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TpOoOWTTIKES EUXAPIOTIES

KaBwg n didakTtopiky pou diatpifry mAnoidlel 1mpog oAokAnpwon, Ba néeAa va
avayvwpiow 6Aoug 6ooug cuvéBalav O€ AuUTr TNV TTOPEIA, TTPOCPEPOVTAG UOU TN OTHPIEN
TOUg TOOO O€ aKadnuaikd 600 Kal 0€ TTPOCWTTIKO ETTITTEDO.

Me agetnpia TNV EUTTIOTOCUVN TTOU Pou £€0¢€1Ee O eTIBAETTOVTOG KABNYNTAS Mou K. MNwpyog
apivng, &ekivnoa TIG dIBAKTOPIKEG POU OTTOUDEG OTO £pyaoTipiod Tou 1o 2013. Euxapiotw
ToVv MNWPYo TTOU POU TTPOCYEPE, TTAVTOTE Kal ATTAOXEPA, Eva EUpU @ACHA ETTIOTNUOVIKNAG
yvwong Kail amoywng. OEtovrag 1O TTapddelyud, Pou £€D0woe TO KivnTPpo va avatTugw
EPEUVNTIKEG OECIOTNTEG TTOU B PE OUVTPOPEUOUV OTA ETTOYEVA POU PBripata. Oa eipal
TTAVTOTE EUYVWHWY TTOU PECA OTTO TNV APTIA CUVEPYOOIia, TNV ACTEIPEUTN EVEPYEIQ KAl
eEVOIOQEPOV TOU HE KOTEUBUVE OCWOTA TIPOG TNV UAOTIOINON TNG EPEUVNTIKAG QAUTNG
d1aTPIRAG.

EuxapioTieg o@eilw 1Tpog OAa Ta PEAN TOu epyaoTnpiou, PEAN TTOU £Quyav, PEAN TTOU
NEBav aAAd kal pEAN TTou pag agpnoav. [d1aiTepeg euxapioTieg TPog TNV KaAAiva kar tnv
TCwpTliva Pe TIG OTTOIEG N OUVEPYOOIa UTTAPEE KABOPIOTIKN Kal TTOAUTIMN PEXPI Kal TA
TeAeuTaia OTAdIO TNG TTOPEIAG POU AUTAG. =EXWPIOTO PEPOG OTNV UTTOANWH Hou Ba €xel
TAvToTE 0 O0dWwPNG, TIOU APIEPWVOVTAG TIPOCWTIIKO TOU XPOvOo, HOou TTPOC@EPE
KAaBNUEPIVA TIG YVWOEIS TOU OTN dnuioupyia Twv TTOVTIKIWY, aAA& Kal Tn oTAPIEH Tou WG
€vag TTOAU KaAOG @ilog.

Oa nBeAa €mmiong va euxoplioTHOW Ta PEAN TNG TPIMEAOUG KAl KAT ETTEKTAON TNG
ETTTAMEAOUG ETITPOTINAG MOU YIO TNV QUECOTNTA OTNV E€TTIOTNUOVIKN KaBodriynon kai TIg
OUMBOUAEG TOUG.

Me xapd euxapioTw To KAAOG QiAo Mdvo, tmou TapdAAnAa e T ouvTpo@id TTOU HOU
TTPOOPEPE OTO KABNUEPIVO UECNUEPIATIKO TPATTECI, TAV TTAVTA TTPOBUUOG VA PE AKOUOEI
Kal va e otnpigel. MpootraBwvTag va TTPoRAEWEl TO ATTOTEAEOUA TWV TTEIPANATWY HOU
OUPQWVA UE TOUG AOTEPIOPOUG Kal TIG QACEIG TNG OEANVNG, XAPICE MIA XIOUPOPIOTIKA TTVOr)
TTOU JOU £BIVE KOUPAYIO VO CUvVEXIoW.

O1 TeAeuTaieg Kal TTIO BEPPES EUXAPIOTIEG €ival TTPOG TNV OIKOYEVEIA POU, TToU AvTeCav Thv
TTOAUXPOVN QTTOUCia hou, TTOU TTIOTEUAV TTAVTA O€ PEVA KAl UTTOOTAPICAV TIG ETTIBUMIEG UOU.
Evkapdieg euxapioTieg TTPOG TNV AdEAPH HOU ZOo@ia TTOU NTAV TTAVTA EKEN yIA VA YOIPACTW
TIG AVNOUXIEG HOU Kal yIa va e oupBouleuoel KaTGAANAaQ oTo KGBe pou Bripa.
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NEPIAHWH

2€ avTiBeon HE TIG TTPWTEIVES KAl T UTTOAOITTA JaKPOUOPIa TT.X. Ta OAKXAPA ) Ta AiTTh, TO
Tupnviké DNA (n ammapyxr) Tou RNA kal Twv TTpwTeivwyv) gival avavtikaraotaro. MNapd 1o
yeyovog OTI n XNUIKA Tou ouoTaon €ival eCalpeTIkG aotadng, To DNA o@eilel va diatnpnBei
avaAAoiwTo KABOAN Tn didpkela TNG (WG TOU KUTTAPOU WOTE N YEVETIKI TTANPOQopia va
KAnpovounBei autouoia oTa BuyaTtpikd KUTTapa. QoTéoo, n UTTapén dIapopwy EVOOYEVWV
YEVOTOCIKWY TTAPAYOVTWY TTPOKOAOUV Tn oTadloK OUCCWPEEUCN TTANBOUG BOMIKWYV
aAoiwoewv  Kal  TTpooBoAwv  (TT.X. UudpOAucon, atapivwon Paccwyv, OINEPIOPOG
TTUPIMIBIVWY, dnuioupyia Bpaucpdtwy povAg 1 dImAng DNA €Aikag kTA.) oto DNA. H
ETTAKOAOUBN VYEVWUIKN aOTABEIa €IQEPEI OPAMATIKEG OAAAYEG OTn QuoioAoyia Tou
KUTTAPOU TTaPEUTTOBICOVTAG TN QUOIOAOYIKA AgiToupyia CwTIKWV BloAoyikwy dlEpyaciwv
OTTWG N peTaypaen rn/kar o avadimmAaciaopdg tou DNA. lMNa va avTigeTwtrioouv TNV
otadiakr) cucowpeuon DNA BAaBwyv, Ta euKapuwTtikd KUTTAPA £XOUV QAVATITUEEI €va
OUVOAO AAANAETTIKOAUTITOMEVWY ETTIOI0POWTIKWY PNXAVIOUWY, CUUTTEPIAGUBAVOUEVOU TOU
MNXaviopou ekToung voukAeoTidiwv (Nucleotide Excision Repair, NER), TTou gvrotrifouv,
emdIOPOWVOUV Kal aTToKABIoTOUV TO TTPOCoaAAOuEvo DNA OTnv apxIKr) Tou Jop®r. XTov
AQvlpwTro Kal Ta QvTioTOIXA TTEIPAPATIKA POVTEAA  TTOVTIKWY, N UTTOPEN  EYYEVWV
MeTaAAaywyv o€ yovidia Tou povotratiou NER, TrpokaAei éva eupU @Aopa  KAIVIKWV
OUNTITWHATWY TTOU XapOKTNEieTal atmmd €CAIPETIKA ETEPOYEVEIQ, N OTToi0 OE MTTOPEI va
€gnynOcei atToKAEIOTIKA AOyw TNG aTteAoug €mdIdpBwong Tou DNA. Mpdo@aTeg PEAETES
atrekGAugav 6Tl opiopéveg TTpwTteiveg Tou NER oupueTéxouv, Tépav Tng €mdiopbwaong
Twv DNA BAaBwv, o€ KUTTOPIKEG Olepyaoiec OTTWG n €vapgn TNG METAYPOPS Kal n
avadiaudpewaon A 0 OXNPATIOWOG TNG TPIOdIACTATNG BOUAGS TNG XPWHATIVNG OTO XWpPo. Na
va OlaAeukdvoupue 1o Asitoupyikd poAo Tou NER oTtnv avattuén kal TIG aoBéveleg oTa
OnAaoTikd, avatmrTugape TNV HEBodO TNG in vivo oApavong ue Piotivn Tng Tpwreivng XPF
oTov TToVTIKO. H TTpocéyyion auth) oe ouvduaoud pe peBodoloyieg aAAnAouxiong DNA
UWNARG atrodoong Kal AEITOUPYIKEG TTPOOEYYIOEIS atTeEKAAUWAV OTI TO €TEPODIPEPES TOU
oupTTAOKOU  evdovoukAedong Tou NER ERCCI-XPF  aAANAETTIOPd HE  TTPWTEIVIKOUG
TTOPAYOVTEG TTOU CUPUETEXOUV OTNV PETAYPA® Kal TNV €GONAAUVON TOU TOTTOAOYIKOU
@opTou Tou DNA Katd TnVv d1adIKAcia TNG METAYPAPNG. ZUYKEKPIPMEVA, aviXveUoauE OTI
Kartd Tnv emaywyn Tng petaypagng, n ERCCL-XPF 1mpoodéveTal 0€ UTTOKIVNTEG, KATA
MAKOG Tou yovIdlwpaTog. ETITTAéoV peAéTEG atmekdAuwav OTI N TTPOOdECN TOU CUUTTAOKOU

ERCC1-XPF oto DNA, ouuTriTITel HE TNV dnuioupyia €KTOPWY OITTAOU Bpauopatog OTo
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DNA (DNA double strand breaks, DSBs) oe¢ Odlakpitég Treploxég Tou DNA. Ta
atmroteAéopata TNG MEAETNG avadeikvuouv Tov Aesitoupyikd podo tng ERCCI1-XPF otnv
emdIopOwon DNA BAaBwv TTou TTpoKaAoUvVTal KATA TNV d1adIKacia TNG METAYPAPNG Kal
TTAPEXOUV £V UNXAVIOTIKO MOVTEAO TTOU €ENYEI IKAVOTTOINTIKA TNV KAIVIKI] ETEPOYEVEI TWV

ouvopouwv NER.
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Abstract

DNA is not disposable or recyclable and must be repaired when damaged. All other
cellular polymers, including RNA, proteins and polysaccharides, are regularly turned over,
broken down and rebuilt based on the blueprint provided by the genetic information stored
in DNA. Thus, as the maintenance of DNA integrity is vital to the proper functioning of
every cell, so is DNA damage inexorably linked to cellular dysfunction. To meet this
challenge, mammalian cells have evolved machineries to maintain telomeres intact as well
as overlapping repair pathways to counteract structural DNA modifications (e.g., nicks,
gaps, DNA double-strand breaks (DNA DSBs), and the myriad alterations that may block
DNA transcription or replication). For bulky helix-distorting damage, such as the main
Ultraviolet (UV)-induced lesions, the principal repair mechanism is the evolutionarily
conserved Nucleotide Excision Repair (NER) pathway. In humans and the corresponding
animal models, inborn mutations in genes involved in NER are associated with a wide
range of clinical symptoms whose remarkable heterogeneity cannot be adequately
explained by the random accumulation of DNA damage. Recent studies revealed that, in
addition to DNA repair, NER factors are also involved in transcription initiation and
elongation, chromatin remodeling and the 3D genome architecture. To dissect the
functional role of NER during mammalian development and disease, we used an in vivo
biotinylation-tagging approach and unbiased high-throughput genomics and proteomics
approaches technigues in mice. Here, we show that the NER structure-specific
endonuclease ERCC1-XPF complex interacts with protein factors involved in the
resolution of DNA topological stress that is triggered during the process of transcription.
Upon induction of mRNA synthesis, we find that the ERCC1-XPF complex recruits on
promoters, genome-wide and that its recruitment on DNA coincides with the presence of
DNA DSBs on these genomic regions. Together, our findings point to the involvement of
ERCC1-XPF in the repair of transcription-associated DNA damage events, shedding new

light into the pathological complications associated with NER-deficient syndromes.
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1. Introduction

The DNA double helix is continuously exposed to genotoxic insults from exogenous (e.qg.
ultraviolet radiation), or endogenous (e.g metabolic byproducts) sources, that threaten its
integrity (Agathangelou et al., 2018; Apostolou et al., 2019; Kamileri et al., 2012a). DNA
insults may obstruct transcription altering cellular metabolism (Chatzinikolaou et al., 2017,
Kamileri et al., 2012c; Karakasilioti et al., 2013) or interfere with proper DNA replication
driving mutations and cancer. Mammalian cells have evolved a battery of highly
conserved, partially complementary mechanisms aiming at preserving genome integrity.
Nucleotide excision repair (NER), is a highly conserved DNA repair machinery that
consists of ~30 proteins that detect and repair bulky DNA helix-distorting lesions, such as
the UV-induced cyclobutane pyrimidine dimers (CPDs) and pyrimidine-pyrimidone (6-4)
photoproducts (6-4PPs) across the genome or only on the actively transcribed part of the

genome (Hoeijmakers, 2009).

1.1 The Nucleotide Excision Repair mechanism. In NER, lesion recognition occurs
genome-wide (global-genome NER; GG-NER) or in a transcription-coupled mode
(transcription-coupled repair; TC-NER) that differ only in how DNA damage is recognized
(Figure 1). In GG-NER, DNA lesions found on the non-transcribed strand of active genes
or on transcriptionally inert genomic regions are detected by the heterotrimeric protein
complex XPC-RAD23B-Centrin-2 (Araki et al., 2001; Riedl| et al., 2003; Sugasawa et al.,
1998). XPC binds the strand opposite the damaged DNA site, thus allowing the recognition
of diverse types of DNA insults. Based on a recent series of photobleaching experiments,
XPC does not seem to scan the genome for lesions by freely moving through the
nucleoplasm. Instead, the protein binds and subsequently dissociates from DNA; its
mobility decreases substantially in the presence of UV-induced DNA lesions allowing the
remaining NER factors to recruit to sites of damage (Hoogstraten et al., 2008). Once XPC
binds to DNA damage, RAD23 dissociates from the complex and becomes dispensable for
the remaining NER reaction (Batty et al., 2000; Bergink et al., 2012). Minor DNA
distortions, such as those induced by the UV-induced cyclobutane pyrimidine dimers
(CPDs), are preferentially recognized by the heterodimer UV-damaged DNA-binding
protein UV-DDB. UV-DDB is composed of DDB1 (or XPE binding factor) and DDB2 (called
XPE) that are part of the CUL4A-ROCL1 ubiquitin ligase complex (Bondar et al., 2006).

DDB2 acts as an auxiliary damage recognition factor. It binds directly to UV-induced DNA

9
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lesions and exposes a sSsSDNA moiety opposite the DNA lesion to facilitate the recruitment
of XPC at sites of damage (Scrima et al., 2008). DDB2 also triggers the ATP- and
poly(ADP-ribose) (PAR) polymerase (PARP)-dependent unfolding of higher-order
chromatin structure in the vicinity of DNA damage in a mechanism that is independent of
the CRL4-ubiquitin ligase complex (Luijsterburg et al., 2012). Other ATP-dependent
chromatin remodeling factors, such as the INO80 complex (Jiang et al., 2010) or the
ATPase BRG1 of the SWI/SNF-like BAF (BRG1/BRM-associated factor) (Zhang et al.,
2009) are known to play critical roles in rendering the chromatin accessible during the
initial recognition steps of the NER process. Upon binding of the complex to damage, UV-
DDB ubiquitinates XPC (Sugasawa et al., 2005), DDB2 (Guerrero-Santoro et al., 2008)
and histones (Sugasawa et al., 2005; Wang et al., 2006). XPC-RAD23B-Centrin-2 melts
the DNA around the lesion and recruits TFIIH, a 10-subunit pre-incision complex that
contains the ATPases/helicases XPB and XPD, GTF2H1 (P62), GTF2H4 (P52) that
stimulates XPB, GTF2H2 (P44) that stimulates XPD, GTF2H3 (P34) and (GTF2H5 (P8) in
addition to the Cdk-activating-kinase (CAK) complex [22] and XPG (Egly and Coin, 2011).
Unlike XPD, however, the helicase activity of XPB is dispensable for NER. Instead, the
ATPase activity of XPB is required for the opening and repair of damaged DNA. As with
promoters, XPB also uses ATP to keep the two strands of the DNA around the DNA lesion
apart facilitating the unwinding of DNA by XPD; the helicase activity of XPD is thought to
be required for damage verification (Coin et al.,, 2007; Sugasawa et al., 2009). The 3-
dimensional structure of XPD suggests that it forms a central pore sufficient in size to allow
a single-stranded DNA (ssDNA) to pass and likely to be scanned for possible DNA lesions
(Koch et al., 2016; Mathieu et al., 2013; Wolski et al., 2008). CAK is then released from the
core complex. Following TFIIH assembly on damaged DNA, XPA binds the DNA on the
5’side of the DNA insult and together with replication protein A (RPA) that binds the ssDNA
opposite the DNA lesion, it stabilizes the damaged DNA for incision (Scharer, 2013). RPA
activates the structure-specific endonucleases ERCC1-XPF and XPG and is released from
DNA to initiate new incision events (Overmeer et al., 2011). ERCC1-XPF and XPG cleave
the 5" and 3'side of the 24-32-nucleotide fragment, respectively containing the damaged
DNA fragment. Following the removal of the DNA lesion, the ssDNA gap is then filled by
the DNA pol € (in replicating cells) or & (in non-replicating cells) or the translesion DNA
polymerase k. The DNA polymerases are loaded on DNA with the proliferating cell nuclear
antigen (PCNA) and the replication factors C (RFC) and RPA that stimulate their
polymerase activity (Ogi et al., 2010; Shivji et al., 1992). The nascent DNA fragment is

10
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then sealed by DNA ligase | in replicating cells or by ligase Illa-XRCC1 in quiescent cells
(Araujo et al., 2000; Mocquet et al., 2008; Moser et al., 2007). In TC-NER, the principal
DNA damage sensor is the elongating RNA polymerase (RNAPII) itself. RNAPII
presumably stalls at damaged DNA sites on the actively transcribed strand of genes
(Hanawalt and Spivak, 2008) and recruits Cockayne syndrome B (CSB; also called
ERCC6), a DNA-dependent ATPase (Citterio et al., 1998; Eisen et al., 1995; Troelstra et
al., 1992) that wraps ~125 bp of DNA around its surface and depending on ATP binding, it
translocates as a dimer along template DNA with RNAPII (Beerens et al., 2005). It is
possible that the blockage of RNAPII at a lesion increases the affinity of CSB for the
polymerase (Marteijn et al., 2014). This and the binding of CSB to CSA (also called
ERCCS8) that is part of an E3-ubiquitin ligase complex (i.e., DDB1, Cullin 4A, and
ROC1/Rbx1) (Groisman et al., 2003) may serve to backtrack RNAPII that slides reversibly
along DNA template (Nudler, 2012) rendering the DNA lesion accessible to the remaining
NER reaction. CSA recruits together with CSB the nucleosomal binding protein HMGN1
(Birger et al., 2003; Fousteri et al., 2006), the pre-mRNA-splicing factor XAB2 (Nakatsu et
al., 2000), the transcription elongation factor TFIIS (Fousteri et al., 2006; Tornaletti et al.,
1999) and the UV-stimulated scaffold protein UVSSA that interacts with the elongating
form of RNAPII and stabilizes CSB (Schwertman et al., 2012; Zhang et al., 2012) to sites
where RNAPII is arrested. Besides UV-induced DNA lesions, CSB and CSA are also
recruited to DNA ICLs, DNA DSBs, monoadducts and, for CSB alone, to oxidative DNA

lesions (lyama and Wilson, 2016) which are then removed by the core NER reaction.

11
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Figure 1. NER machinery: a) Global Genome NER (GG-NER) and b) Transcription-Coupled NER
(TC-NER), distinguishable by means of lesion recognition while common to the DNA unwinding
and damage excision steps of repairing events.

1.2 NER Syndromes - Clinical Phenotypic Heterogeneity. Genetic pleiotropy refers to a
single gene mutation that influences distinct and seemingly disparate phenotypic
disorders. Instead, genetic heterogeneity occurs when a single phenotypic trait is linked to
mutations on multiple alleles from the same or different loci. In humans, inborn mutations
in NER genes give rise to syndromes that are both heterogeneous and pleiotropic. Defects
in GG-NER give rise to the skin cancer-prone disorder xeroderma pigmentosum (XP;
affected proteins: XPA through XPG) or to a heterogeneous group of progeroid disorders
that are phenotypically distinct from XP, including the Cockayne syndrome (CS; affected
proteins: CSA, CSB, UVSSA or XPB, XPD and TTDA and certain mutations in the gene
encoding XPG) and Trichothiodystrophy (TTD; affected proteins: XPB, XPD, P8)
(Bootsma, 1998; Bootsma, 2001). Even though XP, CS, and TTD are derived from

mutations in genes involved in the same DNA repair mechanism or even in the same NER

12
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gene (Fan et al., 2008), their clinical outcome is often remarkably diverse. For instance,
two siblings with XP as well as a CS patient carrying the same mutation in CSB gene were

previously shown to be affected differently in terms of the severity of the

Table 1- Phenotypic characteristics of NER syndromes and associated mouse
models (Apostolou et al., 2019).

Clinical features

UV sensitivity Skin cancer Growth defects Premature aging Neurological symptoms
Protein defect Syndrome Human Mouse Human Mouse Human Mouse  Human Mouse Human Mouse
XPA XP Y Y Y Y Y N NA N Y NA
XPB XP, XPCS, TTD Y Y Y N N N N N Y N
XPC XP Y Y Y Y N N N N N N
XPD CS, XPCS, TTD, COFS Y Y Y Y Y Y NA Y Y N
DDB2 XP Y Y Y Y N N N N N N
XPF XP, CS Y Y ND ND Y Y Y Y Y Y
XPG XP, XPCS Y Y ND ND Y Y NA Y Y Y
ERCCI COFS Y Y ND ND Y Y Y Y Y Y
TTDA TTD Y Y NA NA Y NA NA NA NA NA
CSA CS, UVsS Y Y N Y Y N Y N Y N
CSB CS, UVsS, COFS Y Y N Y Y N Y N Y Y
CSB/XPA CS, COFS NA Y NA NA NA Y NA Y NA Y
CSB/XPC CS, COFS NA Y NA NA NA Y NA Y NA Y

disease indicating that a straightforward association between the genetic defect and the
observed pathological features is not always guaranteed (Colella et al., 2000). In XP,
patients carrying mutations in XPC or XPE genes show extreme sensitivity to sunlight and
present with freckling in sun-exposed skin areas. If left unprotected, XP patients have a
high frequency of non-melanoma skin cancer and melanomas that manifest at an early
age (~9 and ~22 years, respectively) in UV-exposed areas i.e. skin, eye, and tongue but
occasionally in non-UV exposed organs of the central nervous system (DiGiovanna and
Kraemer, 2012). However, it is only 60% of XP patients that are photosensitive whereas
the remaining 40% show no sunburn reactions but still present with increased freckle-like
pigmentation (Mareddy et al., 2013). The time to onset of neurological abnormalities also
varies dramatically from the age of two to middle age (Bradford et al., 2011; Mahindra et
al., 2008). Moreover, it is only <30% of the patients with defects in XPA, XPB, XPD, or
XPG that show neurological deficits of varying severity, including isolated hyperreflexia,
progressive mental retardation, sensorineural deafness, spasticity, or seizures (Mareddy et
al., 2013). In XPC patients, the inactivating mutations are spread throughout the gene
giving rise mostly to truncated XPC proteins of variable length, with no indication of

hotspots or founder effects (Chavanne et al., 2000). A rather distinct group of XP patients
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involves mutations in the gene encoding XPV (also called low fidelity Pol n)(Johnson et al.,
1999b); XPV patients are proficient in NER but manifest with similar symptoms seen in XP,
including UV-induced mutagenesis and skin cancer (Johnson et al., 1999a; Masutani et
al., 1999). Unlike in XP, patients with CS suffer from progressive neurodevelopmental
defects along with an early (at birth) or late (late childhood or even adulthood) onset of
growth defects and cachexia, microcephaly, retinal degeneration, and a reported life
expectancy of ~12 years. The CS pathological symptoms appear more severe in the case
of the CS variant Cerebro-oculo-facioskeletal syndrome (COFS; life expectancy <2 years)
or considerably milder as in the UV sensitive syndrome where the stability of CSB is
compromised (UVsS; affected proteins: CSB, CSA, UVSSA) (Laugel, 2013; Nance and
Berry, 1992; Spivak, 2005). Intriguingly, although CS patients manifest with cutaneous
photosensitivity, they have no predisposition to skin cancer. The lower incidence of tumors
in CS results from the absence of UV-induced mutagenesis rather than from enhanced
lethality (Reid-Bayliss et al., 2016). Similar to CS, the clinical phenotypes of TTD patients
are remarkably diverse in terms of severity and extent. TTD patients are photosensitive
and present with the characteristic Sulphur-deficient, dry and sparse hair and nails of TTD,
congenital ichthyosis, physical and mental retardation and signs of premature aging but no
cancer (Lambert et al., 2010). In certain instances, the pathological features in TTD are
uncoupled from the DNA repair defect. For example, TTD patients carrying mutations in
the TTDN1 gene are DNA repair-proficient, show no signs of photosensitivity and are not
cancer-prone. However, they manifest with most other clinical symptoms associated with
the photosensitive TTD disorder in addition to delayed bone aging and an over-
representation of seizures (Heller et al., 2015; Itin et al., 2001; Nakabayashi et al., 2005).
A recent study on a TTD causative TFIIEB mutation also showed that the GG-NER and
TC-NER subpathways of NER were not affected further uncoupling any transcription
defects in TTD from defects in DNA repair (Theil et al., 2017).

1.3 The heterogeneity of DNA repair-deficient syndromes: beyond NER. Other DNA
repair pathways are not exempted from the bewildering complexity of clinical
manifestations seen in NER. Patients with mutations in ataxia telangiectasia-mutated gene
(AT; affected gene: ATM) that are defective in the repair of DSBs, present with progressive
cerebellar ataxia to oculocutaneous telangiectasia, gonadal sterility, growth retardation
and a high incidence of lymphoid tumors. In fact, AT is gradually perceived to represent a

highly heterogeneous syndrome with dramatic pleomorphic manifestations (Teive et al.,
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2015). Likewise, Nijmegen breakage syndrome patients (defective also in DSB repair;
affected gene: NBS1) are characterized by short stature, microcephaly, and characteristic
facial appearances and are particularly prone to respiratory tract infections and highly
susceptible to B-cell lymphomas (Chrzanowska et al., 2012). Fanconi anemia patients
(defective in the repair DNA ICLs; affected genes FANC, BRCA2) are a clinically highly
heterogeneous group but shares a number of phenotypic similarities with NBS; the great
majority of FA patients manifest with major birth defects ranging from short stature and
developmental delay to cutaneous, skeletal, craniofacial, and genital anomalies along with
bone marrow failure and myelodysplasia. Nearly 80% of children and adults with FA are
reported with a least one endocrine defect, including GH deficiency, abnormal glucose or
insulin metabolism and dyslipidemia or hypothyroidism (Petryk et al., 2015). Patients with
Bloom (BLM; affected gene: BLM involved in DNA replication and repair) or Rothmund-
Thomson (affected protein: RECQL4 involved in DNA replication and repair) syndromes all
exhibit growth defects and pathological features ranging from cataracts and diabetes to
renal dysfunction and immunodeficiency. Instead, patients carrying defects in mismatch
repair (as in Lynch syndrome) or BER are -with the exception of colorectal cancer-

asymptomatic (Tiwari et al., 2015; Wallace et al., 2012).

1.4 NER-deficient mouse models. Mice with engineered mutations in NER genes mimic
in some respects the pleiotropic and heterogeneous pathological symptoms seen in NER
syndromes (Hasty et al., 2003). The GG-NER-deficient Xpc”” mouse or the complete NER
defective Xpa” or Xpc’/Xpa’ double mutant animals present with a higher frequency of
UV-induced skin cancers but show none of the progeroid CS features or the progressive
neurodegenerative complications associated with XP (Nakane et al., 1995; Sands et al.,
1995; van der Pluijm et al., 2006). The TC-NER-defective Csb™™ animals associate with a
mild phenotype (van der Horst et al., 1997) (similar to the UVsS syndrome) and need to be
crossed with either Xpa” or Xpc”™ mice (i.e., Csb™™/Xpa™ or Csb™™/Xpc’ mice) to reliably
recapitulate the severe CS variant COFS (van der Pluijm et al., 2006). Xpd''° and Xpd*"“®
mice each carrying a causative point mutation in Xpd gene fail to show the complete
clinical spectrum of CS features associated with TTD and XP/CS, respectively (Andressoo
et al., 2006; de Boer et al., 2002). Interestingly, Xpf ", Xpg™” or Ercc1” mice are perhaps
the only single NER mutant animals (also defective in other DNA repair systems) to
reiterate the severe developmental abnormalities and premature aging features of patients

with mutations in the corresponding genes (Niedernhofer, 2008; Shiomi et al., 2004; Tian
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et al., 2004). Indeed, most other single mutant animals e.g. Xpc”, Csh™™ or Xpa™ mice

result in phenotypically healthy animals with minor to moderate pathological symptoms.

Current models are based on the differential roles of NER factors in e.g. TC-NER,
GG-NER, ICL or DSB repair and the transcription-coupled-associated BER to explain the
complex and heterogeneous constellation of clinical symptoms in NER (Marteijn et al.,
2014). Indeed, the myriad of different types of DNA lesions involved as well as the
overlapping and distinct functions of NER proteins in other DNA repair systems could
provide a valid explanation for the progressive and heterogeneous symptoms seen in NER
syndromes. From a genetic point of view, however, it may be difficult to reconcile why the
complete NER-defective Xpa”™ animals show none of the clinical features seen in CS or
XP (with the exception of skin cancer) or why these animals differ substantially from
Csb™™/Xpc” that are like Xpa”™ mice also defective in both subpathways of NER. It is also

puzzling that the causative TC-NER defect in Csb™"

mice aggravates immensely the
phenotype of the NER-deficient Xpa’ animals as in Csb™™/Xpa’ mice. Lastly, the
accumulation of random DNA lesions in the mammalian genome may well explain the
frequent but unsystematic occurrence of skin tumors seen in Xpa’ animals or the
progressive onset of neurological symptoms seen in some, but not all, XPA patients over
time (DiGiovanna and Kraemer, 2012; van Steeg et al., 2001). However, the model of
indiscriminate  DNA damage contrasts with the unvarying onset and severity of
developmental abnormalities seen in all isogenic animals carrying the same inborn
mutation in NER. The reported frequency (~70.000 DNA lesions per day per cell in
humans) (Lindahl and Barnes, 2000) and the presumed indiscriminate nature of DNA
insults in the mammalian genome makes it unlikely that all genes poised for transcription
are damaged during mammalian development or that the same genes are, at all times,

selectively damaged.

Evidently, the genetic-phenotypic paradox seen in NER reflects the diversity of DNA
lesions encountered, the position of the DNA damage in the genome, the proliferative
status and type of cells involved and likely any putative functions of NER factors outside
the canonical NER pathway. Indeed, the wider spectra of recurrent developmental
abnormalities seen in some, but importantly not all, defects in NER may be better
rationalized when one considers a model where i. NER factors function in DNA damage-
associated processes other than or in conjunction with NER, ii. DNA damage events are

often programmed and required for the proper execution of e.g. developmental gene
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expression programs and iii. targeted DNA damage events are topologically restricted to
specific genomic regions affecting transcription activation or regulation (Garinis et al.,
2008).

1.5. NER factors and transcription. Transcription during mammalian development
requires profound and dynamic changes in chromatin organization and structure; in certain
instances, such as during zygotic genome activation, the process of mMRNA synthesis may
be so abrupt leading to genome instability (Butuci et al.,, 2015). Steric effects on e.g.
promoter regions or restrictions in the abundance of shared factors amongst the distinct
DNA-templated processes suggest that DNA repair and transcription are competing
processes. In yeast, whereas transcription is inhibited in the presence of active NER,
increased transcription has no detectable effect on NER in vitro (You et al.,, 1998).
Transcription factors may also interfere with NER resulting in an increased rate of DNA
mutations at the protein binding sites (Sabarinathan et al., 2016). In line, NER is impaired
within the DNase I-hypersensitive site center of active promoters leading to a higher
density of mutations compared to enhancers (Perera et al.,, 2016). Conspicuously,
however, the relative repair rates of bulky DNA lesions gradually increase in gene
promoters reaching a peak at transcription start sites and around ORF structures in yeast
(Yu et al., 2016). Nonetheless, direct mechanistic links between NER and transcription are
well documented for nearly three decades (Compe and Egly, 2016; Schaeffer et al., 1993).
The basal transcription factor TFIIH is known to facilitate initiation, promoter escape, and
early elongation steps of RNAPII transcription upon DNA damage (Chalut et al., 1994; de
Boer et al.,, 2002). In TFIIH, the Xpb and Xpd genes encode two helicase subunits
(Oksenych et al., 2009; Schaeffer et al., 1994; Schaeffer et al., 1993) that unwind DNA in
the vicinity of DNA damaged sites for repair or on promoters to facilitate the synthesis of
the primary transcript (Egly and Coin, 2011). More recently, the NER factors i.e., XPC,
CSB, XPA with RPA, XPG and the ERCC1-XPF complex were found to be sequentially
recruited to the promoters of nuclear receptor genes upon transcription stimulation in vitro;
promoter recruitment occurred in the absence of any exposure to exogenous genotoxic
insults and was sensitive to transcription inhibitors (Le May et al., 2010a; Le May et al.,

b™™ or Xpa’single mutant livers show —unlike the

2010b). Conspicuously, however, Cs
Csb™™/Xpa™ double mutant mice- minimal differences in gene expression (van der Pluijm
et al., 2006). In line, a recent study on multiple human cell lines revealed that, for at least

XPA, the impact of NER on transcription may only be limited to a small subset of genes
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(Manandhar et al., 2017). In developing livers, ERCC1-XPF was found to interact with
multiple TFIID subunits i.e. TATA-associated factors and the TBP in vitro (Kamileri et al.,
2012d) and in vivo (Chatzinikolaou et al., 2017) and to assemble together with RNAPII and
the basal transcription machinery at promoters of growth genes during postnatal hepatic
development. In support, the DNA repair-deficient Ercc1” animals shared genome-wide
gene expression similarities with those of transcription-defective (but otherwise DNA
repair-proficient) Taf10” mice. Using a series chromatographic and purification steps, the
XPC/RAD23B/CETN2 was also shown to be part of a multi-subunit stem cell coactivator
complex (SCC) required for co-activating Oct4/Sox2-dependent transcription of Nanog for
stem cell pluripotency (Fong et al., 2011). Unlike what one would expect, the effect of XPC
or RAD23B knockdown was more profound in the reprogramming of mouse embryonic
fibroblasts than in the maintenance of ES cells. Similar to HelLa cells (Le May et al.,
2010b), the complex in transcription was distinct from that involved in DNA repair; the
XPC-SCC could still co-activate Nanog transcription even when XPC was mutated
abolishing GG-NER and independently of DNA binding likely through interactions with
sequence-specific transcription factors, including TFIID. In a follow up work using 3D
single-particle reconstruction by electron microscopy, the regions of contact between the
XPC complex and OCT4, SOX2, XPA, and TFIIH were proposed (Zhang et al., 2015).
More recently, XPC was shown to facilitate TDG-mediated DNA demethylation during
somatic cell reprogramming indicating a distinct but complimentary mechanism by which
XPC could further impinge on gene expression independently of NER (Ho et al., 2017).
Nevertheless, the functional role of XPC in stem cell pluripotency contrasts with the lack of
developmental defects seen in Xpc” mice (Sands et al., 1995). In line, ablation of the C-
terminal region of Xpc gene abrogating the interaction sites of XPC with RAD23 and
CETN2 has minimal impact on gene expression or pluripotency to contribute chimeric
embryos (Ito et al., 2014) . Besides transcription initiation, XPG-TFIIH also interacts with
factors involved in transcription elongation; XPG knockdown dampens epidermal growth
factor-induced FOS transcription whose mRNA levels are also decreased in XP-G/CS cells
carrying a truncated XPG (Narita et al., 2015). Unlike other examples suggesting a role of
NER in stimulating transcription, XPB may also inhibit transcription initiation by interfering
with promoter melting; inhibition is only relieved by its own ATPase activity (Alekseev et
al., 2017) revealing an additional level of transcriptional regulation. NER factors may also
affect gene expression in ways beyond their putative role in transcription. For example,

earlier studies using a Xenopus expression library revealed that XPG may be targeted to
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distinct demethylation sites replacing methylated cytosines with unmethylated nucleotides
to relieve epigenetic silencing (Barreto et al.,, 2007). Irrespectively of the proposed
mechanisms mentioned above, defects in NER may also selectively interfere with the
transcription of genes in cis. For example, persistent transcription-blocking DNA lesions
may obstruct preferentially the transcription of genes with longer primary transcripts and
thus with a greater risk of RNAPII blockage at damaged sites. In line, the majority genes
with significantly decreased mRNA levels in Ercc1?” mouse livers also have substantially
longer primary transcript lengths (Vermeij et al.,, 2016). Since it is mostly introns rather
than exons contributing to the total gene size, it is thought-provoking that the mRNAs of

genes with shorter introns are also more abundant (Castillo-Davis et al., 2002).

1.6 DNA repair factors in transcription: beyond NER. Unanticipated roles in
transcription have also been described for proteins involved in the repair of DNA breaks,
DNA ICLs, damaged bases or G/T mismatches. Key components of the DSB repair
pathway, such as the BRCA1 may repress or stimulate hormone receptor activities at the
transcriptional level (Fan et al., 1999; Park et al., 2000; Zheng et al., 2001). Likewise, the
monoubiquitinated form of FANCD2 (FANCD2-Ub) involved in the repair of DNA ICLs
activates the transcription of tumour suppressor gene TAp63; the recruitment of FANCD2-
Ub to the regulatory region of the TAp63 promoter requires SLX4, a subunit of many
structure-specific endonucleases that resolves DNA secondary structures generated
during DNA repair and recombination (Park et al., 2013a). Proteins involved in BER are no
exception; A/P endonuclease Ref-1 is a multifunctional protein that stimulates redox
control-dependent DNA binding of transcription factors, including P53, NF-kB, and HIF-1
(Gaiddon et al., 1999; Thakur et al., 2015). Likewise, thymidine DNA glycosylase (TDG) is
known to interact with oestrogen receptor alpha to stimulate the transcription of estrogen-
regulated genes (Chen et al., 2003). TDG forms a physical and functional complex with the
transcriptional coactivators CBP and p300 for both the excision step of repair and histone
acetylation (Tini et al., 2002). TDG also interacts with DNA methyl transferase Dnmt3a to
inhibit its methylation activity (Li et al., 2007b) and is required for recruiting p300 to retinoic
acid-regulated promoters (Cortellino et al., 2011). The multiple roles of TDG in gene
regulation could also explain why abrogation of TDG is -unlike other DNA glycosylases-
embryonically lethal (Cortazar et al., 2007; Cortazar et al., 2011). In essence, several DNA
repair proteins function, similar to NER factors, in DNA-templated processes other than the

repair of DNA damage.
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1.7 NER factors and the chromatin architecture. The great majority of genes involved in
developmental-stage and tissue-specific gene expression programs are found in gene-
dense or repressive chromatin regions; their cis-acting regulatory sequences, however,
are often located several kilobases apart with one or several unrelated genes in between
(de Laat and Grosveld, 2003). The timely expression of a gene relies on the formation of
an “active chromatin hub” (de Laat and Grosveld, 2003) to allow the transcription unit to
physically communicate with its cis-regulatory elements. Such chromatin hubs depend on
protein complexes to loop out any intervening sequences or inactive genes, thereby
bringing promoters and cis- or trans-acting sequences into physical proximity. The
CCCTC-binding factor CTCF is a highly conserved 11-zinc finger protein that is involved in
transcription activation and repression, chromatin architecture, genome imprinting, X
chromatin inactivation and insulation (Phillips and Corces, 2009). Recent data suggest that
distinct NER factors associate with chromatin organizers and remodelers to shape
chromatin architecture for optimal gene expression, developmental gene silencing or for
promoting the accessibility of DNA repair proteins to sites of DNA damage. For instance,
XPG and XPF are essential for establishing CTCF-dependent chromatin looping between
the promoter and terminator of the activated RARb2 gene (Le May et al., 2012).
Abrogation of XPG or XPF due to gene silencing or mutations in their catalytic sites
substantially hampered the recruitment of CTCF in chromatin, the formation of appropriate
chromatin loops and the fine-tuning of RARb2 mRNA synthesis. As gene looping and
CTCF recruitment occur in parallel with the formation of DNA breaks, it may be attractive
to consider a model where XPG and ERCC1-XPF trigger the formation of targeted DNA
nicks on promoters to facilitate the access of transcription factors on promoters and the
process of mMRNA synthesis. Intriguingly, CTCF also interacts with the CSB (Lake et al.,
2016). CTCF and CSB regulate each other's chromatin association in response to
oxidative stress; indeed, whereas oxidative stress enhances the CSB-CTCF interaction in
293T cells, CSB itself facilitates CTCF-DNA interactions in vitro and regulates CTCF-
chromatin interactions in cells treated with menadione, an inducer of oxidative stress. Most
recently, an in vivo biotinylation tagging approach in mice revealed that the heterodimer
ERCC1-XPF complex interacts with CTCF, the cohesin subunits SMC1A and SMC3 and
with MBD2 (Chatzinikolaou et al., 2017). The CTCF-cohesin complex colocalized with
ERCC1-XPF and the chromatin remodeler ATRX at the promoters and control regions of

imprinted genes in the developing liver. Interestingly, abrogation of ERCCL1 in Erccl” mice
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or exposure of primary embryonic fibroblasts to the DNA interstrand crosslinker mitomycin
triggered the localization of CTCF to heterochromatin and the dissociation of the CTCF-
cohesin complex and ATRX from promoters and imprinted control regions. Besides the
possible role of ERCC1, XPF and XPG in chromatin looping and architecture, the findings
also suggest that CTCF (and likely other chromatin organizers) are also (in)directly
involved in DNA damage repair in ways that are currently undetermined. The crosstalk
between NER and chromatin organizers could also explain how, in spite of the low mobility
of TFIIH in cortex neurons, the protein is still capable of responding rapidly to new
transcription demands or local DNA damage during differentiation or lineage-specific gene
expression programs (Giglia-Mari et al., 2009).

Conversely, chromatin architectural proteins whose primary function lies well
beyond DNA repair are now known to actively participate in DDR and/or to form an integral
part of DNA repair mechanisms. The chromatin-associated scaffold attachment factor
SAFB1 was recently linked to DNA damage signaling (Altmeyer et al., 2013). SAFB1
cooperates with histone acetylation allowing the spreading of DNA damage-associated
YH2AX marks and for making chromatin permissive to DNA damage signaling.
Mobilization of the heterochromatin protein 1 (HP1) involved in chromatin organization,
gene silencing, DNA replication, and transcription is also known to initiate DDR (Ayoub et
al., 2008; Goodarzi et al., 2008). Interestingly, various HP1 isoforms were recently shown
to recruit to sites of UV-induced DNA lesions independently of GG-NER or to photo-
oxidative DNA lesions (Luijsterburg et al., 2009; Zarebski et al., 2009). Finally, the cohesin
multi-protein complex is perhaps one of the best-known examples of how a protein
complex involved in sister chromatid cohesion (Peters et al., 2008) has pivotal roles in
transcription and DNA repair (Mehta et al., 2013). In humans, the cohesin consists of four
core subunits i.e. SMC1, SMC3, STAG1 and STAG3 that form a ring-like structure able to
encircle and keep the two sister chromatids tightly connected. In doing so, the DSB in one
sister chromatid is repaired through HR by using the undamaged chromatid as a template.
Besides, cohesin is known to activate the DNA damage-induced intra S phase and G2-M
checkpoints (Watrin and Peters, 2009; Yazdi et al., 2002). Interestingly, the MRX
(Mrel11/Rad50/Xrs2) complex that recognizes DSBs promotes the assembly of cohesin at
DNA break sites (Unal et al., 2004).

1.8. Physiological DNA damage events during mammalian development. DNA

damage occurs often deliberately and for a defined biological purpose during mammalian
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development. For instance, DNA DSBs are purposely formed during meiotic homologous
recombination (HR), a fundamental process that is conserved in all species. Meiotic HR is
to facilitate genetic diversity when cells divide to become specialized gamete cells while
maintaining genome stability; the process is initiated by the formation of DNA DSBs during
G2/leptotene (Zickler and Kleckner, 2015). During HR, the resection of the 5'-terminated
DNA strand is catalyzed by the evolutionary conserved Topo ll-like enzyme Spol1l protein
and accessory factors which remain covalently attached to the 5’'end of the broken DNA
(Cejka, 2015). In the homology search and strand invasion step of homologous DNA, the
invading 3' end of the broken DNA molecule then "invades" on template DNA duplex (Li
and Heyer, 2008). In other instances, DNA breaks are intentionally generated during V(D)J
recombination (Boboila et al., 2012); DNA breaks occur in developing B- and T-
lymphocytes to provide the basis for the antigen-binding diversity of the immunoglobulin
and T-cell receptor proteins. The DNA DSBs are generated at the border of the signal
sequence by a site-specific nuclease composed of the RAG1 and RAG2 proteins (Schatz
and Swanson, 2011), and the DSBs are subsequently repaired by proteins that also
function in the repair of DSBs that have been generated by mutagenic agents. Likewise,
“programmed” DNA lesions followed by error-prone DNA repair are required to enhance
antibody diversity by triggering somatic hypermutation of immunoglobulin variable genes
(Di Noia and Neuberger, 2007). Hypermutation is triggered by the Activation-Induced
cytidine Deaminase (AID), a unique enzyme that deaminates cytosines into uracils in Ig
genes. DNA replication across the deaminated cytosines (i.e. uracil) results into transition
mutations at C:G pairs. Alternatively, UNG uracil-DNA glycosylase may create abasic sites
by excising uracil leading to transversions (Di Noia and Neuberger, 2002). Mutations at
A:T pairs are thought to result from a mutagenic patch repair mechanism that is triggered
by MSH2/MSH6-mediated recognition of the U:G lesion in which polymerase eta plays a
major role owing to spontaneous polymerase error leading to base mispairing (Di Noia and
Neuberger, 2007). Ironically, scheduled DNA damage events are now also known to play
pivotal roles during transcription to ensure the optimal execution of developmental gene
expression programs. Indeed, when transcriptional activity is inert, chromosomes are
thought to remain condensed preventing the easy access of transcription factories to the
DNA template. Instead, when transcription needs to be activated e.g. during the execution
of developmental gene expression programs, the formation of scheduled DNA breaks is
often required to rapidly relax the DNA double helix to facilitate access of transcription
factors and the RNAP Il at sites of transcription initiation. TOP2A and TOP2B, the two
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human class Il topoisomerases efficiently resolve DNA topologic constraints by binding
two separate segments of DNA, generating a DNA DSB in one of the segments and
passing one DNA segment through the transient DSB of the segment, in an ATP-
dependent fashion (Deweese and Osheroff, 2009). TOP2A and TOP2B share ~7-%
homology and are encoded by separate genes; whereas TOP2A is required for resolution
of topologic constraints arising during replication and chromosomal segregation, TOP2B is
expressed independently of the proliferative status of the cell and cannot complement
TOP2A function in mammalian cells (Deweese and Osheroff, 2009). Recent findings
suggest that TOP2B plays a pivotal role in transcription-induced DSB formation. TOP2B is
known to associate with gene promoter regions upon activation of gene transcription by
nuclear receptors generating transient, site-specific dsDNA breaks (Ju et al., 2006);
TOP2B and poly(ADP-ribose) 1 (PARP-1) co-recruit in the vicinity of DNA break formation
on promoters. In addition, TOPO2B is required for efficient androgen-mediated gene
expression; androgen signaling triggers the coordinated recruitment of AR and TOPO2B
along with the formation of TOP2B-dependent DSBs to the targeted enhancers and
promoter regions (Haffner et al., 2010). Together these findings provide a mechanistic link
between TOP2B-dependent dsDNA breaks and components of the DNA damage repair
machinery in regulating gene transcription. In other instances, chromosomes require to
dynamically reorganize themselves for the proper execution of complex transcription
programs during development or in response to specific signals. The formation of site-
specific DNA DSBs is known to facilitate such chromatin changes; for instance, the
androgen receptor recruits the ligand and genotoxic stress-induced enzymes, including the
AID and LINE-1 repeat-encoded ORF2 endonuclease to intronic binding sites near specific
tumor translocation sites; the latter facilitates the formation of DNA DSBs which are then
repaired by the error-prone NHEJ pathway (Lin et al., 2009). Consistent with the notion of
programmed DNA damage events aimed for optimal gene expression, DNA repair factors
involved in NHEJ or DSB repair, including the Ku70, Ku80, PARP1 and the DNA-PK are
known to associate with transcription factors and recruit on regulatory elements of target
genes upon transcription induction (Haffner et al., 2011). DNA breaks are not the only
documented type of DNA lesions that play a physiological role during transcription
initiation; efficient transcription de-repression or induction often requires cyclical DNA
demethylation by DNA methylstrasferases upon activation by estrogen (Metivier et al.,
2008) or oxidation triggered by H3K9me2 demethylation (Perillo et al., 2008). Besides

mammals, recent findings in worms also reveal that chromosomal damage is tightly linked
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to gene expression (Butuci et al., 2015); whereas RAD-51 foci are not typically detected on
the transcriptionally quiescent X chromosomes, these are prominent when transcription is
active on the X. Moreover, unlike with splicing or translation, inhibiting RNAPII by chemical
or genetic means led to the significant reduction in RAD-51 foci in Z2/Z3 coupling RNAPII
activity to the generation of DSBs at sites of ongoing transcription to facilitate RNAPII
promoter escape or efficient elongation. Longer tracts of RNA-DNA hybrids, known as R-
loops have also attracted recent attention as they appear to liaise between DNA damage
events and transcription regulation (Costantino and Koshland, 2015). R-loops are formed
during transcription when the nascent RNA molecule emerging from ongoing transcription
hybridizes with the DNA template forming an RNA-DNA hybrid structure that displaces
single-stranded DNA. Importantly, R-loops arise naturally in mammalian cells to e.g.
facilitate immunoglobulin class switching (Yu et al., 2003), to protect promoters from CpG
island methylation by DNMT3B1, the primary de novo DNA methyltransferase during early
development (Ginno et al., 2012) or to facilitate transcription termination of genes over G-
rich pause sites (Skourti-Stathaki et al., 2011). Typically, R-loops are resolved by RNaseH
as the enzyme degrades the RNA molecule in RNA-DNA hybrids (Wahba et al., 2011), or
by Senataxin, a specialized helicase known to efficiently unwind RNA-DNA hybrids
(Mischo et al.,, 2011; Skourti-Stathaki et al.,, 2011). The increase of R-loops in cells
defective for RNA biogenesis factors support the notion that these proteins suppress the
formation of R-loops by binding to the nascent RNA (Huang et al., 2012; Li et al., 2007a).
Alternatively, topoisomerase | may ensure genomic instability by preventing the conflict
between transcription and DNA replication through the suppression of RNA-DNA hybrids
formation; topoisomerase | reduces the torsional stress behind RNAPII, thereby preventing
the annealing of the nascent RNA with the DNA template (Tuduri et al., 2009). Naturally
occurring R-loops during transcription are thought to promote DNA damage by exposing
long stretches of ssDNA leading to spontaneous formation of DSBs but also to
transcription-associated mutagenesis (Muers, 2011; Wimberly et al., 2013). Interestingly,
transposable genetic elements often alter gene function and promote genomic
rearrangements as well as variation and likely also organismal speciation; to do so they
utilize DNA or RNA intermediates and possess transposase and endonuclease activity,
respectively to create a dsDNA break for the new insertion site (Mills et al., 2006). Taken
together, it becomes increasingly profound that DNA damage events may not be as
random as previously thought; in fact, they are unavoidable events during mammalian

development and —in spite of the obvious risks- vital for organismal survival.
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1.9 NER and transcription-associated DNA damage. It may seem perplexing that DNA
repair enzymes in NER are recruited on promoters of actively transcribed genes (Le May
et al., 2010a; Le May et al., 2010b) or that potentially threatening DNA cutters, such as the
ERCC1-XPF or XPG are required for the optimal fine-tuning of gene expression (Kamileri
et al., 2012b; Kamileri et al., 2012d). Some, not necessarily exclusive, possibilities exist
that may rationalize these findings. For instance, as TFIIH functions in both NER and
transcription, the recruitment of NER factors on promoters could reflect the binding or
physical proximity of these proteins to TFIIH during transcription. In this scenario, the
transient, and in this context unproductive, recruitment of NER proteins to promoters will
correspond to the amount of TFIIH bound on these regions and by analogy to the level of
transcription activity. A previous genome-wide expression analysis in P15 Xpd''® livers,
however, revealed distinct gene expression changes from those seen in P15 Csb™™/Xpa”
or Ercc1”™ mice (Niedernhofer et al., 2006a; van der Pluijm et al., 2006). Moreover, Xpd' ™
animals are -unlike the Csb™™/Xpa’ or Ercc1” mice- not growth-defective (Kamileri et al.,
2012d). Nonetheless, Xpd'™® mice are expected to retain some residual XPD activity in
transcription and thus this possibility cannot be excluded. The presumed function of NER
in transcription also contrasts with the fact that abrogation of XPA, CSB or XPC in mice or
human cells has hardly any significant effect on transcription or murine development (Fong
et al.,, 2011; Manandhar et al., 2017; Niedernhofer et al., 2006a; van der Pluijm et al.,
2006). As a counterargument, the synergistic function of specific NER proteins in
transcription activation -as it is also proposed for the DNA repair function of various double
mutant animals e.g. Csb™™-Xpc” mice cannot be excepted. Moreover, as NER factors are
not detected in unrelated genomic regions upstream of the transcription start site, it is
unlikely that they may recruit circumstantially to promoters due to their DNA-binding ability.
The remaining possibilities suggest that NER factors associate with promoters to facilitate
the process of MRNA synthesis or to repair DNA lesions specifically on these sites.
Although the relevance of NER to transcription-associated DNA breaks has yet to be
shown, it is worth noting that DNA breaks (likely related to R-loops) are detected in UV-
irradiated cells of XPD/CS patients and, surprisingly so, at sites distant from the DNA
damage itself (Berneburg et al., 2000). Inhibition of RNAPII transcription with transcription
inhibitors dramatically reduced the number of UV-induced breaks. Moreover, the DNA
breaks were dependent on functional NER pointing to its likely involvement in the induction

of these lesions at sites of ongoing transcription (Theron et al., 2005). Besides targeted
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DNA DSBs on promoters, longer tracts of RNA-DNA hybrids, known as “R-loops” liaise
between spontaneous DNA damage events and transcription (Costantino and Koshland,
2015). Naturally occurring R-loops generated on promoters or termination regions are
frequently formed when a nascent RNA molecule is hybridized with the DNA template
before the two strands of the DNA duplex reanneal leaving the non-template DNA single-
stranded (Skourti-Stathaki and Proudfoot, 2014; Skourti-Stathaki et al., 2011). R-loops
expose long stretches of ssDNA leading to the spontaneous formation of DSBs or to
transcription-associated mutagenesis (Muers, 2011; Wimberly et al., 2013). Transient
DNA-RNA hybrids are found in organisms from bacteria to humans and play physiological
roles in e.g. transcription (Aguilera and Garcia-Muse, 2012) or class switching
recombination (Yu et al., 2003) but are likely also generated when an RNAPII is stalled at
transcription-blocking DNA lesions (Sollier et al., 2014). The NER endonucleases ERCC1-
XPF and XPG actively process R-loops (Sollier et al.,, 2014). Intriguingly, R-loop
processing requires CSB (involved in TC-NER) but not XPC (involved in GG-NER). XPF
(the nuclease active site of ERCC1-XPF) and XPG are thought to generate nicks or gaps
on both the transcribed and non-transcribed strand and at both ends of the R-loop. At
present, it remains unclear whether the apparent cleavage of R-loops by XPG is directly
related to NER. Similarly, cleavage of R-loops by ERCC1-XPF may require functional NER
(where targeting would be mediated by e.g. XPA, or TFIIH), or else the ERCC1-XPF may
be targeted by MSH2-MSH3 or SLX4 outside the canonical NER mechanism. In this
regard, it would be informative to test whether, R-loops are successfully cleaved in e.g.
XPA-defective cells. Arguably, the notion that R-loops processed by NER factors could
potentially trigger the formation of cytotoxic DSBs is counter-intuitive for factors involved in
genome maintenance. Nevertheless, R-loops also accumulate in cells deficient in the
RNA/DNA helicase Aquarius and XPG (Sollier et al., 2014) suggesting that distinct NER
proteins may remove harmful R-loops formed when the ongoing transcription or mRNA

processing is compromised (Stirling et al., 2012).

1.10 TFIIS & transcription-blocking DNA lesions. The process of mRNA synthesis
requires the action of sequence-specific DNA binding factors, the basal transcription
machinery and chromatin remodeling and modification enzymes (Lemon and Tjian, 2000;
Orphanides et al., 1996). Together, these factors create a chromatin environment that
allows the synthesis of the primary transcript (Ohler and Wassarman, 2010). In

eukaryotes, protein expressing genes are transcribed by RNAPII to generate messenger
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RNAs (mMRNAs) that have a rather short half-life and are quantitatively and qualitatively
regulated throughout production and degradation (Thomas and Chiang, 2006). RNAPII
transcription consists of distinct events from the generation of a single mRNA product up
to its recycling (Shandilya and Roberts, 2012. At the beginning of the process, DNA
elements, located near the promoter elements, are recognized by the general transcription
factors that together constitute the pre-initiation complex (PIC) and form the backbone for
RNAPII recruitment (Soutoglou and Talianidis, 2002). This is followed by the Mediator, a
multiprotein complex that functions as a transcriptional coactivator in all eukaryotes and
serves as a transcription platform (Malik and Roeder, 2005). Transcription bubble
formation, by unwinding of the DNA double helix, sets the onset for initiation as the
template strand translocates to the polymerase active center for RNA synthesis to
commence from the transcription start sites (TSS) (Miller and Hahn, 2006).

Before RNAPII passes onto productive elongation, it is forced to pause at a short distance
from the promoter during this intermediate stage of promoter proximal pausing (Adelman
and Lis, 2012). Under specific activation conditions, the polymerase evades from the
paused state and enters productive elongation through the act of P-TEFB. During
productive elongation, RNAPII transcribes with speeds up to 4kb/min, while newly
synthesized RNA is polyadenylated and spliced duting the process of maturation (Danko
et al., 2013). Termination of transcription then leads to polymerase recycling and to its
general release from chromatin (Guo and Price, 2013). Gene expression regulation is the
means by which gene functionality is coordinated based on what, where and when it is
needed. It occurs in two levels: originally with histone modification events, e.g.
phosphorylation and acetylation that grand accessibility to the DNA template (Heintzman
et al., 2009) and subsequently with transcription factors (TFs) during the initiation and
elongation stages of mRNA synthesis. TFs interact with co-activators or co-repressors,
while the Mediator acts as a processing platform for the overall signal generated by these
factors (Guo and Price, 2013). TFs are then set for transcription initiation control by
recruiting co-activators, including the Mediator complex, P300 and the general TFs (Poss
et al., 2013; Soutourina, 2018). Enhancer elements bind to the TFs and act in synergy for
gene expression regulation mainly through the identification of genomic regions
whosesequence affects protein binding and eventually gene expression (Guo and Price,
2013).
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Promoter proximal pausing maintains transcription in an active state by keeping the
promoters open for the recruitment of transcription factors (Krumm et al., 1995) (Figure 2).
TFIIS is one of the most widely characterized elongation factors. Three different forms of
TFIS have been identified in mammals. A ubiquitously expressed form encoded by the
TCEA1 gene on mice chromosome 1, a testis-specific form encoded by TCEA2 on
chromosome 2 and a third one, encoded by TCEA3 on chromosome 4 (Shema et al.,
2011). TCEAZ2 tissue expression profile manifests a moderate to high protein localization in
many tissues including the liver, while differences are observed among the paralogues
(Uhlen et al., 2015). Paralogues share a high percentage of homology in their amino-acid
sequence; for instance, TCEA2 shares 93% homology with its human orthologue on
chromosome 20 (BLAST generated data). TFIIS stimulates arrested RNAPII to cleave the
nascent transcript during ongoing transcription. In doing so, the transcription elongation
factor TFIIS rescues RNAPII from backtracking by altering the 3-D structure of the
polymerase in order for the newly synthesized RNA to be directed in the polymerase active
center for cleavage and the formation of a new 3’ prime end that will allow rebooting
(Donahue et al.,, 1994). Promoter proximal pausing has a prominent role during
developmental gene transcriptional regulation as well as in stimulus-controlled pathways,
including the heat shock family of genes (Shao and Zeitlinger, 2017). In doing so, RNAPII
pausing may achieve activation of specific sets of genes in a time- and cell-type

dependent manner.
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Figure 2. Promoter Proximal Pausing: Coordinated actions of promoter binding elements, along
with the negative elongation factor NELF and DSIF, keep RNAPII in a paused state (Chen and Xie,
2017). Knocking down NELF led to gene expression reduction due to nucleosomes masking
promoter regions. Elongation rebooting is triggered by the positive transcription elongation factor
PTEF-B that phosphorylates NELF, at the serine 2 of RNAPII carboxy-terminal region that
abandons RNAPII, while DSIF is transformed into a positive elongation factor (Price, 2018; Li, et
al., 2017).

Upon DNA damage, RNAPII stalls and backtracks when it encounters a DNA lesion
opening up a time window for the recruitment of the TC-NER factor CSB; in doing so, it
also provides the necessary space for the recruitment of the remaining NER factors at
DNA damaged sites (Donahue et al., 1994; Selby et al., 1997). Using photolyases, which
specifically recognize and repair UV-induced lesions, previous studies have shown that
RNAPII backtracking (Figure 3) is required for damage recognition (Tornaletti and
Hanawalt, 1999). Similar to the promoter proximal pausing, TFIIS results in the cleavage of
the newly synthesized RNA following template strand direction towards the polymerase

active center (Donahue et al., 1994) (Figure 4).
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Figure 3. Elongation complex states: Three transcribing complexes are observed during
elongation. A pre-translocation state, in which the nucleotide just added to the growing RNA chain
is still in the nucleotide addition site; from there on the enzyme must move forward on the template,
to make the nucleotide addition site available for entry of the next nucleotide at the post-
translocation state. In the case of DNA damage or obstacles that prevent RNAPII progression, the
enzyme retreats on the template, an action which is called backtracking and lead to the extrusion
of the 3-end of the RNA (Brueckner et al., 2007; Wang et al., 2009). Backtracking by one or a few
residues is reversible, whereas backtracking a greater distance (the greatest backtracking distance
observed is as far as 7-9 nucleotides), leads to arrest, from which recovery is only possible by
cleavage of the transcript in the polymerase active center, which is induced by TFIIS (Wang et al.,
2009).

RNAPII stalling and backtracking is likely part of a wider mechanism in which the
polymerase originally stops at the damaged site. If legion bypass is not an option, then the
enzyme slides back on the template, allowing time for the recruitment of the repair factors
while it also defines the boundaries of the excised DNA fragment. If recruitment of DNA
repair factors is not possible due to e.g. defective NER or defective polymerase rescuing,
then the enzyme is arrested. In this scenario, RNAPII in the presence of TFIIS recovers
from backtracks. Finally, although the role of TFIIS in RNAPII elongation is well
established, some studies have suggested that TFIIS may also function during early
events in transcription, including PIC formation (Wery et al., 2004)as well as during
promoter proximal pausing (Guglielmi et al., 2007; Kim et al., 2007; Reines et al., 1989;
Wery et al., 2004).

TFIIS domain |l

Cheung and Cramer, 2011

Figure 4. TFIIS domains: TCEA2 is a member of the TFIIS family of transcription elongation
factors along with the two other paralogues, which are genes that derive from the same ancestral
gene but now reside at different locations within the same genome. TFIIS has four distinguishable
structural domains that fold independently and are common among the paralogues. Domain Il is
responsible for the TFIIS binding to RNAPII while C-terminal two-thirds of the protein, that is its
domain Il and Il separated by a 15-aa linker, are responsible for the cleavage-stimulating activity
(Cheung and Cramer, 2011). Domain Il directs the RNA to the RNAPII active site for cleavage
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through its zinc formation. No known functions have been accounted to Domain | (Cheung and
Cramer, 2011).

Several studies led by the notion that backtracked RNAPII allows for the damaged site to
be revealed and repaired have focused on the coupling of DNA repair and TFISS-
mediated rebooting of transcription elongation. Synthetic lethality screens, followed by co-
immunoprecipitation studies revealed that BRCAL interacts genetically with TCEA2 and
co-localize at post-UV transcription associated damage foci together with RNAPII; the
latter could facilitate damage repair and/or transcription restart (Hill et al., 2014). At
present, the functional role of TFIIS in NER has not been fully addressed. Originally, TFIIS
was shown to play minimal roles in Transcription Coupled Repair in vivo (Verhage et al.,
1997). However, more recent crystallography-based structure-function studies have put
forward a model in which pyrimidine dimers are rescued by CSB-induced bypass without
any conformation changes in RNAPII or exposure of the lesion supporting. These findings
indicate that stalled RNAPII complexes are rescued by TFIIS while complexes that stall at
a non-bulky lesion are rescued by CSB-induced lesion bypass (Brueckner et al., 2007).
Intriguingly, abrogation or overexpression of TFIIS has minimal impact on the growth of
yeast cells under normal condition. However, inactivation of mouse TFIIS and, specifically
of TCEA1, causes embryonic lethality (Ito et al., 2006). Pull-down and yeast two-hybrid
assays revealed direct interaction of tissue-specific transcriptional activator FESTA to
TFIIS suggesting that TFIIS participates in tissue- and gene-specific transcription
regulation (Saso et al., 2003). TFIIS works in conjunction with the Mediator by altering the
catalytic properties of RNAPII in order to advance across the +1 nucleosome (Nock et al.,
2012). Given the reported role of TFIS in relieving RNAPII pausing and facilitating
transcriptional elongation in distinct genomic regions, it is interesting that overexpression
of TFIIS alone can lead to selective upregulation of RNF20-suppressed genes, such as 11-8
and c-myc (Shema et al., 2011) whereas RNF20 itself, likely through H2B ubiquitylation, is
known to repress transcription elongation through inhibition of TFIIS recruitment to
chromatin (Shema et al., 2011). Gene regulation activities have also been attributed to the
other members of the TFIIS family. For instance, TCEA3 may limit the pluripotency
differentiation potential of mouse embryonic stem cells (Park et al., 2013b). Overall, TFIIS-
driven adjustments of the RNAPII 3D conformation are essential in transcription activation,
elongation and reboot after backtracking. Moreover, the presence of three TFIIS

paralogues allows for distinct expression patterns and tissue specificities in mammals.
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1.11 Introducing the in vivo biotinylation tagging in NER. To gain insight into the
contribution of NER factors in the regulation of gene expression during development, we
recently isolated and characterized XPF protein complexes during postnatal liver
development in mice. Traditionally, the purification of such complexes involves several
pre-purification steps making the procedure laborious and costly. We, therefore,
established an in vivo biotinylation tagging methodology as a simple approach for the
efficient direct purification of ERCC1-XPF protein partners from crude nuclear extracts (in
use in the Garinis lab) (Driegen et al., 2005; Grosveld et al., 2005). As a starting point, we
tagged XPF by fusing the 14aa biotinylation tag to XPF protein and expressing the
biotinylation tag-fused XPF protein in established cell lines expressing the BirA biotin
ligase knocked-in the Rosa26 locus. BirA specifically recognizes and biotinylates the short
tag, thus creating a very high affinity “handle” for isolating tagged XPF-bound factors by
binding to streptavidin. Given the success of gene targeting in mice and the highly specific,
tightly regulated biotinylation occurring only in the presence of BirA biotin ligase, we next
considered more physiological applications of a similar strategy. Specifically, we generated
a series of XPF knockin mice, by targeting the endogenous locus with a C terminally
tagged version of the gene (Figure 5), which is specifically recognized by the bacterial
biotin ligase BirA. XPF knockin mice were crossed with BirA expressing transgenic mice,
generating the desired double homozygous i.e. bioXPF mice. The system exploits the
advantage of one of the highest affinity interactions known in nature, that of
avidin/streptavidin to biotin (Beckett et al., 1999; Cull and Schatz, 2000; de Boer et al.,
2003; Driegen et al., 2005) allowing a one-step high throughput isolation of XPF bound
protein complexes, while limiting the background noise, since it does not depend on
specific antibodies. To its premise, XPF was fused with a small 38 a.a. Flag-Tev-Avidin
(FTA) tag. The multiregional FTA tag bears the Avi-tag, which can be efficiently in-vitro
and in-vivo biotinylated, at the epsilon nitrogen of its Lysine residue, by the BirA biotin
ligase enzyme from E.coli (Cull and Schatz, 2000; de Boer et al., 2003; Driegen et al.,
2005). It is also consisted of the Flag-tag, that can be used separately or concurrently to
the Avi-tag, further elevating purification capacity (Einhauer and Jungbauer, 2001).
Excision of Flag-tag from the eluate is possible due to the TEV proteinase cleavage site
sequence, located between the two fusion tags, with the use of a recombinant proteinase
from the tobacco etch virus (TEV) (Parks et al., 1994; Shih et al., 2005).
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Figure 5. XPF targeting strategy: a) The Xpf targeting construct is consisted of the 5 and 3’
homology regions, the Flag-Tev-Avidin tag (Biotin tag), and two selection cassettes. The homology
regions were cloned from 129 mouse Embryonic Stem Cell's genomic DNA. The 2.1 kb 5’ region
spans the last exon (Ex11) of the Xpf gene up to the stop codon and half of the intron 10-11. The
2.8 kb 3’ region spans the rest of Ex11, which corresponds to the 3’ untranslated region of the Xpf
gene. The synthetically generated Bio-tag, bearing three stop codons, was cloned immediately
after the last codon of the XPF's open reading frame, by removing the internal stop codon.
Adjacent to the tag a LoxP-NeomycinR-LoxP cassette was cloned that would allow for positive
selection of targeted ES clones in the presence of G418 antibiotic. Negative selection cassette
MC1-Thimidine-Kinase, cloned outside the targeting region, becomes lethal for the cells that have
incorporated the targeting locus in their genome by random integration and not by homologous

recombination, in the presence of gancyclovir. b) Southern Blot for the selection of positively
targeted 129 ES cells.
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Generated Xpf targeting constructs were electroporated in 129 ES cells that were selected
with G418/gancyclovir for 9 days. Southern Blot analysis of the genomic DNA, digested
with BamH, allowed the selection of the correct clones (Figure 5b). The use of two 5’ and
3’ region radioactive probes, were expected to generate three distinguishable bands. Both
probes hybridize with the wt. allele and give a 6.6 kb corresponding band, while two 3.4 kb
and 4.6 kb bands are present in the targeted allele, to the sum of three, due the extra
BamHI site. Further analysis by Western Blot performed on positive ES’s nuclear extracts,
probed with anti-FLAG antibody, revealing one 110-kDa band corresponding to the Bio-tag
fused XPF.

Following injection of selected and expanded ES clone 41 into 22 mouse blastocysts, of
the C57 black coat background, they were implanted into two foster mothers that gave rise
to three mosaic mice (chimeras) and 8 non-mosaic mice. Since ES cells of the 129
background give rise to brown coat color, because they are wild type for the Agouti allele,
the percentage of mosaicism was determined by brown color penetration in the black coat
background.

Offspring with a high percentage of chimerism (over 50%) was crossed with C57BL/6
mice, for several generations, in order for the Xpf knock-in allele to be transferred from the
129 genetic backgrounds to the more common C57 background. Germline transmission
was determined and positive selection was achieved by genotyping each offspring. No Cre
deleter mouse crossing was necessary for the removal of the neomycin cassette, which
could influence the expression of the xpf gene (Artelt et al., 1991; Pham et al., 1996), since
the ES cells used were from the protamine Cre line that express Cre recombinase only in
the germ line (Bunting et al., 1999; O'Gorman et al., 1997).

These inbred XPF knockin mice were crossed with the birA transgenic mice to generate
double heterozygous bioXpf™; birA*- mice and again with the knockin mice to generate
the desired homozygous for the tagged bXPF and birA genotyped bioXPF mice (Figure 6).
The generation of transgenic mice that express BirA in every cell type (Figure 7) and
developmental stage, due to the introduction of the gene in the ROSA26 transcription unit
that follows this uniformly expressed pattern (Driegen et al., 2005; Friedrich and Soriano,
1991; Zambrowicz et al., 1997), has been decisive for the conception of the project. In a
birA biotin ligase expressing background, this approach allows the expression of tagged

XPF in physiological levels, as the regulatory elements of the gene remain unchanged.

34



PhD thesis Kyriacos Agathangelou

IMPLANTATION \

GERMLINE
TRANSMISSION

C57 GENETIC
BACKGROUND

TRANSFER i@j

TS

tagXPF */-

tagXPF */-; .
HA-birA */- tagXPF /-

Figure 6. Crossing scheme: C57 background blastocysts, bearing ES cells with an FTA tagged
xpf allele of the 129 background, were implanted into foster mothers. There chimeric offspring were
crossed with wt C57bl/6 mice to determine germline transmission of the tagged allele. Generated
xpf knocked-in (tagXPF'/-) mice were crossed with C57 mice for two more generations to transfer
the allele in the C57 genetic background. Xpf knock-in mice were then crossed with BirA
expressing transgenic mice to generate double heterozygotes for the two tagged alleles. There
offspring were again crossed with Xpf knock-in mice to generate the homozygous for the two loci
bioXPF mouse.
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Figure 7. ROSA targeting strategy: a) Initially the triple HA tagged birA gene, that would allow for
the identification of the expressed protein via anti-HA, was introduced into the the 3™ exon of the
rabbit b-globin gene. The exon was excised and introduced into the ROSA26 targeting construct
along with a LoxP-PGKpuro-LoxP positive selection cassette at its 3’, covering 13Kb of ROSA26
homologous DNA. Following homologous recombination, the HA birA gene and the selection
cassette were inserted into the first intron of the ROSA26 gene and ES cells were probed via
Southern Blot. Correct ES cells were injected into mouse blastocysts and implanted into a foster
mother. b) Their offspring were crossed with a Cre deleter mouse, in order for the puromycin
selection cassette to be removed, and Western Blotted for the expression of the 39 kD birA protein
in a variety of tissue types.
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Whereas defective NER of damaged DNA has been established as the underlying cause
of mutations leading to skin cancer, the links between NER defects and the developmental
and metabolic abnormalities seen in NER disorders remain obscure (Garinis et al., 2008;
Niedernhofer et al., 2006b; van der Pluijm et al., 2007). Besides DNA repair, earlier studies
have shown that distinct NER factors play a role in transcription (Citterio et al., 2000; de
Boer et al.,, 2002) and upon stimulation, certain NER proteins are recruited to active
promoters in vitro (Le May et al., 2010a; Le May et al., 2010b) and in vivo (Kamileri et al.,
2012c). These primary observations revealed that the ERCC1-XPF complex functions
beyond DNA repair in the transcriptional regulation of genes associated with postnatal
growth and differentiation, thus adding a novel piece to the puzzle for understanding the
causal basis of complex NER disorders. We, therefore, hypothesize that the so called
“segmental” NER progeroid features (Martin, 2005) may reflect the “segmental’

transcriptional requirements for certain NER factors during mammalian development.

At present, however, the mechanistic role of NER factors, such as the ERCC1-XPF
complex in transcription during development and/or in age-related diseases remains
elusive. No solid evidence exists as to whether and how the ERCC1-XPF complex is
involved in these fundamental processes, what are the underlying gene networks or which
particular cell types are mostly affected by this complex during development or with
advancing age. It also remains elusive how NER factors, including the ERCC1-XPF
complex and associated protein partners respond to environmental or intrinsic threats,
such as the age-related accumulation of DNA damage in our genome. It would be
attractive to determine whether, for instance, a progeroid cell carrying defects in genome
maintenance or cells exposed to genotoxic threats show a characteristic (aberrant)
genome-wide redistribution of NER factors in the mouse genome. Evidently, a
comprehensive and multidisciplinary approach is required to decipher the functional

relevance of NER factors in transcription beyond DNA repair during development.

In addressing these aims, the present thesis focuses on the following key objectives:
e I|dentify the ERCCI1-XPF-associated protein (sub)complexes and bound-
genomic targets in mammalian cells.

e Assess the physiological impact of selected ERCC1-XPF-associated protein

partners and bound-genomic targets on transcription.
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e Examine the impact of DNA damage on ERCC1/XPF protein complexes and
bearing genomic targets in mammals during the process of mMRNA synthesis.

e Generate a new series of biotin-tagged TCEA2 knockin animals to dissect the
functional role of transcription-blocking DNA lesions in development and disease

in mammals.

Until recently, the daunting complexity of the developmental process, the conspicuous lack
of tools to study it, and a dearth of experimentally tractable model systems have greatly
hindered any testable hypothesis-driven approaches to understand the molecular basis of
development, particularly in mammals. Here, we employed a series of functional
approaches and state-of-the-art next generation sequencing and proteomics
methodologies to provide a pioneering groundwork aiming at dissecting the role of
ERCC1-XPF in mammals.
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3. Results

3.1 ERCC1-XPF recruits on promoters (genome-wide) upon transcription Induction.
Recent data have shown that NER factors function, in addition to DNA repair, in the
transcriptional process by recruiting on specific genomic regions to regulate gene
expression (Apostolou et al., 2019; Kamileri et al., 2012a). We recently established the in
vivo biotinylation tagging of XPF factor in mice (Chatzinikolaou et al., 2017). To gain
insight into the genome-wide occupancy of ERCC1-XPF in the mouse genome, we
performed a series of chromatin immunoprecipitation assays combined with Illumina-
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Figure 8. Experimental approach. Schematic representation of bXPF ChIP-Seq analysis in
mouse embryonic fibroblasts (MEFs) derived from bXPF animals expressing the BirA transgene
and BirA transgenic mice upon trans-retinoic acid (tRA) or UVC-irradiation.

generation sequencing approach (ChIP-Seq) on biotin-tagged XPF (bXPF) and the
respective BirA control mouse embryonic fibroblasts (MEFs) under basal conditions or
upon exposure to UVC-induced DNA damage and transcription stimulation with trans-
retinoic acid (tRA), a pleiotropic factor known to activate transcription and regulate gene
expression during cell differentiation and embryonic development (Bastien and Rochette-
Egly, 2004)(Bastien and Rochette-Egly, 2004) (Figure 8). bXPF ChIP-Seq analysis of two
independent biological replicates revealed 1100, 1964 and 44 significant peaks in basal
conditions, upon transcription activation and UVC irradiation, respectively (Figure 9A).
The great majority of ERCC1-XPF binding sites mapped on promoters (27%), whereas
intergenic (31%) and intronic (24.1%) regions were also substantially represented in basal
conditions (Figure 9Ai). Upon treatment of cells with tRA, we find that ERCC1-XPF is
highly enriched on promoters (44.8%), exons (4.3%) and CpG islands (7.2%), and to a
lesser extent on introns (13.9%) and intergenic regions (18.8%) (Figure 9Aii) when
compared to the untreated control cells. Interestingly, only twenty-two ERCC1-XPF-bound
peaks were detected on promoters following 2h post-UVC irradiation (Figure 10Aiii).

Specifically, 295 and 879 bXPF-bound peaks on proximal promoter regions were identified
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in untreated and tRA-treated MEFs respectively, which corresponds to 158 and 683

annotated genes, respectively (Figure 9B).
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Figure 9. Genome-wide ChIP-Seq analysis of ERCC1-XPF occupancy in MEFs: A. Pie charts
illustrating the genomic distribution of bXPF binding sites in untreated, tRA- and UVC-treated bXPF
and BirA (control) MEFs. Peaks occurring within £2kb of the TSS were considered “promoter
regions”. B Venn diagram of XPF and XPF-tRA ChlIP-Seq peaks mapped on promoters and
corresponding number of unique genes (parenthesis).

bXPF ChIP followed by gPCR performed on peak sequences flanking transcription start
sites (TSS) of gene promoters (Figure 10A) further validated the increased recruitment of
ERCC1-XPF on tRA-responsive genes upon transcription activation (Figure 10B). Instead,
ChIP signals for bXPF were significantly reduced in promoters tested in 2h-post UVC-
irradiated MEFs (Figure 10B). Thus, upon transcription stimulation, the ERCC1-XPF
complex binds preferentially to promoters and is rapidly released upon UVC-induced DNA

damage.
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Figure 10. ChIP-Seq distribution: A. IGV genome browser views depicting bXPF ChIP-Seq
signals within +2kb of the TSS of representative genes under basal conditions and following tRA
and UVC treatment. B. bXPF ChlIP signals are shown as fold enrichment of the percentage of input
over the percentage of input BirA at the promoter region of the Rarb gene in MEFs.

3.2 Genome-wide ERCC1-XPF recruitment on DNA & active transcription signatures.
Previous findings revealed that NER factors are recruited with RNAP Ilat the promoters of
activated genes (Le May 2010). This and the finding that ERCC1-XPF is recruited on
promoters, genome-wide, in our ChlP-Seq data prompted us to assess the chromatin state
of ERCC1-XPF-bound peaks, as an indication of transcriptional status. To do so, publicly
available ChlP-Seq data of transcription markers in MEFs (see Methods) were analyzed.
ERCC1-XPF signals upon basal conditions and tRA treatment positively associate with
RNAPII binding sites, activating histone H3K4 trimethylation and H3K27 acetylation marks
(Figure 11). Consistently, the location of ERCC1-XPF peaks does not overlap with the
repressive histone H3K4 monomethylation-enriched sites and shows negative correlation

with lamina-associated domains (Figure 11).
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Figure 11. Chromatin state of ERCC1-XPF binding peaks.: IGV overview of representative
genomic region of XPF, XPF-tRA, histone H3 modifications, RNAP Il and Lamin B1 ChIP-Seq
profiles.

Moreover, genome-wide correlation analysis between the ChlIP-Seq datasets further
confirmed a high positive association of ERCC1-XPF with RNAPII and H3K27ac active
histone modification signature, whereas a poor correlation score with H3K4me3 and
H3K4mel histone marks was observed (Figure 12A). We next compared the genome-
wide distribution of ERCC1-XPF peaks, as well as upon tRA, around the transcription start
sites (TSS), with the distribution of active H3K4 trimethylation and H3K27 acetylation
histone marks near the TSS, as well as of repressive H3K4 histone monomethylation
(Figure 12B). Consistent to their genome-wide correlation analysis, XPF distribution
around the TSS same as upon transcription induction follows active chromatin status.
Thus, ChIP signals of ERCC1-XPF upon basal conditions and tRA stimulation are
intimately linked to chromatin signatures known to be associated with transcriptional

activation
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Figure 12. Genome-wide distribution and correlations: A. Genome-wide Pearson correlation
analysis of XPF, XPF-tRA, RNAP Il, H3K27ac, H3K4me3 and H3K4mel epigenetic marks. The
coefficient is indicated by the color of each square. B. TSS-centered average ChIP-Seq profile for
RNAP I, H3K27ac and H3K4me3 activating histone marks, H3K4mel repressive histone
modification and for genes that bind XPF and XPF-tRA. Dotted lines depict the profiles of XPF and
XPF-tRA on whole genome.

3.3. ERCC1-XPF cooperates/acts/recruits synergistically with DNA topoisomerase
lIB on promoters. To isolate and characterize protein complexes associated with ERCC1-
XPF heterodimer in MEFs, we employed the in vivo biotinylation tagging approach in
combination with a hypothesis-free, high-throughput mass spectrometry approach. To do
this, we prepared nuclear extracts from bXPF and birA control MEFs using high-salt
extraction conditions (Figure 13A). Nuclear extracts were treated with benzonase and
RNase A, to ensure that the identified protein interactions are not mediated by DNA or
RNA. Nuclear extracts were further incubated with streptavidin-coated beads and bound
proteins were eluted and subjected to Western blot analysis confirming that bXPF can still
interact with known protein partners involved in NER, that is, ERCC1. Next, we separated
the bound protein proteome by one-dimensional SDS-PAGE (~12 fractions) followed by in-
gel digestion and peptides were analyzed with high-resolution liquid chromatography-
tandem mass spectrometry (nLC MS/MS) on a hybrid linear ion trap Orbitrap instrument
(Figure 13A). From three biological replicates, we identified a total of 687 proteins with

601 proteins shared in all three measurements under stringent selection criteria (Figure
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13B; see Methods). Using a hierarchical clustering approach, we confirmed that the 687
bXPF-bound proteins are capable of classifying the bXPF knock-in and BirA transgenic
MEFs into the expected groups (Figure 13C). To functionally characterize this dataset, we
next subjected the 601 shared bXPF-bound proteins to gene ontology (GO) classification.
At the confidence interval of [95% (p<0,05)] used, the significant over-represented GO
terms found (Fig. 13D) involved 101 out of the initial 601 bXPF-bound core proteins. Using
this dataset, we were able to discern two major bXPF-associated protein complexes
involved in transcriptional regulation and chromosome organization (Figure 13E and F).
These findings confirm previously documented interactions of ERCC1-XPF with
components of the TFIID complex (e.g TAF4A, TAF6, TAF10) and components involved in
chromatin organization (e.g CTCF, SMC1A, SMC3, SMARCAS5), whilst they reveal
interactions of ERCC1-XPF with factors associated with transcriptional dynamics.

A previous high-throughput mass spectrometry approach on bXPF (MEFs) nuclear
extracts revealed that XPF interacts with the TAF4A, TAF6, TAF10 subunits of the TFIID
complex as well as with the topoisomerase TOP2B and the chromatin organization factors
CTCF, SMC1A, SMC3 and SMARCAS.
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Figure 13. ERCC1-XPF interacts with chromatin remodeling and transcription factors.
(A). Schematic representation of the high-throughput MS analysis performed using nuclear
extracts from bXPF;BirA and BirA MEFs. (B). Venn diagram of bXPF-bound protein factors
from three independent pulldowns (PD) and subsequent MS analyses. (C). Hierarchical
clustering using z-score for normalized value of differentially enriched proteins between the
signal intensities of 687 bXPF-bound proteins in three independent bXPF and BirA MEF
samples. (D). Significantly over-represented biological processes of XPF-bound proteins.
(E). Number of observed (obs.) and expected (exp.) known protein interactions within the
core XPF-bound protein set. (F). Schematic representation of two major XPF-bound protein
complexes involved based on experimental (exp.) evidence and/or text mining (text)
evidence, hom: homologous proteins.

In this work follow-up pulldown experiments in nuclear extracts of bXPF and control
BirA MEFs further confirmed that the endogenous bXPF interacts with TAF4, TAF6,
TAF10, TBP and TOP2B (Figure 14A). The reciprocity of ERCC1/XPF-TOP2B
interaction was further confirmed with co-immunoprecipitation experiments, whereas
no interaction of ERCC1-XPF with TOP1 or TOP2A was observed (Figure 14A and
B). Likewise, TOP2B was able to immunoprecipitate ERCC1, and antibodies against
TOP1 and TOP2A verified the absence of the interaction with ERCC1 (Figure 14C).
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Figure 14. ERCC1-XPF cooperates with DNA topoisomerase lI3 upon transcription
activation. (A). bXPF pulldowns (PD) and western blot with TAF4, TAF6, TAF10, TBP,
TOP2B, TOP2A and TOP1 in nuclear extracts from bXPF and BirA MEFs. (B). Co-
immunoprecipitation experiments using anti-TOP2B, anti-TOP2A or anti-TOP1 in nuclear
extracts from wt. MEFs analyzed by western blotting for ERCC1 as indicated. (C). Co-
immunoprecipitation experiments using anti-ERCC1 in nuclear extracts from wt. MEFs
analyzed by western blotting for the indicated protein factors. The input and flow-through are
1/20 of the extract used.

Confocal microscopy experiments in Wt. MEFs showed the nuclear localization of
TOP2B, ERCC1 and Flag-tagged XPF throughout the nucleus, with prominent
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distribution of TOP2B on heterochromatic regions (Figure 15A), thereby supporting
our previous observations. The recruitment of ERCC1-XPF on the promoter regions
and our findings confirming the interaction of ERCC1-XPF with TOP2B revealed in
proteomics studies prompted us to perform a series of ChlP/re-ChIP experiments in
MEFs upon basal conditions and in the presence of tRA or UVC irradiation. ChIP for
TOP2B and re-ChIP for ERCC1 and Flag-tagged XPF showed that factors co-
occupy the tRA responsive gene promoters (Figure 15B). Thus, the ERCC1-XPF
complex acts synergistically and assembles with TOP2B on gene promoter regions.

birA Wi

bXPF
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Figure 15. XPF/ERCC1 — TOP2B interaction: A. Immunofluorescence detection of ERCC1,
Flag-tagged XPF and TOP2B in Wt. or bXPF MEFs under basal conditions. B. ChIP with
TOP2B antibody and re-ChIP with antibodies raised against Flag-tagged XPF and ERCC1.

3.4 ERCCI1/XPF recruits preferentially on TOP2B-generated DSBs on active
gene promoters. Previous findings revealed a profound role of transcription as a
source of genome instability. Transcriptional activation has been tightly linked to
TOP2B-dependent DSB generation on promoters prompting us to further explore
whether transcription-associated damage interferes with proper DDR signaling.
Confocal imaging documented the presence of phosphorylated histone H2AX (y-
H2AX) containing foci and 53BP1 DNA damage (response) marker staining
throughout the nucleoplasm of tRA-treated primary MEFs (Figure 16). Under these
conditions, we find comparable immunolocalization patterns of RAD51 (a
homologous DNA recombination repair protein), FANCI (an indicator of inter-strand
crosslinks, ICLs, presence) and pATM (a DNA damage response marker) across WT
and tRA-treated MEFs (Figure S2). Inactivation of Ataxia-telangiectasia mutated
(ATM) by exposing tRA-treated MEFs to KU-55933, an ATM inhibitor abrogated the
accumulation of DNA damage-associated y-H2AX and 53BP1 foci, whereas Ataxia
telangiectasia and Rad3 related (ATR)/Cyclin dependent kinase inhibitor NU6027
showed lack of difference in the presence of y-H2AX and 53BP1 DNA damage-
associated staining compared to tRA-treated cells (Figure 16). In agreement with
previous data, our findings indicate that transcription activation triggers damage that

requires functional ATM-mediated DNA damage response (DDR) signaling.
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Figure 16. ERCC1-XPF recruits on TOPIIB-generated DSBs on active promoters.
Immunofluorescence detection of yH2AX and 53BP1 in Wt. MEFs upon basal conditions or
tRA treatment and in the presence of ATM or ATR inhibitors.

Next, we investigated whether the DNA damage events generated during
transcription are linked to TOP2B-induced DSB formation. To do so, we treated WT
primary MEFs, in the presence of tRA, with merbarone: a DNA topo Il catalytic
inhibitor that acts by blocking topo II-mediated DNA cleavage without interfering with
protein-DNA binding. Unlike in tRA-treated cells, we find a noticeable lack of yH2AX
foci in MEFs exposed to merbarone and tRA (Figure 17), supporting the notion that

the observed transcription-associated damage is TOP2B-mediated.
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Figure 17. TOP2B mediates transcription-associated damage: Immunofluorescence
detection of yH2AX and TOP2B in Wt. MEFs upon basal conditions or upon exposure to
UVC irradiation, tRA and/or merbarone.

The relevance of transcription-associated DNA breaks to NER remains poorly
understood. However, it is intriguing that TOP2B is enriched amongst the bXPF-
bound proteins and upon transcription activation are highly co-recruited on
promoters. We therefore reasoned whether the recruitment of ERCC1-XPF on the
promoters upon transcription activation coincides with the induction of DSBs. Indeed,
inhibition of TOP2B-mediated DSB formation using merbarone resulted in reduced
ChIP signals for bXPF in promoter regions compared to tRA-treated MEFs (Figure
18), indicating the release of ERCC1-XPF from promoter regions upon TOP2B

inhibition.
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Figure 18. XPF assembly on promoters is TOP2B depended upon transcription
induction: bXPF ChIP signals are shown as fold enrichment of the percentage of input over
the percentage of input BirA in the presence of tRA, merbarone and tRA/merbarone at the
Rarb promoter and (-) regions.

Furthermore, immunofluorescence studies revealed that TOP2B is released from
heterochromatin and translocates to the nucleoplasm in tRA-treated MEFs (Figure
19) compared to the corresponding control cells (Figure 15). As with untreated
control cells, we find that ERCC1-XPF accumulates predominantly in the
nucleoplasm in tRA-treated MEFs (Figure 19 and 15). Importantly, we find that the
exposure of MEFs to UVC irradiation leads to a punctate staining pattern of TOP2B
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in heterochromatic regions, whereas ERCC1 and Flag-tagged XPF are still localized
throughout the nucleoplasm (Figure 19). Thus, upon transcription stimulation
ERCC1-XPF binds preferentially to promoters marked with DSBs generated by
TOP2B, suggesting a putative role of ERCC1-XPF in transcription-associated DNA

break repair through its involvement in certain HR and NHEJ repair mechanisms.

tRA

UV 2h
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Figure 19. TOP2B and ERCCI1/XPF localization upon tRA and the UV:
Immunofluorescence detection of TOP2B, ERCC1 and Flag-tagged XPF in Wt. or bXPF
MEFs exposed to tRA or UVC irradiation.

3.5 Genome-wide identification of DNA DSBs & ERCC1/XPF recruitment on
promoters. Having established that the recruitment of ERCC1/XPF on promoters is
guided by TOP2B-mediated DSBs, we next compared the ChIP-Seq DNA binding
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results with the genome-wide distribution of DSBs in primary mouse MEFs. To
identify the endogenous DSBs that are generated upon tRA-mediated transcription
activation we performed BLISS (Breaks Labeling In Situ and Sequencing), which
guantifies DSBs across the genome. A detailed workflow schematic is depicted in
Figure 20.
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Figure 20. BLISS methodology scheme: MEFs are extracted from wt. and Erccl” mice,
cultured and fixed on plates. Following in situ DSB blunting, DSB ends are ligated to dsDNA
adapters, genomic DNA is extracted, sonicated and in vitro transcription isolates the tagged
DSB sequences. The resulting DNA fragments are used for illumina library preparation and
sequencing.

By filtering out any PCR duplications, we mapped the DSBs in 100ng of genomic
DNA isolated from untreated and tRA-activated wt and Erccl” MEFs and found
comparable differences in the total amount of DSBs between the three conditions
(Figure 21).
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Figure 21. Genome-wide identification of DSBs: Total unique DSBs were plotted for wt.
(untreated), tRA-treated and Erccl” MEFs, showing an increase of the total DSBs upon
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tRA-induced transcription and in the Erccl” mouse. These differences are also evident for
different DSB locations plotted for each chromosome among the conditions.

In line with recent findings in different cell types, DSBs were strongly enriched in the
vicinity of TSSs as well as along gene bodies and promoters (Figure 22A and 22B)
in the cell population. Interestingly, tRA stimulation of the cells increased the levels
of the generated DSBs specifically on promoters and along gene bodies, compared

to wt and Erccl” MEFs.
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Figure 22. DSBs mapping and quantification across the genome: A Enrichment of DSBs
around TSSs, throughout gene bodies. B. Enrichment of DSBs on promoters and on genes
per million mapped reads in untreated, tRA-activated wt. and Erccl-/- MEFs.

Further examination of the DSB maps revealed that 95,9% out of 1100 peaks
identified in ChIP-Seq to be bound by XPF in basal conditions (Figure 9B) had
DSBs (n=5803), while tRA treatment increased the number of unique DSBs to 9665
in 91,2% of the XPF-bound DNA regions (Figure 23). A detailed annotation analysis
showed that 26% of these DSBs were detected preferentially on XPF-bound
promoters in wt MEFs, compared to the 42% of promoter-associated DSBs in tRA-

treated cells.
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Figure 23. Comparing ChIP with BLISS: A. Annotation of transcription-associated DNA
DSBs on XPF-bound sites. B. Modified BLESS-Western blotting approach shows the
isolation of DSBs with ERCC1 and TOP2B bound on DSB fragments.

Next, we used BLESS (Breaks Labeling, Enrichment on Streptavidin and
Sequencing) coupled to gPCR (Figure 24), to further validate the involvement of

TOP2B in the transcription-associated generation of DSBs. Indeed, we quantified
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DSBs in basal conditions, tRA stimulation and TOP2B inhibition and found that tRA-
induced DSBs are mainly generated by TOP2B. Thus, we confirm that the
recruitment of ERCC1/XPF on gene promoters coincides with transcription-
associated DSB formation genome-wide.
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Figure 24. BLESS validation: BLESS signals quantified by gPCR in the presence of tRA,
merbarone and tRA/merbarone at the Rarb promoter region.

3.6 Generation of TCEA2 knockin and conditional knockout ES lines. The in
vivo biotinylation tagging approach has also been applied for the generation of
TCEAZ2 knock-in and conditional knockout PC3 and JM8N4 ES lines, by targeting the
endogenous locus with a C terminally tagged version of the gene (Figure 25), in
addition to cooperating a three-loxP system that allows for a practically full knockout.
Similarly to the XPF targeting strategy (see available mouse models), TCEA2
knockin ES may be applied for the establishment of knock-in mice by crossing with
BirA expressing transgenic mice, generating the desired double homozygous
bioTCEA2 genotype. The TCEA2 knockin mice may also be crossed with a CRE-

deleter mouse to generate a complete TCEA2 knockout animal.
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Figure 25. TCEAZ2 targeting strategy: The TCEAZ2 targeting construct is consisted of a 5’
homology region and a 3' homology region, the Flag-Tev-Avidin tag (Bio tag), and a
selection cassette. The homology regions were cloned from 129 mouse Embryonic Stem
Cell's genomic DNA. The 7.8 kb 5’ region spans exon Ex1 of the TCEA2 gene up to the last
exon’s (EX10) stop codon. The 3.4 kb 3’ region spans the rest of Ex10 which corresponds to
the 3’ untranslated region of the TCEA2 gene. The synthetically generated Bio-tag, bearing
three stop codons, was cloned immediately after the last codon of the TCEA2 open reading
frame, by removing the internal stop codon. Adjacent to the tag a LoxP-NeomycinR-LoxP
cassette was cloned that would allow for positive selection of targeted ES clones in the
presence of G418 antibiotic. A third LoxP, that will allow for a conditional knock out mouse
by crossing with a dermis-specific CRE transgene, has been strategically placed prior the
highest conserved region including Ex4 with the same orientation as Neo-LoxP. While
allowing a large 4.3Kb region for homologous recombination, its blunt end insertion further
diminishes the possibility of exclusion during ES targeting leaving no restriction sites at its
ends.

The TCEAZ2 targeting constructs were electroporated into JM8A3N4 as well as PC3
ES cells and selected with G418 since a Neo cassette has been employed. Even
though previous mouse models had been established with the use of PC3 solely,
JMB8A3 were chosen for this task to test their efficiency, that literature emprases,
according to which they give high rates of germline transmission and are feeders-

free, thereby increasing the effciency of cell culturing.
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For the genotyping of the clones that survived the selection, few performed a PCR
assay for the identification of the third loxP site. The upper band represents the
recombinant loxP included allele and the lower is the Wt. allele. Positive clones were
then blotted by Southern with 4 different 5’ and 3’ probes that had been isolated from
genomic DNA resulting in several positive clones (Figure 26).

Since JM8n4 are from the ¢57 black coat background whose non-agouti mutation
has been restored in one allele, chimeras appear brown spotted when ijected into
blastocysts of the C57 black coat background, however color penetration is not a
representative of the genetic infiltration.

23 2.Kb {genomic)

23.2:Kb [genormic)

. : { Kb [rec) !
13K (rec) g — A 8Kbrec)

5 probe
¥ peobes ¥ probe

Asp7181 digest with 3’ probes

Asp7181 digest with 5’ probes
30

&

R4

1
52 59 125 134 146 148 158 165 30 70 H+ ¥

1
Il

¥
i

'{ Q

4 52 59 125 134 146 148158 165 30 7o+ ¥

S

Figure 26. Targeted TCEA2 genotyping: Genotyping of selected clones for the
identification of the constructs presence was followed by several Southern Blot assays that
confirmed proper topology of the construct as a result of homologous recombination (an
example of positive clone 30 is illustrated).
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To estimate the efficiency of recombination for the three loxP system, Cre
recombinase has also been expressed in vitro with the pIC plasmid under the
expression of MClI mammalian promoter by the electroporation of a positive clone
(Figure 27).
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Figure 27. TCEAZ2 in vitro Cre recombination: Selection with g418 is undertaken in a
replica plate for every clone, three different groups of cells are expected to occur based on
the pairing among the three loxPs. DNA was extracted from the mixture of these targeted
cells and were screened through PCR for the area enclosing the neo cassette, revealing
only the exclusion of Neo in a subset of cells. The process revealed a 40% of efficiency for
Cre recombination.
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3.7 Supplementary figures
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Figure S1. ChIP-Seq BirA controls: BirA control mouse embryonic fibroblasts (MEFS)
under basal conditions, following UVC-induced DNA damage or upon transcription
stimulation using trans-retinoic acid (tRA), where used as controls in our ChIP-Seq
approach. Generated data where contrasted to the bXPF samples data.
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Figure S2. DSB immunolocalization of yH2AX, Rad51 and FANCI proteins: An
increased number of DNA double strand brakes foci have been detected with the use of
yH2AX and Rad51 markers upon transcription activation but not with the Fanconi anemia
complementation group | (FANCI) marker.
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4. Discussion

Developmental-stage and tissue-specific programs of gene expression require the
action of sequence-specific DNA binding factors, the basal transcription machinery
and chromatin remodeling and modification enzymes (Lemon and Tjian, 2000;
Orphanides et al., 1996). Together, these factors create a chromatin environment
that allows the synthesis of the primary transcript (Ohler and Wassarman, 2010). If
the transcriptional machinery is defective or the process of transcription is
challenged due to e.g. transcription-blocking DNA lesions, the process of RNA
synthesis halts (Hoeijmakers, 2009). DNA damage events may occur accidentally
injuring indiscriminately the DNA helix or else in a scheduled and spatially restricted
manner that may often be beneficial to the survival of the cell. If left unrepaired,
random DNA lesions gradually build up in the mammalian genome inadvertently
interfering with vital DNA-templated transactions, such as transcription, DNA
replication or homologous recombination (HR). Irreparable DNA insults may
occasionally be fixed into mutations during DNA replication driving cancer (Pages
and Fuchs, 2002) or obstruct ongoing transcription leading to cellular malfunction
and the premature onset of age-related diseases (Garinis et al., 2009; Garinis et al.,
2008). Unlike stochastic DNA insults, physiological DNA lesions are scheduled (in
terms of time) or targeted (in terms of genomic location) DNA damage events that
are thought to facilitate DNA-dependent transactions during mammalian
development or upon exposure to various stimuli. For instance, DNA DSBs are
purposely formed during meiotic HR to facilitate genetic diversity in gamete cells
(Zickler and Kleckner, 2015). DNA breaks are also required during V(D)J
recombination in developing B- and T-lymphocytes to secure antigen-binding
diversity of the immunoglobulin and T-cell receptor proteins (Boboila et al., 2012).
Moreover, DNA lesions followed by error-prone DNA repair enhance antibody
diversity by triggering somatic hypermutation of immunoglobulin variable genes (Di
Noia and Neuberger, 2007). Targeted DNA damage events are also an inevitable
consequence of extreme shifts in transcription demands (Gaillard and Aguilera,
2016) and, as we will discuss later, they are required for fine-tuning transcription,
facilitating access of transcription factors and the RNAPII at promoter and enhancer
regions or to enable rapid intra- and inter-chromosomal interactions for DNA-
templated transactions. Thus, whereas unscheduled DNA insults pose a threat to

cell viability, programmed DNA damage events are unavoidable during mammalian
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development and, ironically so, an essential prerequisite for cellular and organismal

survival.

Previous studies (also from our lab) have shown that ERCC1-XPF recruits on the
promoters of growth genes during postnatal hepatic development (Kamileri et al.,
2012c). However, it has been difficult to rationalize the i. functional relevance of an
endonuclease complex in the vicinity of promoter regions as well as the ii. putative
functional role of ERCC1-XPF in transcription. To dissect the functional relevance of
these earlier findings in mammalian cells, we used a unique series of knockin
animals carrying a tagged version of bXPF factor. Using these mice and a series of
immunoprecipitation, ChlP-Seq and proteomics methodologies, we find that bXPF
recruits genome-wide on promoters under native conditions and that this recruitment
is further enhanced when cells are treated with the transcription activator tRA. In line,
we show that bXPF DNA binding sites are positively correlated with those of RNAPII,
histone H3K4 trimethylation and H3K27 acetylation ChIP-Seq profiles that are known
to be associated with active transcription. Similar data were observed we
interrogated bXPF ChIP-Seq data only on the TSS of genes. Intriguingly, bXPF
ChiP-Seq profiles showed no overlap with the repressive histone H3K4
monomethylation sites or with the lamin-associated domains. Subsequent work
revealed that bXPF is released from nearly all previously identified bXPF-bound
genome targets when cells are exposed to UV irradiation. Together, these findings
support the notion that bXPF occupancy on promoters and the process of mRNA
synthesis are tightly linked and that DNA damage inadvertently affects the

recruitment of ERCC1-XPF complex on promoters.

A high-throughput proteomics approach on nuclear extracts derived from bXPF
MEFs revealed a wide range of XPF-bound interacting protein partners associated
with transcription, chromosome organization and DNA repair. Using co-
immunoprecipitation experiments, we find that ERCC1/XPF interacts with distinct
TATA-associated factors (TAFs) implicating its direct involvement in transcription
initiation. Further immunoprecipitation experiments revealed that ERCC1/XPF
interacts with topoisomerase IIf (TOP2B) aiming at relieving the topological stress
triggered by RNAPII during the process of mMRNA synthesis. In support, a series of
immunofluorescence experiments revealed that TOP2B, ERCC1 and flag-tagged
XPF co-localize in the nucleus. ChIP for TOP2B and re-ChlP-gPCR for ERCC1 and
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Flag-tagged XPF further confirmed that ERCC1/XPF occupancy overlaps with that of

TOP2B on transcription stimulated promoter regions.

DNA topoisomerases are ubiquitously expressed in all cell types to regulate DNA
supercoiling. In particular, TOP2B triggers the relief of torsional stress that occurs
during RNAPII-mediated transcription and DNA replication. TOP2B catalyzes the
transient breaking and rejoining of two strands of duplex DNA ensuing that the two
DNA strands pass through one another, thereby altering the topology of DNA before
resealing the breaks. These data and our finding that ERCC1-XPF, an endonuclease
complex known to be involved in DSB repair, recruits with TOPII3 on promoters
prompted to further investigate the functional link between TOP2B-dependent DNA
DSB generation and the recruitment of ERCC1/XPF complex with TOPIIB on the
promoters of active genes during the process of mMRNA synthesis.
Immunofluorescence experiments revealed that transcription per se triggers a robust
DNA damage response as evidenced by the detection of y-H2AX and 53BP1 foci
followed by ATM signaling in MEFs that was abolished when tRA-treated cells were
exposed to merbarone, an inhibitor of TOP2B activity supporting that TOP2B activity
is a major cause of transcription-associated DNA damage. Having established the
link between transcription, DNA damage and TOP2B, we then investigated the
involvement of ERCC1-XPF complex in the repair of transcription-associated NA
DSBs. Importantly; we find that the recruitment of ERCC1-XPF on promoters
coincides with the induction of DNA DSBs upon transcription activation. Similar to
our previous findings, inhibition of the catalytic activity of TOP2B diminished bXPF
recruitment at the promoters indicating that the substrate specificity of ERCC1-XPF
is the presence of DNA DSBs themselves rather than the transcriptional activity of
promoters. Genome-wide mapping of DNA DSBs in untreated or transcription-
stimulated (tRA-treated) conditions and in Erccl” MEFs, via BLISS, revealed the
substantial overlap of XPF binding sites to transcription-associated DSBs.
Specifically, DNA DSBs were strongly enriched in the vicinity of TSSs as well as
within gene bodies and promoters. Furthermore, upon transcription activation, DNA
DSBs were significantly increased on promoters and gene bodies of XPF-bound
gene targets. Indeed, we find that more than 95% of XPF binding sites bear DNA
DSBs, while more than 91% of tRA-mediated DSB sites were occupied by XPF, of
which nearly half are located on promoters. Subsequent work using BLESS-gPCR
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guantification confirmed that TOP2B is a major cause of DNA DSBs generated by
tRA.

4.1. Concluding remarks and future aspects. Delineating the functional role of
protein complexes involved in DNA repair, transcription and chromatin architecture
has been fascinating but also challenging owing to the fact that these processes are
intrinsically intertwined. A causal link that could keep these otherwise functionally
distinct mechanisms together is DNA damage itself. Indeed, stochastic DNA lesions
are often a threatening menace during the lifetime of a cell. However, programmed
DNA damage events (e.g. meiotic recombination) or targeted DNA lesions (e.g. on
promoters during abrupt switches in transcriptional load) are also an inevitable
consequence and a prerequisite for the proper execution of developmental gene
expression programs. As with random DNA lesions, programmed or targeted DNA
damage events must be repaired or resolved in a timely manner. The latter would
require that the DNA repair machinery is in close cooperation with protein complexes
involved in transcription or chromatin architecture. Failure to do so (as in the case of
the NER-deficient patients and mice), could hamper unequivocally the expression of
genes during developmental transitions. The severity and time to onset of
developmental defects could, therefore, reflect the individual roles of NER proteins
outside DNA repair (e.g. transcription), the repair of tightly scheduled, transcription-
associated, targeted DNA lesions outside NER (e.g. DNA breaks on promoters or R-
loops) as well as the time- and cell type-specific requirements of the transcriptional
programs involved. This scenario offers a likely explanation for the recurring onset of
heterogeneous, but importantly non-random, developmental abnormalities

associated with NER syndromes.

In spite of the recent progress, the precise biochemical functions of NER
proteins in transcription-associated DNA damage, fine-tuning gene expression or
shaping chromatin architecture remain obscure. With the advent of more
sophisticated, functional animal models e.g. biotin-tagged or cell-specific knockout
mice coupled to high-throughput mass spectrometry and next generation sequencing
approaches (Chatzinikolaou et al., 2017; Karakasilioti et al., 2013), however, we may
soon be able to gain insights into the NER-associated protein complexes and gene
targets in distinct cell types at any stage during mammalian development. In this

direction, the generation of TFIIS biotin tagged animal models that also carry also a
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floxed TCEA2 allele will be decisive to dissect the functional relevance of
transcription -associated stress in development and disease in mammals. Moreover,
the recent advances in genome-wide chromosome conformation capture methods
for characterizing the three-dimensional architectures of genomes (Duan et al.,
2012) will allow us to gain insight on the functional relevance of distinct NER factors
in genome-wide looping formation. As it is now possible to map DNA breaks at
nucleotide resolution (Crosetto et al., 2013), it will also be soon possible to test
whether the recruitment of NER-associated protein complexes (other than those
shown in this work) on promoters also marks the simultaneous presence of e.g. DNA
breaks on these genomic regions. Further work will be also necessary to explore
how and to what extent e.g. DNA breaks or R-loops are functionally linked to
transcription demands during mammalian development or with disease onset. It may
only be then that we might begin to fully appreciate the impact and relevance of
unavoidable, transcription-associated DNA lesions to the developmental
abnormalities associated with NER syndromes shedding also some light into the
multiple pathological complications associated with old age.
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5. Methodology

Animal models and primary cells. The generation and characterization of Biotin-
tagged XPF (bXPF) and NER-deficient mice has been previously described
(Chatzinikolaou et al., 2017; Kamileri et al., 2012c). Animals were kept on a regular
diet and housed at the IMBB animal house, which operates in compliance with the
“Animal Welfare Act” of the Greek government, using the “Guide for the Care and
Use of Laboratory Animals” as its standard. As required by Greek law, formal
permission to generate and use genetically modified animals was obtained from the
responsible local and national authorities. All animal studies were approved by
independent Animal Ethical Committees at FORTH and BSRC Al. Fleming. Primary
MEFs were isolated from E13.5d animals and cultured in standard medium
containing Dulbecco’s modified Eagle medium (DMEM) supplemented with 10%
Fetal Bovine Serum (FBS), 50ug/ml streptomycin, 50 U/ml penicillin (Sigma) and
2mM L glutamine (Gibco). Cells were rinsed with PBS, exposed to UVC irradiation
(10 J/m?), MMC (10 pg/mL) (AppliChem), tRA (10 uM) (Sigma-Aldrich) or merbarone
(1 uM) (Sigma-Aldrich) and cultured at 37°C for 1 to 16h prior to subsequent
experiments. Pre-incubation with ATM inhibitor (10 yM) and ATR inhibitor (10uM)

started 1 h before genotoxic treatments and lasted throughout the experiment.

Immunofluorescence, Antibodies, Westerns blots, ChiP, Co-
immunoprecipitation and Chromatin Pull-Down assays. Immunofluorescence
experiments were performed as previously described (Chatzinikolaou et al., 2017,
Kamileri et al., 2012c; Karakasilioti et al., 2013). Briefly, cells (primary MEFs) were
fixed in 4% formaldehyde, permeabilized with 0,5% Triton-X and blocked with 1%
BSA. After one-hour incubation with primary antibodies, secondary fluorescent
antibodies were added and DAPI was used for nuclear counterstaining. Samples
were imaged with SP8 confocal microscope (Leica). For local DNA damage infliction,
cells were UV-irradiated (60 J/m?) through isopore polycarbonate membranes
containing 3-um-diameter pores (Millipore). For co-immunoprecipitation assays,
nuclear protein extracts from primary MEFs were prepared as previously described
(Chatzinikolaou et al., 2017) using the high-salt extraction method (10mM HEPES-
KOH pH 7.9, 380mM KCI, 3mM MgCI2, 0.2mM EDTA, 20% glycerol and protease
inhibitors). Nuclear lysates were diluted three-fold by adding ice-cold HENG buffer
(10mM HEPES-KOH pH 7.9, 1.5mM MgCI2, 0.25 mM EDTA, 20% glycerol) and
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precipitated with antibodies overnight at 40C followed by incubation for 3 h with
protein G Sepharose beads (Millipore). Normal mouse, rabbit or goat IgG (Santa
Cruz) was used as a negative control. Immunoprecipitates were washed five times
(10mM HEPES-KOH pH7.9, 300mM KCI, 0.3% NP40, 1.5mM MgCI2, 0.25mM
EDTA, 20% glycerol and protease inhibitors), eluted and resolved on 10% SDS-
PAGE. Pulldowns were performed with 1.2 mg of nuclear extracts using M-280
paramagnetic  streptavidin  beads (Invitrogen) as previously described
(Chatzinikolaou et al., 2017). For ChIP assays, primary cells (MEFs) were cross-
linked at R.T. for 2.5 min with 1% formaldehyde. Chromatin was prepared and
sonicated on ice 15 min using Covaris S220 Focused-ultrasonicator. Samples were
immunoprecipitated with antibodies (5-8 ug) overnight at 4°C followed by incubation
for 3 hours with protein G-Sepharose beads (Millipore) and washed sequentially. The
complexes were eluted and the crosslinking was heat reversed. Purified DNA
fragments were analysed by sequencing or gPCR using sets of primers targeting
different regions of tRA-responsive genes. ChIP re-ChIP experiments were
performed as described above with the following modifications™ after the first
immunoprecipitation and washing, complexes were eluted with 10 mM DTT, 1% SDS
in TE buffer for 30 min. Eluted samples were diluted 1:20 with re-ChIP buffer (10 mM
Tris-HCI pH 8, 1 mM EDTA, 150 mM NacCl, 0.01% SDS and 1% Triton X-100) and
immunoprecipitated overnight with the second antibody. Antibodies against HA (Y-
11, wb: 1:500), ERCC1 (D-10, wb: 1:500, IF: 1:50), TOP2A (C-15, wb: 1:200, IF:
1:50) were from SantaCruz Biotechnology. yH2AX (05-636, IF: 1:12000) was from
Millipore. TOP1 (NBP1-30482, wb: 1:1000, IF: 1:50), TOP2B (NB100-40842, wb:
1:1000) and 53BP1 (NB100-304, IF: 1:100) were from Novus Biologicals. TOP2B
(20549-I-AP, IF: 1:50) was from Proteintech. TAF-4 (TAF2B9, wb: 1:500, IF:1:50),
TAF-6 (TAF2G7, wb: 1:500) and TAF-10 (6TA-2B11, wb: 1:500) were from
ProteoGenix. Streptavidin-HRP (wb: 1:12,000) was from Upstate Biotechnology.
pATM (wb: 1:1000, IF: 1:1000) was from Rockland. pATR (wb: 1:1000, IF: 1:500)
was from Genetex. FLAGM2 (F3165, wb 1:2.000, F1804, IF: 1:1000) was from
Sigma-Aldrich.

Mass Spectrometry studies. Proteins eluted from the beads were separated by
SDS/PAGE electrophoresis on a 10% polyacrylamide gel and stained with Colloidal
blue silver (ThermoFisher Scientific, USA; 70). SDS-PAGE gel lanes were cut into 2-
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mm slices and subjected to in-gel reduction with dithiothreitol, alkylation with
iodoacetamide and digested with trypsin (sequencing grade; Promega), as described
previously. Peptide mixtures were analysed by nLC-ESI-MS/MS on a LTQ-Orbitrap
XL coupled to an Easy nLC (Thermo Scientific). The sample preparation and the
nLC-ESI-MS/MS analysis were performed as previously described (Aivaliotis et al.,
2007) (Rappsilber et al., 2002) with minor modifications. Briefly, the dried peptides
were dissolved in 0.5% formic acid aqueous solution, and the tryptic peptide
mixtures were separated on a reversed-phase column (Reprosil Pur C18 AQ, Dr.
Maisch GmbH), fused silica emitters 100 mm long with a 75 ym internal diameter
(ThermoFisher Scientific, USA) packed in-house using a packing bomb (Loader kit
SPO035, Proxeon). Tryptic peptides were separated and eluted in a linear water-
acetonitrile gradient and injected into the MS.

RNA-Seq and Quantitative PCR studies. Total RNA was isolated from cells using
a Total RNA isolation kit (Qiagen) as described by the manufacturer. For RNA-Seq
studies, libraries were prepared using the Illumina® TruSeq® mMRNA stranded
sample preparation kit. Library preparation started with 1ug total RNA. After poly-A
selection (using poly-T oligo-attached magnetic beads), mRNA was purified and
fragmented using divalent cations under elevated temperature. The RNA fragments
underwent reverse transcription using random primers. This is followed by second
strand cDNA synthesis with DNA Polymerase | and RNase H. After end repair and
A-tailing, indexing adapters were ligated. The products were then purified and
amplified (14 PCR cycles) to create the final cDNA libraries. After library validation
and quantification (Agilent 2100 Bioanalyzer), equimolar amounts of library were
pooled. The pool was quantified by using the Peqglab KAPA Library Quantification Kit
and the Applied Biosystems 7900HT Sequence Detection System. The pool was
sequenced by using a S2 flowcell on the lllumina NovaSeq6000 sequencer and the
2x100nt protocol. Quantitative PCR (Q-PCR) was performed with a Biorad 1000-
series thermal cycler according to the instructions of the manufacturer (Biorad) as
previously described (Chatzinikolaou et al. 2017). All relevant data and primer
sequences for the genes tested by gPCR are available upon request.

SBLISS and BLESS. To map DNA double-strand breaks (DSBs) genome-wide, we
applied an adapted set-up of the Breaks labeling in situ and sequencing (BLISS)
method (Yan et al., 2017). In suspension BLISS (sBLISS), DSB ends are in situ
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blunted and ligated to specialized BLISS adapters that enable selective linear
amplification of the genomic sequences at the DSB ends, via T7-driven in vitro
transcription. Briefly, after cell treatment and prior to fixation, cells were washed,
trypsinized and resuspended in pre-warmed PBS supplied with 10% fetal bovine
serum (FBS), ensuring single-cell suspensions. Then the cells were counted and
diluted to 10° cells/ml and fixed with 4% paraformaldehyde aqueous solution
(Electron Microscopy Sciences #15710, Formaldehyde methanol-free) for 10
minutes at room temperature (RT). Formaldehyde was quenched with 2M glycine at
a final concentration of 125 mM for 5 minutes at RT, while gently rotating, and for an
additional 5 minutes on ice. Fixed cells were washed with ice-cold PBS and pelleted
by centrifuging at 100-400g for 10 minutes at 4°C. For in situ DSB labeling, 10° fixed
cells were incubated in a lysis buffer (10mM Tris-HCI, 10 mM NaCl, 1 mM EDTA,
and 0.2% Triton X-100 (pH 8)), for 60 min on ice and the nuclei were, then,
permeabilized with a pre-warmed permeabilization buffer (10 mM Tris-HCI, 150 mM
NaCl, 1 mM EDTA, and 0.3% SDS (pH 8)) for 60 minutes at 37°C. After pelleting, the
nuclei were washed twice with pre-warmed 1x CutSmart Buffer (New England
Biolabs (NEB) #B7204) supplemented with 0.1% Triton X-100 (1xCS/TX100). To
prepare the DNA Double Strand Break ends (DSB ends) for BLISS adapter ligation,
the DSBs were blunted with NEB's Quick Blunting Kit (NEB #E1201) according to the
manufacturer's instructions in a final volume of 100 pl for 60 minutes at RT. After
blunting, the nuclei were washed twice with 1x CS/TX100 before proceeding with in
situ ligation of BLISS adapters (see below for adapter preparation). Ligation was
performed with 25 Weiss units of T4 DNA Ligase (5 U/ul, ThermoFisher Scientific
#ELOO011) for 20-24h at 16°C in reaction volumes of 100 ul supplemented with BSA
(Thermo #AM2616) and ATP (Thermo #R0441). Per preparation of 10° cells, 4 pl of
the selected BLISS adapter (10 yM) was ligated. Prior to use, BLISS dsDNA
adapters were prepared from two complementary HPLC-purified oligonucleotides
ordered from Integrated DNA Technologies (IDT). Each dsDNA adapter contains a
T7 promoter sequence for in vitro transcription (IVT), the RAS Illumina RNA adapter
sequence for downstream sequencing, an 8-nt Unique Molecular Identifier (UMI)
sequence generated by random incorporation of the four dNTPs according to IDT's
'Machine mixing' strategy, and a 8-nt sample barcode to enable multiplexing of
BLISS libraries. Sense oligos diluted to 10 yM in nuclease-free water were
phosphorylated with T4 PNK (NEB #M0201) supplemented with ATP, after which an
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equimolar amount of antisense oligo was added. Oligos were annealed in a
Thermocycler (5 minutes 95°C, then ramping down to 25°C in steps of 1.5°C per
minute), to generate a 10 pyM phosphorylated dsDNA adapter. After overnight
ligation, nuclei were washed twice with 1x CS/TX100. To reverse crosslinks and
extract gDNA, nuclei were resuspended in 100 ul DNA extraction buffer (10 mM Tris-
HCI, 100 mM NaCl, 50 mM EDTA, and 1% SDS (pH7.5)), supplemented with 10 pl
Proteinase K (800 U/ml, NEB #P8107), and incubated at 55°C for 14-18h while
shaking at 800rpm. Afterwards, Proteinase K was heat-inactivated for 10 minutes at
95°C, followed by extraction using Phenol:Chloroform:lsoamyl Alcohol 25:24:1 with
10 mM Tris, pH 8.0, 1 mM EDTA (Sigma-Aldrich/Merck #P2069) and Chloroform
(Merck #1024451000), followed by ethanol precipitation. The purified gDNA was
resuspended in 100 pl TE and sonicated using a BioRuptor Plus (Diagenode) with
settings: 30s ON, 60s OFF, HIGH intensity, 30 cycles. Sonicated DNA was
concentrated with Agencourt AMPure XP beads (Beckman Coulter) and fragment
sizes were assessed using a BioAnalyzer 2100 (Agilent Technologies) to range from
300bp to 800bp, with a peak around 400-600bp. To selectively and linearly amplify
BLISS adapter-tagged genomic DSB ends, 100 ng of sonicated template was used
for T7-mediated IVT using the MEGAscript T7 Transcription Kit (ThermoFisher
#AMB13345, supplemented with Ribosafe RNAse Inhibitor (Bioline #BI0O-65028)),
according to the manufacturer's guidelines. Directly after RA3 ligation, reverse
transcription was performed with Reverse Transcription Primer (RTP) (lllumina
sequence, ordered via IDT) and SuperScript IV Reverse Transcriptase
(ThermoFisher #18090050). The manufacturer's protocol was followed extending the
incubation time to 50 minutes at 50°C followed by 10-minute heat inactivation at
80°C. Libraries amplification was carried out with NEBNext Ultra Il Q5 Master Mix
(NEB #M0544), RP1 common primer, and a selected RPIX index primer (lllumina
sequences, ordered through IDT). Libraries were amplified for 8 PCR cycles, purified
with a 0.8x AMPure XP bead purification, and then amplified for 4 additional PCR
cycles. Then, the amplified libraries were cleaned-up according to the two-sided
AMPure XP bead purification protocol, aiming at retaining library sizes from ~300—
800bp. Final library profiles were assessed and quantified on a BioAnalyzer High
Sensitivity DNA chip and using the Qubit dsDNA HS Assay kit (ThermoFisher
#Q32851). Sequencing was performed at the Science for Life Laboratory, Sweden,
on a NextSeq 500 with NextSeq 500/550 High Output Kit v2 chemistry for SE 1x75
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sequencing with an additional 6 cycles for index sequencing. Multiple indexed BLISS
libraries were pooled together, aiming to retrieve at least 50 million reads per
condition/library. Upon completion of the run, raw sequencing reads were de-
multiplexed based on index sequences by lllumina's BaseSpace, after which the
generated FASTQ files were downloaded. The Breaks Labeling, Enrichment on
Streptavidin and next-generation Sequencing (BLESS) validation experiments were
performed previously described (Biernacka et al., 2018). The procedure resembles
the sBLISS protocol and includes the in situ blunting of DSB ends, after mild fixation
of the cells, and ligation to specialized biotinylated BLESS adapters, bearing the RA5
lllumina RNA sequence, that allow the selective affinity capture of DSBs. Upon
ligation of the biotinylated adapter on DSBs, genomic DNA is purified and sonicated.
Then, streptavidin beads (Dynabeads MyOne C1 #65001) are used to isolate DSB-
bearing DNA fragments, followed by blunting of the other end and ligation to a
second BLESS adapter containing the RA3 Illumina RNA adapter sequence. PCR
amplification was performed according to Illlumina’s guidelines, for 10 cycles using
the RAS5 and RAS3 adapters, followed by purification and specific-target gPCR
amplification. Sequences of the BLISS and BLESS adapters were previously
described (Biernacka et al., 2018; Yan et al.,, 2017) respectively. The RA3, RA5
adapters, RTP primer, and RP1 and RPIX primers, see the sequence information
available for the lllumina small RNA library preparation Kit.

Data analysis. Statistically significant data were extracted by means of the IBM
SPSS Statistics 19 (IBM) and R-statistical package (www.r-project.org). Significant
over-representation of pathways and gene networks was determined by Gene

Ontology (http://geneontology.org/) and KEGG pathways

(https://Iwww.genome.jp/kegag/pathway.html). For mass spectrometry (MS), the

MS/MS raw data were loaded in Proteome Discoverer 1.3.0.339 (ThermoFischer
Scientific) and run using the Mascot 2.3.02 (Matrix Science) search algorithm against
the Mus musculus theoretical proteome (last modified 6 July 2015) containing 46,470
entries in Uniprot. A list of common contaminants was included in the database67.
For protein identification, the following search parameters were used: precursor error
tolerance 10 ppm, fragment ion tolerance 0.8Da, trypsin full specificity, maximum
number of missed cleavages 3 and cysteine alkylation as a fixed modification. The

resulting .dat and .msf files were subsequently loaded and merged in Scaffold
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(version 3.04.05, Proteome Software) for further processing and validation of the
assigned MS/MS spectra. Thresholds for protein and peptide identification were set
to 99% and 95% accordingly, for proteins with minimum 1 different peptides
identified, resulting in a protein false discovery rate (FDR) of <0.1%. For single
peptide identifications, we applied the same criteria in addition to manual validation
of MS/MS spectra. Protein lists were constructed from the respective peptide lists
through extensive manual curation based on previous knowledge. For label-free
relative quantitation of proteins, we applied a label-free relative quantitation method
between the different samples (control versus bait) to determine unspecific binders
during the affinity purification. All .dat and .msf files created by Proteome Discoverer
were merged in Scaffold where label-free relative quantification was performed using
the total ion current (TIC) from each identified MS/MS spectra. The TIC is the sum of
the areas under all the peaks contained in a MS/MS spectrum and total TIC value
results by summing the intensity of the peaks contained in the peak list associated to
a MS/MS sample. Protein lists containing the Scaffold-calculated total TIC
guantitative value for each protein were exported to Microsoft Excel for further
manual processing including categorization and additional curation based on
previous knowledge. The fold change of protein levels was calculated by dividing the
mean total TIC quantitative value in bait samples with the mean value of the control
samples for each of the proteins. Proteins having 260% protein coverage, =21 peptide
in each sample and a fold change =1.2 in all three measurements were selected as
being significantly enriched in bXPF compared with BirA MEF samples. Proteins that
were significantly enriched in bait samples were considered these with P value <0.05
and a fold change =2. Significant over-representation of pathways, protein-protein

interactions and protein complexes were derived by STRING68 (http://string-db.org).

The quality of ChIP-Seq raw reads was checked using FastQC software

(https://www.bioinformatics.babraham.ac.uk/projects/fastqc/). For both transcription

factors (https://www.encodeproject.org/chip-seqg/transcription factor/) and histones

(https://www.encodeproject.org/chip-seg/histone/)  the  appropriate  pipelines

proposed by ENCODE were adopted. All analyses were performed using as a
reference the mm10 mouse genome from UCSC using Kundaje’'s lab ChIP-Seq
pipeline and selecting the conservative set of peaks at the end. Peak annotation was
performed using the HOMER Analysis package (Heinz et al., 2010). Peak

visualization around TSS was performed using “ChlPSeeker” R package (Yu et al.,
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2015). For sBLISS, the generated amplified RNA is sequenced using next-
generation sequencing, after which the obtained reads are mapped to the reference
genome to identify the genomic locations of the DSBs. As described previously (Yan
et al., 2017), a custom-built pipeline was used to keep only those reads that contain
the expected prefix of 8nt UMI and 8nt sample barcode, using SAMtools and scan
for matches, allowing at most one mismatch in the barcode sequence. The
prefixes were then clipped off and stored, and the trimmed reads per condition
were aligned to the GRCm38/mm10 reference genome with BWA-MEM. Only
those reads with mapping quality scores = 30 were retained. Next, PCR duplicates
were identified and removed, by searching for proximal reads (at most 30bp apart
in the reference genome) with at most two mismatches in the UMI sequence.
Finally, we generated BED files for downstream analyses, comprising a list of DSB
end locations and a number of unique UMIs identified at these locations, which we
refer to as 'UMI-DSB ends' or unique DSB ends. DSBs from all samples and all
replicates have been annotated using HOMER software and a generic genome
distribution (Intergenic, 3UTR, miRNA, ncRNA, TTS, pseudo, Exon, Intron,
Promoter, 5UTR, snoRNA, rRNA) was created. The BLISS-ChIP Seq comparisons

were performed using “bedtools” (https://bedtools.readthedocs.io/en/latest/).
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