of reactive oxygen species. For
that, monitoring of cell event caspase activity marker and PI incorporation was utilized to visualize
the effect of downregulation on the apoptotic profile of WT and XP-C cells. In compliance with
viability measurements, siPIK3C3 indeed showed significant upregulation in the live cell
population (61.75%) in XP-C cells followed by siLATS1 with 47.38% compared to siAS
transfected XP-C cells with 43.49%. WT cells' highest live cell population % was mediated by
siLATS1 transfection (figure 54). This means that siLATS1 was able to increase live cell
population in both XP-C and WT cells while siPIK3C3 was only effective in decreasing apoptosis
in XP-C cells and not WT. Nonetheless, both siRNAs failed to exhibit any change in EDU
incorporation signifying that their mediated effects is not via the modulation of the proliferative
capacity of cells (figure 55, figure 56 ). Moreover, ROS production can alter cell homeostasis and
lead to damages at the level of the DNA including the formation of oxidized purines[359].
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Therefore, we wanted to test whether the different transfections can alter the amount of produced
ROS or if they can modify the repair of ROS generated DNA damages in both WT and XP-C cells
using comet assay. LATS1 downregulation in WT cells resulted in initial lower amount of oxidized
purines at time zero post UV that can be linked to having lower ROS generated upon irradiation.
As for siAS and siPIK3C3 transfected cells they show similar amount of lesions and display similar
repair kinetics of the damage as function of increased time post UV with slightly faster repair
shown in siAS cells. XP-C cells showed non-significant lower damage in siAS transfected cells
compared to remaining conditions. However, the repair of the lesions was not evident in siAS
transfected cells compared to siPIK3C3 and siLATS1 showing repair with faster kinetics for
LAST1 knockdown. This signifies that despite the fact the different knockdowns did not alter the
amount of the damage induced in the DNA at time zero they still mediated better repair compared
to scrambled controls (figure 57).

P53 is activated post damage induction and can determine cell fate by stalling cell cycle
progression to allow repair or by committing cells with irreparable damage to apoptotic cell death.
The phosphorylation of P53 at Serl5 is one marker for P53 activation and commitment to the
induction of apoptosis [347]. Therefore, we quantified the levels of P-P53 Ser15 phosphorylation
in XP-C and WT cells subjected to the different siRNAs to follow the anti-apoptotic effect these
treatments have on the cell lines. The decrease in PIK3C3 expression in XP-C cells on one hand
leads to a decrease in P-P53 Serl5 levels post UV (p-value<0.05) as well as decreasing the
expression of P53 (figure 58). On the other hand, this PIK3C downregulation in WT cells had no
differential effect. The opposite is visualized in siLATS1 transfection where no difference in both
P-P53 Serl5 or P53 was recorded for XP-C cells while WT cells demonstrated decreased levels of
both P53 and P-P53 Ser15 (p-value<0.05) (figure 59).

AKT is a critical effector of the PI3K/AKT/mTOR pathway that controls several functions from
anti-apoptosis, proliferation and DNA repair among others. Its activation is mediated by the
phosphorylation of Thr308 by PDK1[360] and Ser473 by mechanistic target of rapamycin
complex 2 (mMTORC?2)[361] and DNA-dependent protein kinase (DNA-PK)[362]. Upon activation
AKT translocates to various cellular compartments following its dissociation from the membrane.
Moreover, Ser4d73 phosphorylation was shown to be upregulated post UVB irradiation and leads
to skin survival[346]. For that, we also examined the levels of this phosphorylation in siLATS1
and siPIK3C transfected cells to try and further explain the cause of survival post irradiation. An
increase in P-AKT Ser473 was detected post UV in XP-C cells transfected with either siPIK3C3
or siLATS1 while only in WT cells transfected with siLATS1 and not siPIK3C3 (figure 58, figure
59). A study by Tu et al revealed that the phosphorylation of AKT Ser473 requires the association
of DNA-PKcs- mTORC2 upon UVB irradiation and is attenuated by the depletion of either. This
UVB induced association reduced UVB-induced cell death and apoptosis[346]. This could be one
possible mechanism by which the different transfections mediate anti-apoptotic effect via the

upregulation of AKT Ser473 phosphorylation. Another possible mechanism involves the P300
histone acetyltransferase activated by AKT thus facilitating chromatin remodeling and recruitment
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of repair complexes decreasing the need to commit cells toward cell death[363]. It should be noted
that the phosphorylation of AKT at Ser473 as mentioned earlier is mediated by either mTORC?2
or DNA-PK which explains the fact that despite the knockdown of PIK3C3 this residue was still
being phosphorylated. On the contrary it is the Thr308 phosphorylated via PDK1 whose activation
necessitates the formation of PIP3 via class I PI3K. PIK3C3 is not directly involved in AKT
phosphorylation being a class I1I PI3K.

The actual link between LATS1 or PIK3C3 downregulation and increased viability accompanied
with reduced damage still needs to be further on investigated. Concerning LATS1, YAP expression
and translocation is the most straightforward downstream mechanism to investigate. Despite not
showing changes in YAP expression (figure 60), XP-C cells manifested increased nuclear
translocation upon siLATS]1 transfection (p-value<0.01) which is present to a lower extent in WT
cells (figure 61). This translocation was not accompanied, however, with changes in proliferative
capacity of XP-C cells signifying the involvement of yet another downstream effector whose
expression was favored by YAP nuclear translocation (figure 55). Concerning PIK3C, autophagy
is the most relevant pathway associated with this protein. Autophagy requires the formation of
complexes between several partners including PIK3C3, Beclin and UVRAG among others[349].
For that we wanted to examine the effect of PIK3C downregulation on complex formation between
Beclin and UVRAG. Co-immunoprecipitation on XP-C siPIK3C3 vs. siAS irradiated cells
revealed lower degree of complex formation upon siPIK3C3 transfection (figure 63). Of interest
is the fact that these cells also manifested upregulation of UVRAG expression that we confirmed
with western blot (p-value<0.01) (figure 64). This signifies that UVRAG overexpressed in
siPIK3C3 XP-C cells might be mediating a photo-protective effect independent from its role in
autophagy. In fact, UVRAG was first isolated as cDNA that can partially complement UV
sensitivity in Xeroderma Pigmentosum C cells[364]. Further investigation of the link between
UVRAG and DNA repair revealed that the former is required for GG-NER as it accumulates at
lesion and associates with DDB1 to promote the assembly and activity of CRLAPPE2 complex
(DDB2-DDB1-CuL4A-Roc1). CRLAPPBZ complex ubiquitinates several downstream NER factors
and histones allowing the destabilization of damage containing nucleosomes facilitating
recruitment of downstream effectors[365]. UVRAG was also said to be involved in centrosome
stability and DNA-PK regulation[366]. Further investigation of UVRAG accumulation at damage
sites should be carried out to try and understand how the autophagy independent role of UVRAG
fits in the XPC deficient model of GG-NER.

Finally since the study was based on the screening on immortalized cell lines, the validation of the
results on primary cell lines as well is imperative. For that, primary XP-C and WT fibroblast were
transfected with either siLATS1, siPIK3C3 or siAS then subjected to increased UVB doses.
PIK3C3 knockdown was able to partially rescue (p-value< 0.05) XP-C cells compared to a lower
extent of photoprotection mediated via siLATS1with respect to siAS transfected cells (figure 65).
The effect of siLATS1 was less evident in WT cells showing only slight protection. Still the
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quantification of DNA damage levels is essential to eliminate the possibility of damage
accumulation in surviving cells escaping cell death without repair which is a perspective.

CONCLUSION AND PERSPECTIVES

XP-C is a genetic disease characterized by increased sensitivity to ultraviolet irradiation and the
accumulation of DNA damage. It originates from mutations in the XPC gene leading to deficiency
in the protein required for damage recognition. XP-C is mainly manifested in children who are
called children of the moon and should be shielded from sun rays at all times. Skin cancer incidence
is elevated in XP-C with around 2,000 and 10,000 fold increase in incidence of NMSC and
melanoma respectively. There is no effective treatment for XP-C. Therefore the aim of our study
was to screen libraries of biological and chemical molecules to identify hits that can partially
reverse the phenotype of XPC cells.

The screening of approved chemical drug library allowed the identification of two drugs with
general UVB protective roles in both XP-C and WT cells. Both isoconazole and clemizole
hydrochloride allowed the enhancement of cell viability in response to UVB irradiation
accompanied with 20% decrease in the amount of generated DNA damage. Isoconazole was
effective in decreasing cellular apoptosis in XP-C cells without showing any effect on the
proliferative capacity of the cells. The validation of these two effects is necessary on other XP-C
cell lines. Furthermore, to determine the particular downstream affected mechanism of such
treatments, proteomics analysis of treated vs. sham treated cells is imperative to identify the
downstream deregulated pathway in response to such treatments. The fact that both drugs are
approved and readily used in clinics can ease the transition in the utilization of such drugs for
another mode of action related to photo-protection.

The screening of kinase targeting RNAI library allowed the identification of two kinases capable
upon downregulation of increasing the viability of XP-C cells and mediating slight repair. Among
the two kinases, PIK3C3 knockdown had an exclusive effect on XP-C cells and not WT cells
mediating a decrease in apoptotic cell death, phosphorylated P-P53 Serl5 and decreased
association between beclin and UVRAG. This knockdown also enabled an increase in
phosphorylated AKT Ser473 and UVRAG expression which we hypothesize might be the effector
post PIK3C3 knockdown mediating the phenotypic reversal. The latter UVRAG overexpression
was not shown in WT cells. Perspective work on the activity of UVRAG should be carried out
including any detected differences in its recruitment to damaged lesions and how it affects the
interactions among the DNA repair proteins in the course of XPC deficient cells model. The other
identified kinase is LATS1 whose protective effect although visible in XP-C cells it is much more
effective in WT cells. SILATS1 transfection allowed a decrease in apoptotic cell death with lower
P-P53 Serl5 in WT cells. It was also accompanied by an increase in phosphorylated AKT Ser 473
for both WT and XP-C cells. Knockdown of LATS1 favored the translocation of the downstream
effector YAP to the nucleus to allow the expression of various genes whose expression needs to
be analyzed to pinpoint the actual mechanism mediated via LATS1 knockdown. These two
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candidate siRNAs can provide potential therapies for XP-C patients in particular the knock down
of PIK3C3. One can imagaine the utilization of such siRNAs via their liposomal delivery into the
effected tissue by topical application or injection. Other delivery options can also be envisioned
inlcuidng adenoviral vectors. Due to the presence of chemical drugs also enabling inhibition of
these kinases this can help the switch to treatments involving the chemical rather than siRNA
inhibition of these kinases. Ofcourse further analysis of the involved mechanisms of such
downregulation should be carried out together with RNAseq analysis of modulated mRNA
expression as a result of transfection to eliminate off-target effects.

Finally, these results necessitate their validation on primary XP-C cell lines. Despite already
confirming the photo-protective effect on primary cells it will be also necessary to decipher the
downstream effects of knockdown on these primary cells in the same manner as conducted on the
immortalized cells utilized in this study. A final step will be the testing of the effects of such
knockdowns on 3D reconstructed XP-C skin model as it is more relevant in comparison to the
physiological human condition.
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FRENCH SUMMARY

Criblage a haut contenu a base d'ARNIi et de produits chimiques
pour la normalisation du phénotyope XPC

Introduction

La Xeroderma Pigmentosium C (XP-C) est une génodermatose autosomique récessive rare. Les
patients de cette pathologie sont porteurs d'une mutation dans la protéine XPC de reconnaissance
des dommages de 1'ADN appartenant a la voie de réparation par excision des nucléotides
(NER)[338]. Cette mutation génere un phénotype pathologique caractérisé par une
photosensibilité extréme et 1'accumulation de dommages a I'ADN induits par les UV sans leur
réparation. La persistance de ces dommages favorise leur conversion en mutation de transition C-
T, signature des UV, qui conduit finalement au cancer de la peau. L'apparition de cette derniere
est précoce chez les patients XPC et ils présentent un risque 2 000 et 10 000 fois plus élevé de
mélanome et de cancer cutané non mélanique respectivement. Par conséquent, 1'objectif de ce
projet est de cribler des molécules chimiques et biologiques afin d'identifier les hits qui peuvent
inverser ce phénotype malade.

Materials and Methods

Des cellules XP-C et normales dérivées de patients seront utilisées pour cribler une bibliotheque
chimique de 1280 médicaments approuvés par la FDA ou une bibliotheque de siRNA visant a
diminuer 'expression de toutes les kinases humaines, étant donné I'implication des kinases dans
les différentes voies de réparation de I'ADN. Les cellules seront ensuite irradiées par des UVB
pour induire des 1ésions de I'ADN, puis l'inversion phénotypique sera surveillée au niveau de la
photosensibilité par le colorant bleu Presto pour cellules vivantes ou au niveau de la réparation des
1ésions de I'ADN via la quantification des Iésions par immunocytochimie en marquant les 1€sions
de I'ADN avec un anticorps pour visualiser quel traitement permet une diminution du niveau de
1ésions et donc une réparation (figure 67). Une caractérisation plus poussée de I'effet des hits a été
effectuée sur la base de leur capacité a modifier I'apoptose, la prolifération cellulaire, la génération
d'especes réactives de 1'oxygene et les dommages a 'ADN générés en aval. Pour les résultats des
cribles de siRNA, une analyse en aval de l'expression de plusieurs protéines a été réalisée par
western blot. Le choix des protéines analysées dépendait de la nature de la cible du hit et de la voie
de signalisation dans laquelle elle est impliquée. Une analyse de la translocation des protéines a
également été réalisée. La derniere étape consistera a tester ces molécules sur sur des cellules
primaires et de la peau reconstruite en 3D en laboratoire, qui imite davantage les conditions
physiologiques des patients.
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Figure 67 Apercu de la procédure de criblage pour le siRNA et le criblage chimique
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Résulte & Discussion

Dans cette étude, nous avons criblé des bibliotheques pour identifier des molécules qui peuvent
inverser le phénotype des cellules XP-C, il était donc impératif de vérifier d'abord ce phénotype
dans la lignée cellulaire utilisée. L'expression de la protéine XPC a été examinée dans les cellules
WT et XP-C immortalisées a partir de fibroblastes primaires de patients. Contrairement aux
cellules WT, les cellules XP-C ont montré une absence totale de protéine XPC (figure 68a). Le
profil photosensible des cellules XP-C a également été confirmé par une analyse dose-réponse ou
la viabilité des cellules XP-C a diminué davantage en fonction de I'augmentation des doses d'UVB
par rapport aux cellules WT (figure 68b). Enfin, I'accumulation et la réparation des dommages a
I'ADN ont été quantifiées dans les cellules XP-C et WT par LC-MS/MS. Les cellules WT ont
montré une diminution des quantités de 1ésions des différents CPDs en fonction du temps pour
atteindre un minimum apres 48h indiquant une réparation efficace des dommages a I'ADN alors
qu'au contraire, les cellules XP-C ont montré des quantités élevées et constantes de 1ésions en
fonction du temps. 6-4 Les PPs ont été réparés plus rapidement que les CPDs avec une réparation
totale 24h apres UV dans les cellules WT par rapport a la quantité plus élevée de 1ésions dans les

cellules XP-C (figure 68c).
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Figure 68 Caractérisation des cellules XP-C et WT.

a) Les cellules XP-C n'expriment pas la protéine XPC. Les cellules XP-C et WT ont été fixées et colorées avec
l'anticorps anti-XPC pour analyser son expression différentielle dans les deux lignées cellulaires. Les cellules XP-C,
contrairement aux cellules WT, ne manifestent pas l'expression de la protéine XPC dans leurs noyaux. b) Viabilité des
fibroblastes 24h aprés UVB. Les cellules XP-C manifestent une photosensibilité significativement accrue par rapport
aux cellules WT. Les cellules XP-C et WT ont été ensemencées dans des plaques de 96 puits pour étre irradiées a 80%
de confluence avec des doses croissantes d'UVB, puis leur viabilité a été quantifiée 24h plus tard par l'incubation
avec PrestoBlue. Les cellules XP-C montrent une diminution significative plus marquée de la viabilité en fonction de
l'augmentation de la dose d'UVB par rapport aux cellules WT. La viabilité a été calculée en pourcentage du controle,
le controle a 100% étant des cellules non irradiées. *** p< 0,001, test t non apparié. Les résultats présentés sont la
moyenne de trois répétitions techniques. c) Quantification de l'accumulation des dommages a 'ADN apres l'exposition
aux UV. Les cellules WT présentent une cinétique de réparation plus rapide des lésions CPD et 6-4PP apres
l'exposition aux UV, alors que les cellules XP-C présentent une réparation déficiente. Les deux lignées cellulaires ont
été soumises a des UVB puis incubées a différents moments apres les UV. A chaque point de temps, les cellules ont
été collectées, leur ADN extrait et digéré pour étre ensuite analysé par LC-MS/MS. Quatre différents types de lésions
de DPC ont été quantifiés, la DPC-TT étant la plus fréquente. Les cellules normales montrent une diminution du %
de lésions CPD en fonction du temps signifiant une réparation avec des cinétiques différentes par temps de lésion. Les
cellules XP-C, cependant, manifestent une augmentation des lésions CPD a 2h apres UV et continuent a avoir une
grande quantité de % de lésions au fur et a mesure que le temps s'écoule, un signe de réparation altérée. Deux types
de Iésions ont été quantifiés pour le 6-4PP, le TC-6-4PP étant plus abondant. Comme pour la DPC, l'altération de la
réparation est visualisée dans les cellules XP-C par une lente diminution du pourcentage de lésions en fonction du
temps, par rapport aux cellules normales qui, contrairement aux lésions de la DPC, présentent une réparation encore
plus rapide pour le 6-4PP.DPC : dimere de cyclobutane pyrimidine, 6-4PP : photoproduits 6-4, WT : type sauvage,
XP-C : Xeroderma Pigmentosum C, LD50 : dose létale 50, R2 : coefficient de détermination.

Pour le criblage chimique, 1280 médicaments différents ont été utilisés pour prétraiter les cellules
XP-C en double dans une plaque a 96 puits. Apres 1'induction de dommages a 'ADN, les cellules
ont également été post-traitées avec les mémes médicaments, puis incubées pendant vingt-quatre
heures pour permettre leur récupération. La viabilité des cellules traitées a ét€ mesurée et comparée
au contrdle positif de cellules non traitées non irradiées et au contrdle négatif de cellules irradiées
non traitées. Parmi les médicaments testés dans la bibliotheque, seize médicaments ont entrainé
une augmentation de plus de 25 % de la viabilité cellulaire (figure 69a). Ensuite, aprés marquage
et quantification des dommages a I'ADN, deux médicaments, 1'isoconazole et le chlorhydrate de
clemizole, ont diminué de 20% la quantité de dommages a I'ADN (figure 69b). Une caractérisation
plus poussée de ces deux médicaments en séparant le traitement en traitement pré-irradiation ou
post-irradiation a révélé que la post-irradiation était plus efficace pour induire la photo-résistance
des cellules XPC sensibles a la lumiere (figure 69d). L'un des deux médicaments, 1'isoconazole, a
réduit la mort apoptotique des cellules XPC (figure 69¢) mais n'a eu aucun effet sur leur taux de
prolifération. Le mode d'action connu des deux médicaments sélectionnés est un antifongique pour
l'isoconazole et un antagoniste des récepteurs de I'histamine pour le chlorhydrate de clémizole.
Cela n'explique pas leurs effets dans la protection des cellules XPC contre la mort induite par
l'irradiation. Par conséquent, une étude plus approfondie du mécanisme d'action possible est
nécessaire en comparant le profil d'expression des protéines des cellules traitées et non traitées afin
d'identifier un nouveau mécanisme d'action possible pour ces deux médicaments. Des travaux
similaires ont été réalisés sur une autre lignée cellulaire moins courante, la lignée XPA, qui
présente une mutation de la protéine XPA nécessaire au contrdle des dommages. On a découvert
que l'acétohexamide, un médicament antidiabétique, induit la photorésistance dans ces cellules par
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un mécanisme d'action différent de celui rapporté. On a constaté que I'acétohexamide diminuait
I'expression d'une protéine impliquée dans une autre voie de réparation de I'ADN[211].

a. Tdentification des résultats du criblage primaire. b. Analyse des dommages 4 I'ADN. ¢. Analyse de I'apoptose

% of Activity of Chemical Compounds

Activity %

Single Cell Analysis of 6-4PP post 0.05J/cm? m m Hydrochloride B DMSO
< T 10000~
5 Clemizole HCL . e
N : Isocon%zole 4 . . Cell Death Analysis in XP-C
. Lo e :3 il 80— -
. 1
& 5 3 .
¥ = s . 52 60—
& = o3 i i =
S 5000 - 1 2
2 & 40+
5 H
L * g . o
. - " < : o 20—
% ® . . . .0 -.
g LI T M
P i Eywmom o ::_ H
= stk . ias 3 . - @ O O WO @ O O O @ W& WO SO
.t L s 0 P S S SR A g S R O g\
o 4 H . - T T t T T § T T F GG F GG S
2 " * & S S & ?C}Q\" v"'}Q\Q" vbé\'Q\
T T T T T A7 « ,\Q\? o AY @‘&- \QQ o« W QQVQOV_QOQ éav,Qev,Qo \;QV.QOV,QO
0 500 1000 1500 2000 2500 & @ @
= - v F N
Drugs Isoconazole Clemizole
Hydrochloride Cell Populations
d. Séparation du pré et du post-traitement
Isoconazole + 0.02Jicm? Clemizole Hydrochloride + 0.02J/cm?
160 . . 120 . .
140 2 ——— e Pre 1004 ! ! Pre
. 120 e % e Both o H : e Both
£ 100 i H = i H
= o] : {: e Post > 60 % ;_: e Post
£ b ! £ f i
2 60+ —— 2 40 1 g
S 40+ ' e ; g ¢ %i
2 204 1 H 2 i
o ; | o :
04 Ly i % i %
20 ¢ C . :£ :
-40 T T T T T L T 1 T T T 1 L L ST
011 610 011 510 011 510 10 011 510 011 510
Drug (uM) Drug (pM)

151



Figure 69 Résumé des résultats de 1'analyse chimique.

a) Identification des résultats de la criblage primaire. La bibliothéque de médicaments chimiques de Prestwick a été
criblée sur des cellules XP-C. Les cellules ont été traitées avec la bibliothéque pendant 24 heures, puis irradiées. Les
cellules ont été traitées avec la bibliotheque pendant 24 heures puis irradiées. Apres l'irradiation, les cellules ont été
incubées avec la bibliotheque pendant 24 heures supplémentaires avant que leur viabilité ne soit évaluée 24 heures
apres l'irradiation par l'ajout du réactif PrestoBlue et l'enregistrement des valeurs de fluorescence. En se basant sur
le % d'activité du contrdle, 16 composés ont été sélectionnés, manifestant une augmentation de l'activité de plus de
25 %. b) Analyse des dommages a I'ADN. Les cellules XP-C ont été traitées avec les 16 candidats du dépistage
primaire a trois concentrations différentes (1, 5 et 10uM) avec des traitements pré- et post-irradiation. L'irradiation
a été effectuée a une dose de 0.05j/cm2. 24 heures aprés l'irradiation, les cellules ont été fixées et colorées avec des
anticorps 6-4 PP pour la quantification des dommages a I'ADN. Les intensités de fluorescence des cellules
individuelles pour chaque condition ont été quantifiées et plus de 1000 cellules par condition ont été analysées. Parmi
les 16 résultats, seuls l'isoconazole et le chlorhydrate de clémizole ont permis une diminution de la quantité de
dommages a l'ADN post-UV montrée ici. Pres de 20% de réparation des dommages a 'ADN du 6-4PP a été enregistré
pour les deux médicaments a une concentration de SuM, ce qui a été jugé significatif. La quantification des dommages
a I'ADN dans les cellules irradiées traitées au DMSO a été utilisée comme contrdle positif montrant la quantité
maximale de dommages a I'ADN tandis que la quantification du 6-4PP dans les cellules non irradiées traitées au
DMSO a été prise comme contrdle négatif avec la quantité minimale de dommages détectés. *** p<0,001, test non
paramétrique de freedman avec analyse post hoc de dun. c) Analyse de l'apoptose. Les cellules XP-C ont été traitées
avec les différents médicaments ou le DMSO puis irradiées. Le marqueur caspase 3/7 de CellEvent a été ajouté aprés
l'irradiation puis les cellules ont été collectées. Le PI a été ajouté juste avant l'analyse sur un cytométre en flux. Le
traitement a l'isoconazole a diminué le pourcentage de cellules apoptotiques aprés les UV par rapport aux cellules
traitées au DMSO. Le chlorhydrate de clémizole, cependant, n'a pas eu d'effet ; c'est donc peut-étre par un autre
mécanisme que ce médicament exerce son mode d'action. Une anova a deux voies a été utilisée pour comparer les
deux variables indépendantes (type de mort cellulaire ou de coloration et nature du traitement médicamenteux) et la
variable dépendante qui est le pourcentage de la population, ***p<0,01.d) Séparation du pré et du post traitement.
Pour déterminer quel schéma de traitement était le plus efficace, les cellules XP-C ont été traitées avec les
médicaments soit avant l'irradiation, soit aprés l'irradiation, soit avant et apres l'irradiation. Le pourcentage de
bioactivité du médicament a ensuite été calculé 24 heures aprés l'irradiation. Ce calcul est basé sur la détermination
du pourcentage relatif en considérant les échantillons traités au DMSO non irradiés comme étant 100% et les
échantillons irradiés comme étant 0%. Ainsi, les valeurs de fluorescence obtenues ont été normalisées par rapport a
ces deux controles. a) Séparation du régime de traitement médicamenteux. L'isoconazole post-irradiation ou les deux
traitements ont montré une augmentation significative de la bioactivité a 10uM, tandis que seuls les deux traitements
ont montré une augmentation significative de la bioactivité a SuM par rapport a la procédure de prétraitement. Le
chlorhydrate de clémizole, cependant, semble avoir une meilleure bioactivité lorsque les deux régimes de pré- et post-
irradiation ont été utilisés ou l'augmentation de la bioactivité était significative avec une valeur p<0.0.5 pour les
traitements de SuM et 10uM par rapport au prétraitement a chaque concentration respectivement.

En ce qui concerne le criblage biologique, une bibliotheque de siRNAs ciblant toutes les kinases
humaines a été utilisée pour traiter les XPCs et les cellules normales, puis pour détecter si un
renversement phénotypique se produit. 1292 siRNA différents ont été utilisés pour traiter des
cellules XP-C qui ont ensuite été irradiées et laissées se rétablir pendant 24 heures avant de mesurer
leur viabilité. Vingt-huit siRNA différents ont été sélectionnés sur la base de leur capacité a induire
une augmentation de 25 % de la viabilité cellulaire par rapport aux controles transfectés avec des
siRNA non ciblés (figure 70a). Parmi eux, le ciblage de deux kinases que sont PIK3C3 et LATS1
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a permis une réparation de 20% des dommages induits a 'ADN (figure 70b). La spécificité des
deux siRNA dans I'élimination des kinases cibles a été confirmée par western blot (figure 70c). Le
knockdown de PIK3C3 en particulier a eu un effet exclusif sur la photoprotection des cellules XP-
C et aucun effet sur les cellules normales, ce qui indique que la dérégulation de cette kinase peut
aider a inverser partiellement I'effet de la mutation XPC. De plus, les effets photo-protecteurs de
ces kinases knockdown dans les cellules XP-C et WT ont également été validés dans un test de
réponse aux UVB ou siPIK3C a été capable d'induire une viabilité plus élevée dans les cellules
XP-C transfectées par rapport aux cellules non transfectées en fonction de I'augmentation des doses
d'UVB. Par contre, l'effet de siLATSI1 était plus évident dans 1'augmentation de la viabilité des
cellules WT en fonction de I'augmentation des doses d'UVB. Les effets des deux downregualtions
ont été examinés au niveau de 1'apoptose induite dans les cellules XP-C et WT. SiPIK3C a montré
une réduction de la population de cellules apoptotiques dans les cellules XP-C tandis que siLATS1
a eu un effet similaire mais sur les cellules WT (figure 70d). La régulation de la signalisation en
aval induite par le knockdown de ces kinases a également ét€ étudiée par western blot. Parmi les
effecteurs en aval de LATS1, nous avons identifié que YAP était fortement transloqué vers les
noyaux lors du knockdown de LAST1 dans les deux lignées cellulaires (figure 71a). Comme pour
PIK3C3, le knock down dans les cellules XP-C a conduit a une augmentation de I'expression d’
UVRAG non visualisée dans les cellules WT (figure 71b). L'expression d'UVRAG est impliquée
dans l'association du complexe CRLAPPBE? au site de dommage, nous spéculons donc que cette
propriét€é d'UVRAG pourrait étre impliquée dans notre étude et que cela nécessite des études
supplémentaires pour étre validé. La derniere étape de validation consiste a tester I'efficacité de la
photo-protection induite par le knock down de cette kinase sur une peau reconstruite en 3D. Cette
peau sera fabriquée au laboratoire a partir de fibroblastes et de kératinocytes dérivés de patients
XP-C afin de reconstruire la peau XP-C et de tester le knock down sur ce modele, car il s'agit d'un
modele physiologique plus pertinent. Le XPC est un excellent modele pour comprendre 1'initiation
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du cancer de la peau, car il est accéléré dans ces cellules. En améliorant ce phénotype, nous
pouvons donc trouver des moyens de retarder ou de prévenir l'initiation du cancer.

a. Identification des résultats du criblage primaire.
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Figure 70 Résumé des résultats du siRNA

a) ldentification des résultats du criblage primaire. La librairie humaine de siRNA ciblant les kinomes a été criblée
sur XP-C. Les cellules ont été transfectées avec la bibliothéque et les controles a SnM et incubées pendant quarante-
huit heures. Les cellules ont ensuite été irradiées a une dose d'UVB de 0,03J/cm2 et leur viabilité a été mesurée vingt-
quatre heures apres l'irradiation par l'ajout de bleu Presto. 28 kinases ont été identifiées dont le knock down a permis
une augmentation de >25% du % d'activité. b) Analyse des dommages a I'ADN. Apres transfection avec les hits
secondaires et irradiation, les cellules XP-C ont été colorées avec l'anticorps 6-4 suivi d'une contre-coloration de
I'ADN avec Hoechst. Plus de 1000 cellules par condition ont été sélectionnées sur la base de la coloration de 'ADN
et leurs dommages a l'ADN ont été quantifiés. L'intensité moyenne par cellule est présentée ici dans un graphique en
forme de violon qui montre une diminution des dommages a I'ADN pour les cellules transfectées avec LATSI ou
PIK3C3 par rapport aux cellules irradiées transfectées avec siAS. Cette diminution s'est avérée significative. ***
p<0,001, test non paramétrique de freedman avec analyse post hoc de dun. c) Validation du knock down par western
blot. Un western blot a été réalisé sur les cellules transfectées et les cellules XP-C et WT ont montré une diminution
de l'expression des deux kinases apres le knock down avec chaque siRNA respectif. d) Analyse de l'apoptose. Pour
déchiffrer leffet de la downregualtion sur la mort cellulaire apoptotique induite par les UVB, les cellules XP-C et WT
ont été transfectées avec siAS, siPIK3C3 ou siLATI puis irradiées a 0,02 et 0,1J/cm2 pour les cellules XP-C et WT
respectivement. Le marqueur caspase 3/7 de CellEvent a été ajouté aprés l'irradiation puis les cellules ont été
collectées. Le PI a été ajouté juste avant l'analyse sur un cytometre en flux. Les deux knock downs ont augmenté
efficacement les populations de cellules vivantes dans les cellules XP-C, le siPIK3C3 ayant entrainé une augmentation
plus importante. Pour les cellules WT, le knock down de LATSI a entrainé une augmentation plus importante de la
population de cellules vivantes par rapport au siPIK3C3 ou au siAS. Une anova a deux voies a été utilisée pour
comparer les deux variables indépendantes (type de mort cellulaire ou de coloration et nature de la transfection) et
la variable dépendante qui est le pourcentage de population, ***p<0,01
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Figure 71 Analyse mécaniste des voies en aval des kinases kocked down

a) Baisse de la régulation de LATS1 et translocation de YAP. L'effet de la transfection de siLATS1 sur la translocation
de YAP vers le noyau a été quantifié dans les cellules XP-C et WT avant et apres l'irradiation UVB. Les cellules XP-
C ont montré une augmentation de la translocation de YAP vers les noyaux avant et apres l'irradiation UVB, suite a
l'élimination de LATS1. Les cellules WT ont également montré une translocation de YAP au niveau basal sans UV qui
était moindre apres irradiation. Analyse d'effet mixte avec analyse de comparaison multiple de Tukey. *valeur p<0,05,
**yaleur p<0,01, ***valeur p<0,001.b) Suppression de PIK3C3 et expression d'UVRAG. L'expression d'UVRAG a
été analysée apres transfection de siPIK3C3 dans les cellules XP-C et WT apreés irradiation UV. Les cellules XP-C
manifestent une augmentation significative de l'expression d'UVRAG lors de la dérégulation de PIK3C3 qui n'était
pas évidente dans les cellules WT. Test t apparié, **valeur p<0,01.
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Supplementary Figure 1: Hippo pathway signaling cascade

Upon the activation of the Hippo pathway (left panel) several downstream proteins will become phosphorylated
including sequentially the MST1/MST2, LATS1/LATS?2 kinases and YAP/TAZ. Phosphorylation of the latter leads to
the recruitment of 14-3-3 proteins to the YAP/TAZ complex leading to its cytoplasmic retention or proteolytic
degradation. However, during the inactive hippo signaling (right panel) YAP/TAZ can freely localize to the nucleus
in the absence of upstream phosphorylating signals. In the nucleus, YAP/TAZ complexes with TEADs transcription
factor to regulate the expression of various genes essential for proliferation, survival and migration[348].
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Abstract: Xeroderma Pigmentosum protein C (XPC) is involved in recognition and repair of bulky
DNA damage such as lesions induced by Ultra Violet (UV) radiation. XPC-mutated cells are,
therefore, photosensitive and accumulate UVB-induced pyrimidine dimers leading to increased
cancer incidence. Here, we performed a high-throughput screen to identify chemicals capable
of normalizing the XP-C phenotype (hyper-photosensitivity and accumulation of photoproducts).
Fibroblasts from XP-C patients were treated with a library of approved chemical drugs. Out of
1280 tested chemicals, 16 showed >25% photo-resistance with RZscore above 2.6 and two drugs
were able to favor repair of 6-4 pyrimidine pyrimidone photoproducts (6-4PP). Among these two
compounds, Isoconazole could partially inhibit apoptosis of the irradiated cells especially when cells
were post-treated directly after UV irradiation while Clemizole Hydrochloride-mediated increase in
viability was dependent on both pre and post treatment. No synergistic effect was recorded following
combined drug treatment and the compounds exerted no effect on the proliferative capacity of the
cells post UV exposure. Amelioration of XP-C phenotype is a pave way towards understanding the
accelerated skin cancer initiation in XP-C patients. Further examination is required to decipher the
molecular mechanisms targeted by these two chemicals.

Keywords: XPC; DNA repair; UV; skin cancer; chemical screen; DNA damage

1. Introduction

The skin is a barrier that shields our body against pathogens, mechanical, chemical
and physical stress and water loss [1]. However, direct contact with the environment
makes it highly susceptible to different stimulants such as xenobiotics and UV radiation
that can disrupt skin cells” metabolism [2]. Solar UV radiation is sub-classified into UVA
(320400 nm), UVB (280-320 nm) and UVC (200-280 nm). UVB irradiation, comprising 5%
of solar UV radiation, generates direct damages to the DNA in the form of dimeric pyrimi-
dine photoproducts: Cyclobutane pyrimidine dimers (CPD), 6-4 pyrimidine-pyrimidone
photoproducts (6-4PP), and Dewar isomers [3]. UVB also contributes to the generation of
double-strand breaks [4] via collapsing the replication forks at dimer sites [5] and triggering
the formation of reactive oxygen species (ROS) [6]. The majority of UVB-induced muta-
tions are C — T or CC — TT transitions [7]. In wild-type situation/healthy individuals,
these lesions can be removed by a process termed nucleotide excision repair (NER). The
latter is divided into global genome repair (GGR) occurring throughout the genome and
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transcription-coupled repair (TCR) in actively transcribed genes [8]. GGR and TCR differ
in their recognition step. On the one hand, XPC-Rad23B-Centrin2 and XPE -DDBI are
required for damage recognition in GGR. 6-4PP can be readily recognized by XPC while
CPDs require also the cooperation of XPE-DDBI1 [9]. On the other hand, CSA and CSB
proteins are required for the recognition step of TCR. The following steps converge between
the two sub-pathways where helicase XPD and XPB, as part of the TFIIH, are recruited
to allow unwinding of the region around the damaged bases. XPA is then employed for
damage verification while the nucleases XPF and XPG mediate the incision 5" and 3’ to the
damage allowing its removal, thus creating a gap. This gap is then filled by synthesizing
damage-free DNA via polymerases and is eventually ligated, thus sealing the nick [10].
Failure of this repair mechanism leads to the accumulation of DNA damage, generation of
mutations and cell transformation. Hereditary mutations in one of the NER proteins can
hinder the repair process and lead to the generation of a wide range of diseases. Mutations
in TCR sub-pathway underlie the origin of Cockayne Syndrome (CS) and UV-Sensitive
Syndrome (UVSS), while patients with Xeroderma Pigmentosum (XP), trichothiodystrophy
(TTD), XP-CS, XP-TTD and Cerebro-oculo-facio-skeletal Syndrome (COFS) are lacking pro-
ficiency in either GGR or both sub-pathways. Some of these diseases are characterized by
an early onset of skin tumors. Several studies indicated that the origin of skin tumorigene-
sis could be mutations in different genes: TP53 for squamous cell carcinoma [11], hedgehog
signaling genes for basal cell carcinoma [12] and BRAF and RAS genes for melanoma [13].
It is thus an expected outcome for NER deficiency to be associated with skin carcinogenesis
due to the mutagenic profile of the accumulated DNA damage and the UVB characteristic
mutational profile seen in genes involved in carcinogenesis.

Xeroderma Pigmentosium C (XP-C) is a rare autosomal recessive genodermatosis. XP-C
patients carry a mutation in the NER DNA damage recognition protein recognizing helix
distortions opposite to pyrimidine dimers, notably 6-4PP distorting the helix at a higher
angle compared to CPDs [14]. This mutation generates a diseased phenotype characterized
by extreme photosensitivity and the accumulation of UV-DNA lesions. The onset of skin
cancer is early in XP-C patients, often in childhood, who present a 2000 and 10,000 fold
increase compared to healthy individuals in the risk of melanoma and non-melanoma
skin cancers, respectively. Currently, there is no treatment for XP-C syndrome but only
preventive measures including UV shielding and protection. In addition to its role in NER,
XPC is also involved in several other DNA repair pathways or cellular mechanisms. For
instance, XPC also participates in the initial phase of Base Excision Repair (BER), especially
in the removal of oxidative DNA damage as in the case of XP-C deficient cells showing great
sensitivity to the latter [15,16]. XPC has also a role in the regulation of cellular homeostasis.
Silencing of XPC leads to a decrease in catalase activity leading to an increase in the
levels of reactive oxygen species [17]. In addition, another study demonstrated that the
accumulation of damage due to XPC deficiency increases the activation of DNA-dependent
protein kinases ultimately leading to the activation of AKT1 [18]. The latter leads to the
activation of NADPH oxidasel (NOX1) which produces ROS [19]. XPC was also reported
to be involved in transcription regulation. Bidon et al. demonstrated that XPC, even in the
absence of DNA damage, interacts with E2F1 favoring the recruitment of ATAC (histone
acetyl transferase) complex to gene promoters, thus conveying to XPC the title of RNA
polymerase II cofactor [20]. These additional functions of XPC can explain the fact that
XP-C patients also exhibit tumors in non-photo-exposed areas where the tumorigenesis is
not linked directly to UVB induced DNA damage pointing out towards other tumorigenic
pathways mediated via XPC [21].

In this study, we screened a library of approved FDA and EMA chemical drugs on
XP-C patient-derived fibroblasts with the aim to identify compounds that could help in
normalizing or at least ameliorating the XP-C-associated cell phenotype following UV
exposure. We identified two drugs, isoconazole and clemizole hydrochloride, that can
partially reverse this phenotype. This attempt of drug repurposing aims at the identification
of new roles for existing drugs whose pharmacodynamics, pharmacokinetics and toxicology
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WT Cells

XP-C Cells

characteristics are already well established, thus speeding up the benefits of the use of these
drugs for a new therapeutic purpose for XP-C patients who do not have any treatment
option presently.

2. Results
2.1. Characterization of XP-C and Wild-Type (WT) Fibroblasts Used in This Study
2.1.1. XPC Protein Expression Is Lost in XP-C Cells Compared to WT Cells

The expression of XPC protein was examined in both WT and XP-C cells immortalized
from patient primary fibroblasts. Immuno-staining of both cells using an antibody against
the XPC protein was carried out. In contrast to WT cells, XP-C cells showed a total absence
of XPC protein (Figure 1a).

a. XP-C cells lack XPC expression b. Viability of fibroblasts 24h Post UVB
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Figure 1. Characterization of XP-C and WT cells. (a) XP-C cells lack the expression of XPC protein. XP-C and WT cells were
fixed and stained with anti-XPC antibody to analyze its differential expression in both cell lines. XP-C cells, unlike WT
cells, do not manifest XPC protein expression in their nuclei. (b) Viability of fibroblasts 24 h post UVB. XP-C cells manifest
significantly increased photosensitivity compared to WT cells. Both XP-C and WT cells were seeded in 96-well plates to be
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irradiated at 80% confluency with increasing UVB doses, then their viability was quantified 24 h later by the incubation with PrestoBlue.
XP-C cells show a sharper significant decrease in viability as a function of increased UVB dose compared to WT cells. Viability was

calculated by means of percent of control with 100% control being non-irradiated cells. ***

p < 0.001, unpaired ¢-test. Results presented
are the mean of three technical replicates & SEM. (c) Quantification of DNA damage accumulation post UV. WT cells manifest faster
repair kinetics of both CPD and 6-4PP lesions post UV compared to impaired repair in XP-C cells. Both cell lines were subjected to
UVB then incubated for different time points post UV. At each time points, cells were collected, their DNA extracted and digested to
be then analyzed by LC-MS/MS. Four different CPD lesion types were quantified with TT-CPD being the most frequent. Normal
cells show a decrease in the % of CPD lesions as a function of time signifying repair with different kinetics per lesion time. XP-C cells,
however, manifest an increase in CPD lesion at 2 h post UV and continue to have a large amount of lesion % as time elapses, a sign of
impaired repair. Two lesion types were quantified for 6-4PP with TC-6-4PP being more abundant. Similar to CPD, impaired repair is
visualized in XP-C cells manifested by a slow decrease in lesion % as a function of time compared to the normal cells, which in contrast
to CPD lesions show even faster repair for 6-4PP. CPD: cyclobutane pyrimidine dimer, 6-4PP: 6-4 photoproducts, WT: wild type, XP-C:
Xeroderma Pigmentosum C, LD50: lethal dose 50, R?: coefficient of determination.

2.1.2. Increased Photosensitivity of XP-C Cells in Response to UVB Irradiation Compared
to WT Cells

To examine the photosensitivity of XP-C cells relative to WT, both kinds of cell lines
were seeded until 80% confluency then subjected to increasing doses of UVB. Twenty-
four hours after UV treatment, cell viability was recorded as a measurement of the cells’
reducing capacity (Presto blue, Thermofisher Scientific, Waltham, MA, USA). Viability was
normalized based on the calculation of the percentage of viability compared to the viability
of control non-irradiated cells set as 100% viability. Both cell lines showed a decrease
in viability as a function of increased UVB doses. XP-C cells were more photosensitive
compared to the WT ones showing a sharper significant decrease in viability at each UVB
dose (p < 0.001). The UVB dose leading to 50% of mortality was determined for both XP-C
and wild-type cells (LD50). XP-C cells showed a much lower LD50 (about 0.02 J/cm?)
compared to WT cells (about 0.19 J/ cm?) (Figure 1b). These results confirm the strong
sensitivity to UVB of XP-C cells used in this study as described in the other model [22].

2.1.3. Absence of XPC Impairs DNA Repair of UVB-Induced Lesions

XPC protein is essential for the lesion recognition step of GGR [23]. For that, we
aimed to determine the effect of XPC mutation on the repair of lesions. The two major
photoproducts generated after UVB exposure are CPDs and 6-4PPs that are formed between
pyrimidine dimers, either TT, TC, CT or CC. The cells were seeded until 80% confluency
then irradiated at 0.02 J/cm?, corresponding to the previously determined XP-C LD50,
then collected post UVB treatment at different time points. In order to monitor DNA
lesions, DNA was extracted and digested to be analyzed by LC-MS/MS. For CPDs, the
four different lesion types were quantified. WT cells showed a decrease in different CPDs
lesions” amounts as a function of time to reach a minimum after 48 h indicating efficient
repair of DNA damage, while in contrast, XP-C cells showed constant elevated amounts
of lesions as a function of time (Figure 1c). It should be noted that not all lesions were
present in the DNA in the same quantities: the majority of CPD lesions were of TT-CPD
nature followed by TC-CPD, CT-CPD, while the least abundant lesion was CC-CPD in
both kinds of cells. In addition, the repair kinetics in wild-type cells differed between
lesion types with the fastest repair observed for the CT-CPD. Only the TT and TC lesions
could be detected for the 6-4PPs, as the two remaining lesions were less frequent. 6-4PPs
were repaired faster than CPD with total repair 24 h post UV in WT cells compared to the
higher amount of lesions in XP-C cells. There were no discrepancies in the repair kinetics
between the TT and TC 6-4PP lesions in normal cells (Figure 1c). Taken together, our results
show that wild-type but not XP-C cells efficiently repair photoproducts resulting from
UVB irradiation.
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% of Activity of Chemical Compounds

2.2. Primary Screen Identified 16 Candidate Compounds That Increase XP-C Cells Viability Post
UVB Irradiation

To identify compounds that would correct the photosensitive phenotype of XP-C cells,
we did set up a robotic assay in 96-well microplate to monitor cell viability after UVB
irradiation (see methods and Supplementary Figure S1, see Supplementary Materials). The
robustness of the assay was calculated as a Z’ factor [24] at various UVB doses on a Z’
plate including 48 bioactive controls mimicking the desired effect (here, non-irradiated
protected XPC cells in DMSO) and 48 bioinactive controls (here, irradiated cells in DMSO).
A library of 1280 FDA and EMA approved drugs (Prestwick Library) was then screened
on XP-C cells at 10 uM for 24 h in duplicates using this assay. Briefly, following drug
treatment, the cells were UVB irradiated at 0.05 J/cm? based on Z’ Factor calculation
(Supplementary Figure S1), then post-treated with the same drugs and incubated at 37 °C
for an additional 24 h period before the measurement of cell viability. In this setup, the effect
of drug treatment on cell viability can be either preventive or curative to the UVB-induced
damage. The bioactivity of each tested compound, signifying the drugs’ beneficial effects
on photo-resistance, was calculated by determining the fluorescence of each well with
respect to the fluorescence of non-irradiated DMSO treated wells set as 100% (bioactive
control) and irradiated DMSO treated wells set as 0% (bioinactive control). The robust Z
score was also calculated per plate as an additional normalization technique [24]. The hit
selection was based on two criteria: compounds that possess a bioactivity >25% and a
robust Z score >2.5. Sixteen molecules were identified as primary hits on this basis and
selected for further characterization of their bioactivity on XP cells (Figure 2).
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Figure 2. Identification of 16 compounds reversing XP-C photo-sensitivity upon UVB irradiation. Prestwick library of
chemical drugs was screened on XP-C cells. The cells were treated with the library for 24 h, then further on, irradiated. Post
Irradiation, the cells were then incubated with the library for an additional 24 h prior to having their viability assessed

24 h post UV via the addition of Presto Blue reagent and the recording of the fluorescent values. Based on two different

normalization criteria, control based % of activity and non-control based RZscore, 16 compounds were selected manifesting

>25% increase or >2.5 value for both % of activity and RZscore respectively. % Activity was calculated by normalizing the
obtained values between the interval of 100% donated to non-irradiated DMSQO treated cells and 0% that donated irradiated
DMSO treated cells. RZscore was measured by normalizing the fluorescence values to the median and median absolute

deviation. RZscore: Robust Z score.
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2.3. Selection of Three Bioactive Drugs Increasing XP-C Cells Viability after UVB Irradiation

In order to select the most efficient compounds showing robust activity on XPC
viability among the 16 primary hits, a secondary screen was carried out using the same
assay as the initial primary screen. Additional conditions were included together with the
initial screen’s conditions. The drugs were indeed screened at three different concentrations
(1,5 and 10 uM). Moreover, the cells were irradiated at two doses of either 0.02 J/cm? or
0.05J/cm?. Finally, each drug was screened in triplicate in each of the different irradiation
conditions and drug concentrations. The same viability readout was measured as for the
primary screen. The acetohexamide drug was also added as a positive control as it was
reported to increase XP-A cells’ viability in response to UV irradiation [25] where XPA is a
protein involved in the damage verification process downstream damage recognition post
irradiation [26]. For each drug, a dose-response curve of bioactivity as a function of drug
concentration (in utM) was plotted for the different doses tested. The drugs that showed
the highest bioactivity were isoconazole, clemizole hydrochloride and bifonazole, inducing
a significant 20 to 40% increase in XP-C cell viability with p-value < 0.001 depending on
the UVB exposition and drug concentration. In contrast, the acetohexamide only mediated
a 20% increase in viability of XPC cells and displayed no increased bioactivity when
applying increasing concentrations to the cells (Figure 3). This secondary screen defines
three promising drugs protecting XPC cells from UVB toxicity.
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Figure 3. Confirmation of primary screen hits and the identification of the 3 most effective compounds. XP-C cells were
treated with the different primary screen candidate compounds at three different concentrations (1, 5 & 10 uM), then
subjected to two UVB doses (0.02 & 0.05 J/cm?) after which their viability was measured 24 h later by the addition of
PrestoBlue. It should be noted that pre- and post-irradiation treatment with the drugs was carried out. The three compounds
showing the increased drug bioactivity as a function of increased concentrations are isoconazole, clemizole hydrochloride
and bifonazole, showing the highest protection against UV irradiation. % Activity was calculated by determining the
relative % of fluorescence with respect to non-irradiated DMSO treated cells set as 100% and irradiated DMSO treated cells
set as 0%. The dotted line represents a threshold of 25% Activity. The statistical significance of the effect of two UVB doses
and the three drug concentration on the % activity was conducted by using 2-way ANOVA ** p < 0.01, *** p < 0.001. The
figures represent triplicates =SD.
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2.4. Identification of Drugs That Promote the Repair of DNA Damage

In order to determine the mechanisms of action of the 16 primary hits and aceto-
hexamide, we tested whether they could promote DNA repair activity in XP-C cells. For
that, DNA damage analysis was carried out after cells were treated with the 17 drugs
and irradiated at a dose of 0.05 J/cm? using the same protocol as for the primary screen.
After the measurement of bioactivity, the plates were fixed and immuno-stained with
an anti-6-4PP antibody for the quantification of the amount of DNA damage following
UVB irradiation in the presence of drug or not (Supplementary Figure S2). It should be
noted that the amount of DNA damage induced at time zero after UVB irradiation was the
same for either treated or non-treated cells. The positive control showing maximal DNA
damage was the DMSO treated irradiated cells while the negative control with minimal
damage is the non-irradiated DMSO treated cells. XP-C cells treated with either isoconazole
or clemizole hydrochloride showed a significant decrease in the amount of 6-4PP at the
single-cell level compared to untreated controls, suggesting enhanced repair activity due
to drug treatment. This decrease in DNA damage was significant at a 5 pM concentration
for both drugs (p < 0.001) while not at 1uM, which may be a too weak concentration, or at
10 pM, where the difference was not found to be significant (Figure 4). These results thus
identified isoconazole and clemizole hydrochloride as two drugs promoting DNA repair in
response to UVB irradiation in XP-C cells.

Reduced 6-4PP levels post UVB in Isoconazole
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Figure 4. Identification of compounds enabling repair of 6-4PP in XP-C cells. XP-C cells were treated
with the 16 primary screen candidate hits at three different concentrations (1, 5 & 10 uM) with
pre- and post-irradiation treatments. Irradiation was carried out at a dose of 0.05J/cm?. 24 h post
UV the cells were fixed and stained with 6-4PP antibodies for the quantification of DNA damage.
Fluorescence intensities of individual cells for each condition were quantified and more than 1000 cells
per condition were analyzed. Among the 16 hits, only isoconazole and Clemizole hydrochloride
enabled a decrease in the amount of DNA damage post UV shown here. Almost 20% repair of
6-4PP DNA damage was recorded for both drugs at a concentration of 5uM which was found to
be significant. DNA damage quantification in DMSO treated irradiated cells was used as positive
control showing the maximum amount of DNA damage while quantification of 6-4PP in DMSO treated
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non-irradiated cells was taken as a negative control with the minimum amount of detected damage.
*** p < 0.001, freedman non-parametric test with Dunn’s post hoc analysis. Up to 10,000 cells were
analyzed per condition with +SD.

2.5. Dose-Response Analysis of Drug Bioactivity as a Function of UVB Doses in XP-C and
WT Cells

To further characterize the effect of isoconazole and clemizole hydrochloride drugs
on XP-C cells versus wild-type cell viability enhancement, UV dose-response experiments
were carried out. In contrast to the previous experiments, the dose-response analysis here
was performed on both the XP-C and WT cell lines and viability was normalized to that
of non-irradiated cells (fixed at 100%). This task aims to decipher whether the effect of
the two drugs on cell viability is specific to XP-C cells or also valid in WT cells. The two
cell lines were treated with either isoconazole, clemizole hydrochloride or DMSO, then
subjected to increasing UVB doses. Both drugs enabled enhanced photo-resistance to the
increasing UVB doses in both XP-C and WT compared to DMSO treated cells (Figure 5a,b).
Such photo-resistance was significant for both drugs in XP-C cells with a p-value < 0.05.
However, in WT cells, the treatment with isoconazole showed significant photo-resistance
against increased UV doses irradiation (p-value < 0.05), unlike clemizole hydrochloride
whose increase in viability was not significant. In conclusion, this protective effect may not
be specific to XP-C cells as a similar protective effect was also shown for the WT cells. This
is consistent with their observed ability to increase DNA repair efficiency.

a) Viability of XP-C-Treated vs XP-C-DMSO b) Viability of WT-Treated vs WT-DMSO
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Figure 5. Isoconazole and Clemizole Hydrochloride viability analysis post UVB in both XP-C and WT cell lines. XP-C
and WT cells were treated with either drugs or DMSO (pre- and post-irradiation treatment), then subjected to increased
UVB doses. Their viability was further on assessed 24 h post UV by the incubation with PrestoBlue. (a) Viability of XP-C
treated cells vs. DMSO. Both drugs enabled significant (p value < 0.05) protection of XP-C cells from UVB induced death
with isoconazole having a more protective effect. (b) Viability of WT treated cells vs. DMSO. Drug mediated protection
against UVB irradiation was also evident in treated WT cells and not unique to XP-C cells. Only isoconazole mediated
protection was significant with p value < 0.05. Viability was calculated by determining the percent of control with respect
to non-irradiated DMSO treated cells taken as 100% viable. * p-value < 0.05, Repeated Measure one way ANOVA with
Dunnett’s multiple comparison test. The experiments were carried out in triplicates.

2.6. Investigation of Pre- Versus Post-Drug Treatment Efficacy

As mentioned above, the chemical treatment consisted of two phases, a pre-irradiation
treatment to test the preventative effect of the drug and a post-irradiation treatment to
examine its curative effect. In order to determine which treatment phase had a more
essential role in the XP-C cells phenotypic normalization, the two phases of treatment
were analyzed separately via the determination of drug bioactivity. It should be noted that
bioactivity is defined by the ability of the drugs to impose an effect on living matter, which
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in this case, is its ability to increase photo-resistance of the cells between non-irradiated
cells set at 100% and irradiated non-treated cells set at 0%. The effect of each of the pre- or
post-treatment was compared to that of the combined pre- plus post-treatment regimen.
For isoconazole, the post-irradiation treatment was sufficient to induce similar protection
as the combined treatment at both 5 and 10 pM (with no significant differences) while
the pre-treatment had no effect on XP-C cells viability at any of the tested concentrations
(Figure 6a). At 10 uM, the difference in bioactivity was significant between pre and post-
treatment as well as between the pre-and combined treatment with a p-value < 0.01,
signifying that both pre-treatment and combined regimens share significant protection
compared to pretreatment. In the case of clemizole hydrochloride, the pre-irradiation
treatment showed slight bioactivity reaching 20% increased cell viability at the highest
concentration of drug of 10 uM. The post-treatment, however, was again more effective
than the pre-treatment on XP-C viability reaching an average of 50% increase of cell viability
at 10 pM. The combination of both pre-and post-irradiation treatments showed the highest
bioactivity with a significant difference compared to the pretreatment at both 5 and 10 uM
p-value < 0.05, and no significant difference with the post-treatment only. Thus, despite
a slight protective potential of clemizole hydrochloride, both drugs (isoconazole and
clemizole hydrochloride) may essentially serve as curative remedy post-UVB irradiation.
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b) Double Drug Treatment
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Figure 6. Drug treatment regimen separation and double drug treatment. To determine which treatment regimen was more
effective, XP-C cells were treated with the drugs either pre-irradiation, post-irradiation or both pre and post-irradiation.
Drug Bioactivity % was then calculated 24 h post UV. Such calculation is based on determining the relative percentage
considering non-irradiated DMSO treated samples as 100% and irradiated ones as 0%. Thus, the obtained fluorescence
values normalized to these two controls. (a) Drug treatment regimen separation. Isoconazole post-irradiation or both
treatments showed a significant p value < 0.01 increase in bioactivity at 10 tM, while only both treatments showed significant
enhancement of bioactivity at 5 uM compared to pre-treatment procedure. Clemizole hydrochloride, however, seems
to have better bioactivity when both pre and post-irradiation regimes were used where the increase of bioactivity was
significant, p value < 0.05 for both 5 uM and 10 uM treatment compared to pre-treatment at each concentration, respectively.
Moreover, double drug treatment was also carried out to test whether both drugs possess synergistic or additive effect.
(b) Double drug treatment. XP-C cells were treated with either Isoconazole, clemizole hydrochloride or double treated at
10 uM, then irradiated at 0.02 J/cm?. % of drug bioactivity was measured 24 h later. Double treatment showed the same
protective profile as isoconazole with no added protection against UVB irradiation. * p value < 0.05, ** p value < 0.01, 2-way
ANOVA with Tukey’s multiple comparison test. The experiments were performed in triplicate with +SD.

2.7. Double Drug Treatment Has no Synergistic nor Additive Effect

Both compounds, isoconazole and clemizole hydrochloride, have an azole ring in their
structure (and may thus target the same molecular biological target or similar mechanisms).
We, therefore, examined whether the combined treatment with both drugs at 10 pM could
improve further or not the acquired photo-resistance compared to single-drug treatment.
Accordingly, XP-C cells were treated with either drug alone or with both and then subjected
to irradiation at a dose of 0.02 ]/ cm?. The double treatment had the same bioactivity as the
single treatment with isoconazole with no benefit (Figure 6b). Hence, no synergetic effect
was obtained upon double drug treatment.

2.8. Isoconazole and Clemizole Hydrochloride Do Not Affect Cell Proliferation

In a first step, and in order to analyze the proliferative state of the irradiated cells
and whether the different treatments can modify this profile, cells were stained with Ki67
antibodies and analysis was carried out at the single-cell level. Ki67 antigen was expressed
during all phases of the cell cycle (G1, S, G2 and M) but not in quiescent cells. Both XP-C
and WT cell lines were positive to Ki67, signifying that the cells are not in quiescent state
post UV. Cells treated with either DMSO, isoconazole, clemizole hydrochloride or both
drugs showed no difference in the Ki67 expression profile (Supplementary Figure S3).

Ki67 antibodies stain cells in various stages of the cell cycle, and it was previously
reported that some non-proliferating cells tend to test positive for Ki67 due to antigen
retention [27]. Moreover, bulky adducts generated by UV tend to block the progression of
replication forks, decreasing DNA replication. Therefore, in a second step, EAU incorpo-
ration assay was performed to clarify whether this positive staining was due to antigen
retention or whether rather the cells were capable of recovering from the DNA replication
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blockade following different treatments. It should be noted that EAU insertion into DNA
allows the identification of cells with active DNA synthesis that generally occurs during S
phase. XP-C cells were treated with either DMSO, isoconazole or clemizole hydrochloride
in a pre-and post-treatment regime and then irradiated with UV to be finally cultured
in the presence of EdU at different time points (2 h or 4 h post UV). Cells were then
collected and stained to be analyzed by flow cytometry. When comparing the course of
EdU incorporation in DMSO treated cells over the different time points post UV, it was
clear that the intensity of EAU decreases as a function of time till becoming null at 24 h
post UV. This signifies that the cells were no longer able to undergo DNA replication at
24 h post UV. No increase in the EAU MFI (mean fluorescence intensity) for the drugs
compared to DMSO treatment was recorded (Figure 7c). Isoconazole had a slight effect on
increasing EdU positive population at 2 h post UV with p < 0.01 (Figure 7b) which might
either be attributes to a slight increase in cell proliferation or an increase in translesion
synthesis allowing more DNA synthesis upon drug treatment. Both drugs, however, failed
to increase DNA replication beyond that, showing similar effects to DMSO (Figure 7b).
These results indicate that cell proliferation does not seem to be the major mechanism
underlying the protective effect induced by these drugs.
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Figure 7. Same EdU incorporation profile is evident between drugs or DMSO treated XP-C cells. XP-C cells were treated
with the different drugs or DMSO, then irradiated at 0.02 ]/ cm?. Prior to the end of the post UVB incubation, the cells were
incubated in the presence of EAU. Cells were further on collected, stained and analyzed by flow cytometry. No difference is
seen between the mean fluorescence intensity of the EAU positive populations between the different treatment condition at
either 2 or 4 h post UV. It should be noted that as incubation time post UV increases, the mean fluorescence intensity of EdU
positive population decreases. Quantification of both the mean fluorescence intensity (MFI) and EdU positive population
percentage were carried out. Two-way ANOVA was used to compare between the two independent variables (time post UV
and nature of the drug treatment) and the dependent variable of either EAU population percentage or MFI, ** p < 0.01, ns:
not significant. The experiments were carried out in triplicates with £SD. (a) Quantification of EAU incorporation in XP-C
cells, (b) EAU Incorporation %of cells, (¢) EAU Incorporation MFI %.
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2.9. Isoconazole and Not Clemizole Hydrochloride Increases Live Cell Population in the Course of
Apoptosis and Necrosis Analysis

In an attempt to decipher the cellular mechanisms of photo-resistance of the drug
treatment, different cell phenotypes were analyzed. Apoptosis was therefore quantified
using Cell Event which allows the indirect measurement of caspase 3/7 activity, key
downstream players in the apoptosis activation cascade. XP-C cells were therefore treated
with either drug or DMSO followed by UVB irradiation then staining with Cell Event and
PI 24 h post UV. The samples were analyzed by flow cytometry. Out of the two drugs,
Isoconazole showed a decrease in Cell Event % cells reaching 23.35% as well as lower PI-
positive population percentage (9.57%) compared to DMSO treated cells, showing higher
population percentages of 41.23% and 11.57% (Figure 8a-right panel), respectively, but
was not found significant. However, the increase in the levels of the live cell population
originating from this decrease in both apoptotic and necrotic populations was significantly
regulated compared to that of DMSO (p-value < 0.05) or to that of clemizole hydrochloride
(p-value < 0.01). On the other hand, clemizole hydrochloride did not show any decrease in
both quantified parameters. These results suggest that, unlike isoconazole, it is probably
not via the reduction of apoptosis that the clemizole hydrochloride mediates its protective
role (Figure 8b). Similar outputs were also detected in WT cells (Supplementary Figure S4).
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Figure 8. Isoconazole but not clemizole hydrochloride increases live cell population of XP-C cells post UV. XP-C cells were
treated with the different drugs or DMSO then irradiated. CellEvent caspase 3/7 marker was added post UV then cells
were collected. PI was added just before analysis on a flow cytometer. Isoconazole treatment decreased the percentage of
apoptotic cells post UV compared to DMSO treated cells. Clemizole hydrochloride, however, had no effect so it is perhaps
via another mechanism that this drug mediates its mode of action. Student t-test. ** p < 0.01, * p < 0.05. The experiments
were carried out in triplicates with +SD. (a) Deciphering the different cell deaths in treated versus DMSO sham treated
XP-C cells, (b) Cell Death Analysis in XP-C.

3. Discussion

The presented work identified two drugs, isoconazole and clemizole hydrochloride,
that could partially reverse the XP-C characteristic phenotype: increased photosensitivity
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and absence of DNA damage repair of photoproducts. In addition, both drugs also enabled
photo-protection in WT cells exposed to high doses of UVB irradiation.

XP-C patient cells carry a mutation in the XPC gene required for the recognition of
DNA damage. This mutation renders the cells photosensitive [28] and unable to repair
UVB induced DNA damage. Here we confirmed the photosensitive profile of XP-C as they
show a significantly (p-value < 0.001) reduced viability compared to WT cells as a function
of increased UV doses. Such cells lack the XPC proteins, as confirmed by immunostaining,
signifying that such a mutation leads to the complete loss of the XPC protein. Moreover,
upon the quantification of the different UVB induced DNA lesions by LC-MS/MS, it was
evident that XP-C cells manifest slower repair kinetics compared to WT cells. UVB induced
lesions include either CPD or 6-4PP that are formed between two adjacent pyrimidines
giving four possible lesions T-T, C-C, C-T and T-C [29]. The most abundantly formed
lesions are the T-T and T-C lesions for both the CPD and the 6-4PP. In WT cells, both lesion
types of 6-4PP are readily repaired by the cells a few hours post irradiation, while CPDs
require more time, with lesion dependent repair kinetics being the slowest repair for T-T,
T-C, C-C then C-T, CPD showing the fastest repair, confirmed by us and others [30]. XP-C
cells show no or reduced repair for both CPD and 6-4PP different lesion types as a function
of time.

Drug repurposing is the process of testing previously approved drugs, used for a
particular therapeutic purpose, for their potential use in the treatment of other common or
rare diseases. This cuts down drug discovery costs and the long process of toxicity and
pharmacokinetics testing [31]. For that, our aim was to test a library of 1280 approved
drugs for their potential use in normalizing the XP-C phenotype. XP-C cells were treated
with the compounds at 10 uM for 24 h then irradiated with UVB and then treated again
with the same compounds at the same concentration for an additional period of 24 h.
The overall viability of the treated cells, proportional to the amount of metabolically
active cells, was then measured via incubation with PrestoBlue. The fluorescent values
obtained were normalized via either the calculation of drug activity %, control based
with 100% for non-irradiated DMSO treated cells and 0% for irradiated ones or via the
calculation of the non-control based RZscore. Drugs that showed an activity >25% with
an RZscore above 2.6 were selected as primary hits to be confirmed via a secondary
screening which were 16 drugs. Acitohexamide was added to the secondary screen drug
list due to its previously described photo-protective effect on XPA cells via the enabling
of damage repair [25]. Isoconazole, clemizole hydrochloride and bifonazole manifested
the highest bioactivity after secondary screening enabling photo-protection in XP-C cells
compared to DMSO treated controls with a range of 20 to 40% increase of cell viability
depending on the conditions. However, the enabling of photo-resistance is not sufficient
by itself for a satisfying curative outcome. The persistence of cells with accumulated DNA
damage can lead to the conversion of such lesions into mutations which, depending on
their localizations, can lead to carcinogenesis [32]. The main lesion in XP cells mediating
the UV signature mutation is the C-C lesion where the slow repair of such lesion in XP
cells compared to its fast repair in WT cells favors the deamination and induction of
mutations [29]. Therefore, photo-resistance should be associated with increased DNA
damage repair in the perspective of therapeutic treatment. Indeed, we tested the capacity
of the 16 primary hits and acetohexamide in mediating the decrease of DNA damage
post UVB irradiation. Out of this collection, two compounds, isoconazole and clemizole
hydrochloride, decreased the amount of DNA damage post UV in XP-C cells by about 20%
(p-value < 0.001 at 5 uM).

Isoconazole is an azole antifungal drug with no reported data on its effect in sun-
shielding upon its use on the skin, while clemizole hydrochloride is a Histamine H1
antagonist. Other documented functions for clemizole hydrochloride include its role in the
treatment of HCV infection [33] and its blocking effect on TRPC5 ion channels [34]. These
functions fail to explain these drugs’ effect on XP-C cells, suggesting possible alternative
mode(s) of action than the ones documented that need(s) to be further on explored.
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One similar approach to ours was conducted on XP-A cells, where the anti-diabetic
drug acetohexamide was found to be effective in reducing the cells’ photosensitivity and
enabling damage repair [25], mediating the identification of an additional mode of action
for this drug not related to its documented effect. Acetohexamide had minimal effect in
the reversal of XP-C phenotype when tested in our screen, yet we managed to identify
other drugs that can aid in this phenotypic partial reversal. Acetohexamide enabled the
degradation of MUTYH, a protein involved in the removal of adenine residues mispaired
with 8-oxo-guanine residues after oxidative stress [35]. The authors hypothesized that
the degradation of such protein might be enabling spatial access of the lesions to other
repair machinery independent of nucleotide excision repair [25] which was not yet further
explored to date. It is therefore possible that the hit drugs identified in this study might
similarly impose spatial access effect or that they interfere with one or several mediators of
DNA repair, a hypothesis which needs to be further on examined.

Collectively, our data show that isoconazole and clemizole hydrochloride mediated
an increase in cell viability post UV irradiation and enabled to a lower extent the repair
of accumulated DNA damage in the form of UVB-induced 6-4PP. Isoconazole, on the one
hand, mediated a curative effect post UV irradiation by enabling the decrease of apoptotic
cells” population as measured by flow cytometry with Cell Event caspase 3/7 activity
staining. Clemizole hydrochloride’s effect, on the other hand, was both preventative pre
UV and curative post UV irradiation showing a p-value < 0.05, while the difference between
the post-irradiation alone and the pre-irradiation treatment was not significant. Such an
effect is mediated via a yet unknown mechanism. The simultaneous double treatment with
both drugs revealed no synergistic or additive effect. This suggests that both drugs interfere
with a similar biological process or target which is consistent with the fact that they share a
similar chemical scaffold (azole ring). Moreover, both drugs were shown not to affect the
cells’” proliferation rate. The photoprotective effect of the drugs was also evident in WT cells
post UV irradiation signifying the involvement of a protective pathway indirectly related to
the mutated XPC gene. This work will mark the first attempt in discovering compounds for
the amelioration of the XP-C phenotype, yet the exact regulated target needs to be further
on explored to allow the identification of the effectors aiding in this phenotypic reversal
and thus paving a way for a potential therapy for this yet untreatable genodermatosis.

4. Materials and Methods
4.1. Cell Line

Wild type (AG10076) and XP-C (GM15983) immortalized patient derived-fibroblasts
were purchased from Coriell Biorepository. XP-C fibroblasts possess a two-base pair
shift mutation at codon 431 of the XPC gene. The cells were cultured in DMEM high
glucose, GlutaMAX media (Gibco, Waltham, MA, USA) supplemented with 10% FBS and
1% penicillin/streptomycin at 37 °C in a 5% CO; incubator.

4.2. Chemical Drug Screening

The Prestwick chemical library was utilized. It consists of 1280 drugs of high chemical
and pharmacological diversity. The drugs are all approved (FDA, EMA or other agencies).
The drugs cover all main ATC groups and are dedicated to either CNS, cardiovascular,
metabolism or infectiology diseases with either enzymatic or GPCRs targets. The library
was screened at a final concentration of 10 pM. For the screening procedure, the cells
were incubated with the drugs for 24 h then media was recuperated and the cells washed
with PBS. Irradiation was carried out in the presence of PBS. Following that same drug,
containing media were returned back to the cells for the course of post treatment to be
incubated for further 24 h before the assessment of the readouts.

4.3. UV Dose-Response

To examine the photosensitivity of XP-C cells relative to WT in response to UVB
irradiation, both cells were seeded in 96 well plates until 80% confluency, washed with
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PBS, then subjected to increasing doses of UVB. Twenty-four hours post UV, the viability
of the cells was recorded as a measurement of the cells’ reducing capacity by PrestoBlue
(Thermofisher Scientific, Waltham, MA, USA) according to the manufacturer’s suggestion.
The LD50 for each cell line was calculated.

4.4. XPC Immuno-Staining and Associated Microscopy

For the characterization of XPC expression, both cell lines were fixed with 4% paraformalde-
hyde followed by permeabilization using 0.2% Triton X-100 and saturation with 3% FBS
in PBS. Primary antibody targeting XPC (mouse monoclonal, Thermofisher Scientific,
Waltham, MA, USA) was utilized followed by incubation with Alexa Fluor 488-coupled
secondary antibody (goat anti-mouse, Invitrogen, Waltham, MA, USA). Nuclear DNA was
counter-stained with Hoechst (Sigma-Aldrich, Burlington, MA, USA). Cell images were
acquired by the Zen Axio-observer at 40X.

4.5. LC-MS/MS DNA Damage Quantification

The quantification of pyrimidine dimers (CPD & 6-4PP) was carried out by LC-MS/MS
according to previous protocol [36]. Briefly, both cell lines were seeded in 100 mm dishes
until sub-confluency where they were subjected to a UVB dose of 0.01 J/cm?. At different
time points post UV (0, 2, 24 and 48 h), the cells were collected and their DNA extracted
with Qiagen DNEasy Kit (Hilden, Germany). Sample preparation was carried out in two
steps; the first includes incubation of DNA for 2 h at 37 °C and pH 6 in the presence of
nuclease P1, DNase Il and phosphodiesterase II. The pH was then raised to 8 by the addition
of Tris. A second incubation period in the presence of phosphodiesterase I and alkaline
phosphatase at 37 °C for 2 h yielded digested DNA with normal bases as nucleosides and
photoproducts as dinucleoside monophosphates. Samples were then injected on an HPLC
system (Agilent, Massy, France) connected to a reverse-phase HPLC column (150_2mm
ID, 5 mm particle size, ODB, France). The detection was provided first by a UV detector
aimed at quantifying normal nucleosides. Photoproducts were detected by a tandem mass
spectrometer (API 3000, SCIEX, Thorn hill, ON, Canada) used in the reaction-monitoring
mode as previously described [37]. The four CPDs and the four 6-4PPs (TT, TC, CT and CC
derivatives) were quantified individually in the same HPLC run. Results were expressed
in the number of lesions per million normal bases.

4.6. 6-4PP DNA Damage Staining and Quantification

For the quantification of DNA damage, cells were seeded until confluency, then
subjected to UVB irradiation at a dose of 0.02 ] /cm?. Twenty-four hours post UV, the cells
were stained according to a previous protocol [38], consisting first of cell fixation with
4% paraformaldehyde, and permeabilized with 0.2% Triton X-100. Cells were further on
treated with 2M HCL to denaturate the DNA and thus allow access to the DNA damage-
targeting antibody. After saturation, the cells were incubated with 6-4PP antibody (64M-2
cosmo bio, Japan) followed by AF488 secondary antibody (Invitrogen, Waltham, MA, USA)
and the DNA was counterstained with Hoechst (Sigma Aldrich, Burlington, MA, USA).
Image acquisition and quantification were carried out by a Cell-insight NXT high content
screening platform at 10X magnification. Single-cell fluorescence was quantified for all the
cells under each particular treatment condition.

4.7. Ki67 Staining and Single-Cell Quantification

The cells were seeded until sub-confluency, then subjected to UVB irradiation at
a dose of 0.02 J/cm?. Twenty-four hours post-irradiation, the cells were fixed with 4%
paraformaldehyde and permeabilized with 0.2% Triton X-100. After saturation, the cells
were incubated with ki67 antibody (clone MIB-1, Clinisciences, France) followed by AF488
secondary antibody (Invitrogen, Waltham, MA, USA), and the DNA was counterstained
with Hoechst (Sigma Aldrich, Burlington, MA, USA). Image acquisition and quantification
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were carried out by Cell-insight NXT high content screening platform at 10X magnification.
Single-cell fluorescence was quantified for all the cells under each particular treatment condition.

4.8. EdU Cell Proliferation Assay

Cell health and genotoxicity can be assessed by measuring the cell’s ability to pro-
liferate via the incorporation of the nucleoside analog EAU. The latter can be further on
quantified by a click-it covalent reaction between an azide and alkyne catalyzed by copper.
For that, both cell lines were seeded in 100 mm dishes subjected to different forms of
treatment followed by irradiation. Sham irradiated and sham-treated controls were also
utilized. Two hours before the end of post UV incubation, EAU was diluted in the cell
media at different time points. The cells were then collected and stained according to the
manufacturer’s protocol. The samples were analyzed by flow cytometry (FACScan, BD
LSRII flow cytometer, BD Biosciences, Franklin Lakes, NJ, USA). The post analysis was
carried out using flowing software [39] (Turku Bioimaging, Finland).

4.9. Cell Event-PI Cell Death Quantification

To follow the effect of treatment on the induction of apoptosis post UV irradiation,
CellEvent (Thermofisher Scientific) was utilized, which allows the measurement of caspase
3/7 activity. For that, cells were seeded in 100 mm dishes, treated with the molecules,
irradiated, then Cell Event was added post UV and incubated for 24 h. The cells were then
collected and PI was added before their analysis by flow cytometer (FACScan, BD LSRII
flow cytometer, BD Biosciences). The post analysis was carried using flowing software [39]
(Turku Bioimaging, Finland).

4.10. Statistical Analysis

Drug screening hit selection and single-cell analysis was carried out using R soft-
ware [40]. Statistical analysis was conducted using GraphPad Prism v.8 after data normal-
ization and quantification of normality to allow the choice of the respective statistical test
(parametric or non-parametric) for each particular set of experiments.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/
10.3390/1jms22158156/s1, Figure S1: Primary Screen UV dose optimization and reproducibility
assessment. Figure 52: Single-cell analysis of nuclear DNA damage quantification. Figure S3: Drug
treatment has no effect on ki67 proliferation marker expression. Figure S4: Isoconazole and not
clemizole hydrochloride decreases the population % of apoptotic WT cells post UV.
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