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SUMMARY

The genome of cellular systems is under constant threat of genotoxic agents. Thus, efficient
DNA damage repair is essential to maintain integrity and stability of the genome.
Nucleotide excision repair (NER) represents one of the main cellular DNA repair pathways
induced by UV light exposure. The global genome-NER branch counteracting lesions in
transcriptionally silent DNA regions, is initiated by binding of the damage recognition
factor XPC to DNA damage. The UV-DDB-CULA-RBX1 E3 ligase catalyzed
polyubiquitylation of XPC after UV irradiation has been well studied. However,
mechanistic insight into how ubiquitylated XPC regulates the GG-NER pathway is still
lacking. Here, we show that ubiquitylated XPC is associated with a novel protein complex
consisting of the heterodimeric ERCC1-XPF endonuclease and the deubiquitylase USP7
(also known as HAUSP). Interestingly, ERCC1-XPF enhances the deubiquitylation reaction
of XPC in vitro and in vivo. We further demonstrate that USP7 competes with XPA for
binding to the ERCC1-XPF endonuclease complex. Collectively our results provide evidence
of two distinct ERCC1-XPF protein complexes that operate in 5' DNA incision or in XPC

deubiquitylation thus coupling both processes in the GG-NER pathway.



ZUSAMMENFASSUNG

Das effiziente Beseitigen von DNA-Schdden ist fiir den Erhalt der Stabilitdt und Integritat
des Genoms unverzichtbar. Aus diesem Grund gibt es eine Vielzahl von DNA-
Reparaturmechanismen, die jeweils spezifisch charakteristische DNA-Schiden erkennen
und reparieren. Bestrahlung mit UV-Licht verursacht hauptsachlich zwei spezifische DNA-
Schdden, CPDs (Cyclobutan-Pyrimidindimere) und 6°-4” Photoprodukte, die durch die
Nukleotid-Exzisionsreparatur (NER) beseitigt werden. Der global genomweite Zweig der
Nukleotidexzisions-Reparatur (GG-NER) wird durch die Bindung des Erkennungsproteins
XPC an den DNA-Schaden initiiert. Die durch den UV-DDB-CULA-RBX1 Ligase Komplex
katalysierte Polyubiquitylierung von XPC nach UV-Bestrahlung ist bereits gut
dokumentiert. Es ist jedoch immer noch unklar, wie ubiquityliertes XPC den weiteren
Verlauf der NER-Reaktion mechanistisch reguliert. Unsere Experimente zeigen, dass
ubiquityliertes XPC mit einem neuen Protein-Komplex bestehend aus dem heterodimeren
ERCC1-XPF-Komplex und der Deubiquitylase USP7 (auch bekannt als HAUSP), assoziiert
ist. Interessanterweise beschleunigt ERCC1-XPF die Deubiquitylierungsreaktion von XPC
sowohl in vitro als auch in vivo. Wir zeigen weiter, dass USP7 mit XPA um die Bindung an
den ERCCI1-XPF-Endonukleasekomplex konkurriert. Zusammenfassend betrachtet
charakterisieren unsere Ergebnisse zwei unterschiedliche ERCC1-XPF-Protein-komplexe,
die entweder in der 5'-DNA-Inzision oder in der Deubiquitylierung von XPC mafigeblich
beteiligt sind. Da beide Proteinkomplexe auf ERCC1-XPF aufbauen, sind diese beiden
Prozesse, der 5’-DNA-Einschnitt und die XPC Deubiquitylierung, in der NER-Reaktion

miteinander gekoppelt.
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INTRODUCTION

THE NECESSITY FOR FAITHFUL DNA REPAIR

The formulation of the central dogma of molecular biology which defines the basis for all biological
systems has been one of the most fundamental discoveries. Cells use their DNA as a template for
the synthesis of RNA thereby transmitting the genetic information stored within the DNA. RNA is
then further translated into proteins which precisely control and carry out all kinds of biological
processes. Our DNA is assembled from small building blocks, nucleotides, which are composed of
one of the four different nucleobases: adenine (A), guanine (G), cytosine (C) and thymine (T). The
genetic information of DNA is encoded in the specific sequence of this four nucleobases. Any
modification of the specific DNA sequence, and thereby in the instructions for the synthesis of
proteins it encodes, can have deleterious effects on the cell’s function. DNA damage interferes with
various essential cellular processes (such as transcription and DNA replication) and can potentially
lead to mutations, chromosome aberrations or even cell death in case the amount of damaged DNA
reaches a certain unrepairable threshold (Hoeijmakers, 2001; Friedberg et al., 2006). Thus, preserving

and maintaining genome integrity and stability is one if not the most crucial function of a living cell.

TYPES OF DNA DAMAGE

DNA is constantly under attack by a plethora of damage-inducing agents, either derived from
endogenous or exogenous sources, which can directly or indirectly induce the formation of DNA
damage (see figure 1). As a first line of defense, many organisms express enzymes such as
superoxide dismutase (SOD), catalase (CAT) and glutathione peroxidase which “detoxify” reactive
oxygen species (ROS), released for example form the cellular respiratory chain or exogenously
induced by UV irradiation (Rastogi et al., 2010). Additionally, scavenger molecules such as vitamin
C (ascorbate), B and E as well as cysteine and glutathione quench radicals before they are able to
react with and damage cellular proteins, lipids and DNA. Thus, these molecules play a role in

preventing DNA damage (Ighodaro et al., 2018).

To counteract the deleterious effects of DNA damage, cells have evolved a wide variety of active

DNA repair pathways that detect and repair such DNA lesions.
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Figure 2: DNA damage and their
counteracting repair mechanisms.
Common DNA damage inducing
agents derived from endogenous
(spontaneous deamination, reactive
oxygen species from cellular
respiration) or exogenous (such as
UV light) sources (top); examples of
DNA lesions they induce (middle)
and the respective DNA repair
mechanism dealing with the repair

of the DNA lesion (bottom).
Abbreviations: cis-Pt and MMC,
cisplatin ~ and  mitomycin C,

respectively (both DNA crosslinking
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pyrimidine  dimer, respectively
(both induced by UV light); BER and
NER, Base excision and nucleotide
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end joining) (Figure adapted from
Hoeijmakers, 2001).
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Lindahl (1982), (c) Klungland et al., 1999, (d) Hoeijmakers (2009), (¢) DNA adducts detected in the lung
of smokers following 1-2 cigarette packs per day for approx.. 40 years (Philips et al., 1998),
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One of the most frequently occurring and toxic DNA lesions are abasic sites which arise after
spontaneous hydrolysis of the N-glycosidic bond between the deoxyribose and the respective base
(Lindahl and Barnes, 2000; Ciccia and Elledge, 2010). This spontaneous hydrolysis reaction is
markedly enhanced by chemical modification of DNA bases. Mostly driven by acid catalysis, the N-
glycosidic bond between the deoxyribose and the purine bases adenine and guanine is less stable
than the glycosidic bond with pyrimidine bases (cytosine and thymine) under physiological
conditions, resulting in depurination occurring much more frequently than depyrimidination
(Lindahl and Nyberg, 1972; Lindahl and Karlstrom, 1973). Furthermore, all DNA bases with an
amine group, which excludes thymine, can undergo spontaneous deamination (Lindahl and Barnes,
2000). Interestingly, the rate of such spontaneous deamination processes is dramatically enhanced
in single stranded-DNA (transient ssDNA for example during replication, transcription and

recombination) compared to double stranded-DNA (Lindahl, 1993).

The deamination of cytosine to uracil occurs at a significant levels in cells and harbors mutagenic
potential since the newly formed uracil base pairs with adenine. However, the majority of
deamination products (such as uracil) are usually not found in DNA which greatly facilitates their
recognition and removal by specific DNA glycosylases. Notably, an exception is 5-methylcytosine
yielding thymine after spontaneous deamination. In addition, thymine DNA glycosylase (TDG), the
enzyme removing thymine from T-G mismatches, is relatively inefficient (Cortazar et al., 2007).
Therefore, 5-mCpG sites can be considered as mutagenic hotspots reflected by the fact that the CG
to TA transition at these sites is responsible for one third of point mutations associated with
hereditary diseases in humans (Cooper et al., 2010, De Bont and van Larebeke, 2004). Reactive
oxygen species derived from the cellular respiratory chain (Oz, H2O,, O, OH) can also lead to
abasic sites as well as oxidized DNA bases such as formamidopyrimidine, thymine glycol (De Bont
and van Larebeke, 2004; Hoeijmakers, 2009; Ciccia and Elledge, 2010). Besides DNA bases, ROS also
attack the DNA phosphodiester-sugar backbone resulting in both single and double-strand breaks
(Chatterjee and Walker, 2017). Another biologically significant oxidative DNA lesion is 8-oxo-
guanine (7,8 dihydro-8-oxoguanine) formed from hydroxylation of the C-8 residue of guanine. 8-
oxo-guanine is potentially mutagenic since this DNA lesion prefers to adopt the syn-conformation
and thus, can pair incorrectly with adenine instead of cytosine (Chatterjee and Walker, 2017).
Furthermore, DNA bases are also target of alkylation primarily mediated by the endogenous
methyl-donor S-Adenosylmethionin (SAM) (Lindahl and Barnes, 2000). Collectively, it has been
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estimated that a cell has to deal with 100 000 spontaneous DNA lesions per day (see figure 2; De
Bont and van Larebeke, 2004; Ciccia and Elledge, 2010).

Besides the DNA lesions induced by endogenous cellular processes, DNA structure is also
threatened by environmental damaging agents. Exogenous, environmental DNA damage can arise
from both physical and chemical sources. Common physical genotoxic agents include ionizing
radiation (IR) and the sun’s ultraviolet (UV) light, which stimulates the formation of two major DNA
lesions, cyclobutane pyrimidine dimers (CPDs) and 6-4 photoproducts (6-4 PP). It has been
estimated that a peak hour of sunlight can produce up to 100 000 DNA damage sites (CPDs and 6-
4PPs) highlighting the sun’s powerful potential as genotoxic agent (see figure 2; Hoeijmakers, 2009).
Even more energetic ionizing radiation (IR) such as cosmic radiation or Xrays (derived from medical
treatments) is able to ionize atoms and molecules by displacing electrons which leads to the breakage
of chemical bonds between atoms. Ionizing radiatuion (IR), either directly or indirectly through the
generation of radicals and ROS inside the cell, produces single and double strand breaks (SSBs and
DSBs, respectively) and induce oxidation of DNA bases (Hoeijmakers, 2001). Additionally, SSBs can
also be formed indirectly by insufficient or impaired Base Excision repair (BER) (Ciccia and Elledge,
2010). Chemical agents used in cancer therapy are designed to cause overwhelming DNA damage
to force cancer cells into apoptosis. Thus, these chemical agents can cause a wide variety of DNA
lesions. Crosslinking agents such as mitomycin C (MMC), cisplatin (cis-Pt), psoralen and nitrogen
mustard are covalently attached to DNA bases on the same strand (intrastrand crosslink) or to
different DNA strands (interstrand crosslink) (Ciccia and Elledge, 2010). Additional modifications
of cross-linking agents include DNA monoadducts and DNA protein crosslinks (Chatterjee and
Walker, 2017). The alkylating agents methyl methanesulfonate (MMS) and temozolomide transfer
alkyl groups to DNA bases. Other chemical agents, such as the topoisomerase inhibitors
camptothecin (CPT) and etoposide inhibit topoisomerase I or II, respectively, resulting in trapped
topoisomerase-DNA covalent complexes and the formation of SSBs. In case the trapped TOP1
cleavage complex is present on the leading strand, DSBs can be formed upon replication fork
collision (Pommier et al., 2006; Xu et al., 2015). Polycyclic aromatic carbons (PAHs) including
benzo(a)pyrene, probably the most prominent and best documented compound of this class of
genotoxic agents, are commonly found in automobile exhaust, charred food and cigarette smoke
and possess a high mutagenic and carcinogenic potential (Luch, 2009). Similar to other genotoxic
agents such as aflatoxin and aminofluorene, benzo(a)pyrene is a pro-mutagen which is
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enzymatically converted in its ultimate carcinogenic diol epoxide form, anti-BPDE (7,8-hydroxy-
9a,10a-epoxy-7,8,9,10-tetrahydro-benzo(a)pyrene), by the action of the cytochrome P450 system in
the liver (Chatterjee and Walker, 2017). Photo-oxidation, one electron oxidation, multiple ring-
oxidation and nitrogen-reduction pathways are also known to activate the PAHs thereby leading to
a broad spectrum of adducts and oxidative DNA damage (Harvey et al., 2005; Chatterjee and
Walker, 2017).

Probably the most common environmental DNA damage-inducing agent is the sun’s UV light which
is the leading cause of skin cancer in humans (Davies, 1995). The spectrum of UV irradiation ranges
from 100 to 400 nm and can be subdivided, with increasing energy and mutagenic potential, into
UV-A (400 - 320nm), UV-B (320 - 280nm) and UV-C (280nm - 100nm) components (D’Orazio et al.,
2013; Schuch et al., 2018). Fortunately, oxygen and nitrogen molecules as well as ozone in the
atmosphere completely absorb the UV-C fraction and the great majority (approximately 90%) of UV-
B emitted from the sun (D"Orazio et al., 2013; Schuch et al., 2018). Consequently, only a small portion
of the solar UV-B (10%) and almost the complete UV-A irradiation (90 - 95%) reach the earth’s
surface and thus, are of relevance for cellular systems (Schuch et al., 2018). Inside living cells,
proteins and DNA are primarily targeted by UV-induced damage due to their absorption
characteristics and their abundance in cellular systems (Pattison and Davies, 2006). In general, UV
light-triggered cellular damage is mediated by two distinct processes. DNA or proteins can directly
absorb solar UV-B light (and UV-C in artificial systems) and their excitation can initiate subsequent
chemical reactions (Pattison and Davies, 2006). Direct UV absorption of DNA, in particular 260 nm
UV-C, characteristically results in the formation of DNA base dimers including cyclobutane
pyrimidine dimers (CPDs) and pyrimidine (6-4) pyrimidone products (6-4 PPs) in an approximate
ratio of 3:1 and their dewar isomers (Nakagawa et al., 1998). The second, indirect path involves
endogenous or exogenous molecules (such as flavins, porphyrins including heme groups, pterins,
NADH and the skin pigment melanin), and not DNA itself, that are excited upon photon absorption.
Subsequently, the excited, highly reactive photosensitizers can induce damage for example by
electron transfer and hydrogen abstraction resulting in the generation of ROS (H2O», hydroxyl
radical and O -) and other free radicals (Pattison and Davies, 2006). An alternative mechanism is the
direct energy transfer from the excited photosensitizer to molecular oxygen, yielding singulet

oxygen (102) and subsequent damage to biomolecules (Schuch et al., 2018). Interestingly, UV-A
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irradiation has been found to selectively induce guanine oxidation via 1O, thereby mainly

generating 8-oxo-7,8-dihydroguanine (8-oxo-G) (Schuch et al., 2018; Cadet et al., 2015).

In proteins, the three amino acids tryptophane (single letter code W), tyrosine (Y) and phenylalanine

(F) are responsible for the absorption of proteins in the UV spectrum based on their aromatic side

chains, with an absorption maximum at 280 nm. Additionally, the peptide backbone (amide bond)

also absorbs at around 215 nm.

In laboratory investigations, also including this study, 254 nm UV-C irradiation is thus routinely

used for the induction of DNA damage based on the maximum absorption of DNA bases around

260 nm resulting in the specific induction of two major damage products, CPDs and 6-4-PPs (see

figure 4) while minimizing damage occurring to cellular proteins (Schuch et al., 2018).
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Figure 3: UV absorption spectrum of DNA and the main types of DNA lesions
induced following irradiation by the respective UV fraction. DNA shows an
absorption maximum around 260 nm. 6-4 PP are able to undergo photoisomerization
to their Dewar valence isoform, most likely initiated by UV-A (and UV-B) irradiation
since 6-4 PPs efficiently absorb at 320 nm. Abbreviations: CPD, cyclobutane
pyrimidine dimer; 6-4 PP, pyrimidine (6-4) pyrimidone photoproducts; Dewar-PP,
Dewar valence isomer; 8-oxo-G, 8-oxo-7,8-dihydroguanine; SSB, single strand
breaks). (Figure taken from Schuch et al., 2018).
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THE DNA DAMAGE RESPONSE AND CHECKPOINT ACTIVATION

The activities of this arsenal of cellular DNA repair pathways require a tight spatial, temporal and
DNA damage specific regulation to avoid unnecessary and unwanted DNA structure alterations
which might interfere with ongoing normal cellular processes (Ciccia and Elledge, 2010). This
superior regulation unit in addition with the cellular DNA repair pathways is termed the DNA
Damage Response (DDR) (Harper and Elledge, 2007; Jackson and Bartek, 2009; Ciccia and Elledge,
2010). The DDR coordinates and orchestrates DNA replication, DNA repair, cell cycle transitions
and checkpoints, transcription and, in severe cases, triggers senescense or apoptotic cell death
(Ciccia and Elledge, 2010; Blackford and Jackson, 2017). The DDR signaling is primarily initiated by
three kinases ATM (ataxia telangiectasia mutated), ATR (AMT- and Rad3-related) and DNA-PKcs
(DNA-dependent protein kinase catalytic subunit) which are recruited to the damage site by binding
to specific factors and, subsequently, become activated (Ku70/80 recruits DNA-PKcs; ATM binds to
the NBS1 subunit of the MRN complex; the ATRIP (ATR interacting protein)-ATR dimer senses
DNA damage through ATRIP-recognition of RPA-coated ssDNA complexes; Falck et al., 2005)
(Blackford and Jackson, 2017; Ciccia and Elledge, 2010). Upon activation, ATM and ATR trigger a
signaling cascade by phosphorylating a variety of proteins, including the most notable factors, p53
and the downstream checkpoint kinases CHK1 and CHK2. CHK1 and CHK2 transmit the signal
further via phosphorylation of the mitotic inhibitor kinase WEE1 and CDC25 phosphatases (see
figure 5; Curtin, 2012; Hiihn et al., 2013; Ciccia and Elledge, 2010). As a consequence, the activity of
cyclin-dependent kinases (CDKs) is modulated resulting in the blockage of cell cycle of progression.
Dependent on which of the CDKs is inhibited, the cell cycle is either arrested at the G1/S phase
transition, in the intra-S phase or at the G2/M transition (Curtin, 2010). Importantly, the halt of the
cell cycle progression ensures efficient DNA repair and thus, prevents DNA replication or mitosis
in the presence of excessive DNA damage (Curtin, 2012; Hiithn et al., 2013). For further details, please

also see legend of figure 4.
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Figure 4: DNA damage and checkpoint signaling. ATM binds to the NBS1 subunit within the MRN
complex at the DSB site and becomes activated. Upon activation, ATM triggers G1 signaling by
phosphorylating, and thus activating, various proteins including CHK2 and p53. Activated p53
induces transcription of various target genes, including CDK inhibitors (p21, p27), DNA repair factors
and pro-apoptotic factors resulting in growth and cell cycle arrest, efficient DNA repair and, in severe
cases of excessive DNA damage, the induction of senescense or apoptotic cell death (Reinhardt and
Schumacher, 2012). The ATM kinase is activated by ATRIP-dependent recruitment to RPA-coated ss-
dsDNA junctions which arise at stalled replication forks, resected DSBs and are generated as
intermediates during NER. Activated ATM initiates both intra-S phase and G2 checkpoint signaling by
phosphorylation of CHK1. CHK1 further transmits the signal via phosphorylation of various targets
including the mitotic inhibitor kinase WEE1 and the cell division cycle 25 (CDC25) phosphatase
resulting in the coordinated inhibition of the cyclin-dependent kinase (CDK) activity, the main drivers
of the cell cycle. Whereas phosphorylation activates WEE1, phosphorylation of CDC25, which
stimulates CDK activity by removing inhibitory phosphate groups on CDKs, leads to its degradation
(Curtin, 2012; Harvey et al., 2005). Notably, there is also crosstalk between the ATM-CHK?2 axis and
the ATR-CHKI1 signaling pathway and that they share many substrates. ATRIP, ATR-interacting
protein. Dashed arrows indicate secondary targets. (Figure taken form Curtin, 2012).
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CELLULAR DNA REPAIR PATHWAYS

To ensure efficient removal of damaged DNA, cells have established a wide variety of DNA repair

pathways (reviewed in De Bont and van Larebeke, 2004; Helleday et.al. 2014). The various DNA

repair pathways are described in more detail in the following chapter.

Mismatch repair

The post-replicative Mismatch Repair (MMR) system is an evolutionarily conserved repair pathway

that increases the fidelity of DNA replication by approximately 100 - 1000 fold (Kunkel and Erie,

2005). MMR removes misincorporated bases and insertion-deletion loops
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Figure 5: Mechanisms of Mismatch
Repair in humans. (A) The MMR system
recognizes base-base mismatches (left)
and insertion-deletion loops (right). In
humans, the MutSa heterodimer
(complex of MSH2 and MSHS6) detects
base mismatches and one- to two-
nucleotide IDLs, whereas the MutSp
complex composed of MSH2 and MSH3
recognize large IDLs. (Figure adapted
from Banno et al., 2009). (B) Binding of
MutS homologs to DNA mismatches or
IDL’s triggers a structural change that is
accompanied with the exchange of ADP
towards ATP and binding of MutL
homologs. The human MutL homologs
further recruit downstream factors
including PCNA and the exonuclease
Exol with the subsequent excision of the
damaged strand. The interactions of the
complex mediate DNA looping and thus
bringing both sites in close proximity. The
resulting single-stranded gap is filled by
DNA polymerase & and the break is
sealed by DNA ligase 1. Abbreviations:
Exol, exonuclease 1; PCNA, proliferating
cell nuclear antigen. (Figure taken from
Hewish et al., 2010).



(IDLs). IDLs can be formed by strand slippage events in repetitive DNA sequences such as
microsatellites, a repeated DNA sequence motif composed of mono-, di-, or trinucleotide repeats
(Jiricny 2006; Jiricny 2013). During DNA replication, both the primer as well as the template DNA
strand in a microsatellite can occasionally dissociate and re-anneal incorrectly thereby creating IDLs
(Kunkel 1993). The MMR system recognizes base-base mismatches and insertion-deletion loops. In
humans, the MutSa heterodimer (complex of MSH2 and MSHS6) detects base mismatches and one-
to two-nucleotide IDLs, whereas the MutSP complex composed of MSH2 and MSH3 recognize large
IDLs (Kunkel and Erie, 2005). MutSa binds to a DNA base-base mismatch by inserting the GxFxE
“reading head” into the DNA duplex. The insertion of the reading head triggers an ATP-dependant
conformational change thereby converting MutSa into its sliding clamp form. The conversion to the
clamp form is accompanied by an exchange of bound ADP to ATP and the recruitment of the MutL
homologue (MLH) to form the ternary complex (Jiricny, 2013). Interestingly, in T. aquaticus, MutL
binding to MutS immediately after its ATP-binding mediated structural changes traps MutS at the
mismatch site before sliding (Qiu et al., 2015). Just recently, a study using a modified single molecule
FRET approach suggests a model for MutSa MMR initiation where a coordinated, stepwise
transition from a highly kinked, MutSa bound DNA complex towards the mobile clamp form of
MutSa bound to unbent DNA (Le Blanc et al., 2018). Thus, combined and coordinated structural
changes of MutSa, which are correlated to its nucleotide binding properties, and DNA seem to
mediate MMR initiation (LeBlanc et al., 2018). So far, four human MutL homolog complexes have
been identified, including its major player, the MutLa complex (MLH1 and PMS2 subuni) (Lipkin
et al., 2000; Jiricny 2013). MutLa possesses endonuclease activity (within the PMS2 subunit) that is
activated upon association with MutSa, a nicked mismatch-containing DNA heteroduplex and
PCNA (Kadyrov et al., 2006). In this in vitro system, MutLa endonuclease activity was specifically
directed towards the 3" nicked strand of the heteroduplex and induced further single strand breaks
particularly in the region between the nick and roughly 150 nucleotides past the mismatch.
Furthermore, the generated nicks represent loading sites for EXO1 (Exonuclease 1) which cleaves
the DNA between the MutLa-introduced nicks flanking the mismatch and the original 3" nick with
5°-3” directionality (Kadyrov et al., 2006). After removal of a DNA fragment containing the
mismatch, Exol activity is inhibited pathing the way for DNA polymerase 6 to fill the gaps followed
by DNA ligase 1 mediated ligation (Pefia-Diaz and Jiricny, 2012). Additionally, EXO1 catalyzes 5
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directed mismatch excision (which would not require MutLa endonuclease activity) creating a
ssDNA gap stabilized by RPA. Subsequent DNA re-synthesis and ligation completes MMR.

The basis for strand discrimination of the MutLa endonuclease is its interaction with PCNA which
is required for activation of the MutLa endonuclease (Pluciennik et al., 2010). PCNA is loaded by
the clamp loader RFC (Replication factor C) at double- and single-stranded boundaries such as 3~
primer termini (and nicked circular DNA used in in vitro studies) and, more importantly, PCNA is
always loaded on DNA facing its proximal site towards the DNA terminus (Pluciennik et al., 2010;
McNally et al., 2010).

Since both MutSa and MutLa share a ring-like structure encircling the DNA, their ternary complex
with PCNA has a fixed geometry and is not able to flip around. Finally, the latent MutLa
endonuclease only resides in the PMS2 subunit of the heterodimer (Kadyrov et al., 2006).
Collectively, this features guarantee that only the newly synthesized DNA strand has the correct
orientation and, thus, will be cleaved pduring MMR (Jiricny, 2013).

Base excision repair

The individual DNA bases are also susceptible to damage via oxidation (ROS-induced), hydrolysis,
deamination and alkylation. Indeed, these forms of base modifications represent a main source of
DNA damage (Krokan and Bjoras, 2013). Such base lesions are repaired by the Base Excision Repair
(BER) pathway by cleaving the damaged base, generation of a single strand breack which is then
filled by DNA polymerase  and subsequently ligated (Dalhus et al., 2009; Krokan and Bjoras, 2013).
The BER pathway is initiated by a collection of damage-specific DNA glycosylases which, upon
target base recognition, cleave the modified base from the DNA backbone by hydrolyzing the N-
glycosidic bond between the base and the 2°-deoxyribose leaving an abasic site behind
(monofunctional glycosylase). The resulting abasic (apurinic or apyrimidinic) site, which is
interestingly even more toxic than the initial modified base, is incised by an AP endonuclease such
as APEX1 generating a single strand break. Alternatively, a bifunctional glycosylase possesses an
additional 5° deoxyribose-phosphate (dRP) lyase activity thus catalyzing both excision of the
damaged base and the subsequent incision of the backbone. Finally, the one nucleotide gap is filled

by DNA polymerase 3 and ligated (Krokan and Bjoras, 2013).
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In some special cases as for O¢-methylguanine, repair occurs through direct reversal of the base
modification, in this case via direct demethylation of O¢-methylguanine by the activity of O¢-

alkylguanine methyltransferase (AGT or MGMT) (Sharma et al., 2009).

Double strand break repair

DNA double strand breaks (DSBs), arising for example from lesion-induced stalling of replication
forks, represent one of the most dangerous types of DNA damage (Zeman and Cimprich, 2014).
DSBs can potentially result in major chromosomal rearrangements and thus, need to be precisely
repaired to maintain genome integrity (Ceccaldi et al., 2016).

The importance of DSB repair mechanisms for genome stability and integrity are highlighted by the
fact that repair defects result in immune deficiencies and predisposition to cancer and
neurodegenerative diseases (Aguilera and Gomez-Gonzalez, 2008). Even more severe, inherited
DSB repair deficiencies lead to embryonic lethality and sterility (Aguilera and Gomez-Gonzalez,

2008; Ciccia and Elledge, 2010).

DSB repair is initiated by sensing and stabilization of the broken DNA ends by binding of the so-
called MRN complex, which consists of MRE11, Rad50 and NBS1 (Petrini and Stracker, 2013;
Hustedt and Durocher, 2017). Double strand break repair is further achieved by two main
mechanism, homologous recombination (HR) and non-homologous end-joining (classical-NHE] or
c-NHE]) (Kakarougkas and Jeggo, 2014; Blackford et al., 2017; Shilov and Ziv, 2013; Ceccaldi et al.,
2016; Hustedt and Durocher, 2017). Both repair processes are considered to be mainly error-free.
Besides these two main repair branches, two alternative error-prone DSB repair pathways,
alternative end joining (alt-EJ) and single- strand annealing (SSA), have been discovered by the
observation that yeast and mammalian cells ,although deficient in c-INHE], are still able to repair
DSBs by using end joining (Ceccaldi et al., 2016). Recently, these alternative end joining pathways
have attracted attention in regard of their widespread operation, dependent on the biological
context, while contributing to genome rearrangements and oncogenic transformations (Ceccaldi et
al., 2016).

The c-NHE] mechanism involves direct joining of the two broken DNA ends by blunt end ligation
which occurs independently of sequence homology (see figure 7; Chapman et al., 2012; Ceccaldi et

al., 2016). Thus, c-NHE] can theoretically occur during all phases of the cell cycle but is concentrated
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in GO/G1 and G2 (Chiruvella et al., 2013; Ceccaldi et al., 2016). Notably, in dependence of the
structure of the DSB substrate, c-NHE] may require limited trimming (or gap filling) of the DNA
ends prior to end joining resulting in loss of several nucleotides (Ceccaldi et al., 2016). Despite the
potential loss of several nucleotides, the fast kinetics of c-NHE] which can be completed in roughly
30 min in contrast to about 7 hours for homologous recombination, inhibits chromosomal
translocations thereby playing a crucial role in protection of genome integrity (Mao et al., 2008;
Ceccaldi et al., 2016).

C-NHE] is initiated by binding of the ring-shaped Ku70/80 dimer to the broken DNA ends which
blocks premature end processing (Chiruvella et al.,, 2013). The Ku70/80 heterodimer can be
considered as a scaffold at which the downstream NHE] factors can dock to facilitate their
recruitment to the DSB site (Lieber, 2010). After binding, Ku70/80 recruits the catalytic subunit of
the DNA dependant protein kinase (DNA-PKc) which bridges and orients both DSB ends in close
proximity. DNA-PKc phosphorylate and thus activate additional factors including itself and the
ARTEMIS nuclease. ARTEMIS is capable of incising a wide variety of DNA end structures and
preferentially creates a blunt end or a 4-nt 3" overhang (Ma et al., 2002). After processing of the DNA
termini, if required, the DNA ends are subsequently re-ligated by the DNA ligase IV-XRCC4-XLF
(XRCC4-like factor) complex.

The alt-NHE] mechanism is considered to be highly mutagenic since it uses microhomologies
around the DSB site for repair. The initial end resection processes the DNA ends for about 20 base
pairs generating a ssDNA patch that is able to hybridize with short complementary DNA stretches
(Haber, 2008; Ceccaldi et al., 2016).

In contrast to c-NHE] with minimal DNA end processing, repair of DSBs by HR, and also by the
mutagenic pathways alt-E] and SSA, requires extended DNA end resection leading to ssDNA
overhangs (Ceccaldi et al., 2016). The initial phase of end resection, termed “end clipping”, is
catalyzed by the nucleases MRE11 within the MRN complex and CtIP which remove about 20
nucleotides from the DNA ends depending on the nature of the DSB (Ceccaldi et al., 2016). The
removal of around 20 nucleotides is already sufficient to trigger the alt-EJ pathway. SSA and HR in
particular require more extensive, long-range end resection in order to facilitate strand invasion.
This extensive end resection step, mediated by DNA2 in complex with a helicase (BLM or WRN),
CtIP and Exol, commits cells to HR or SSA (Ceccaldi et al., 2016). Importantly, a further critical role
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of CtIP might be the recruitment of BRCA1 which precludes the HR-inhibiting 53BP1-RIF complex
from the DSB site thereby stimulating HR (Bunting et al., 2010). A pre-requisite for HR is the
presence of a sister chromatid which serves as a template and thus, HR dominates in the mid-S and
mid-G2 phases of the cell cycle (Ceccaldi et al., 2016). Interestingly, HR rarely employs the
homologous chromatid as template (Kadyk et al., 1992; Helleday, 2010).

As mentioned above, one of the first factors recruited to DSBs is the Mrel1-Rad50-Nbs1 (MRN)
complex (see figure 7; Stracker and Petrini, 2011). In HR, after extensive end resection has occurred,
the generated 3” ssDNA overhang is stabilized by RPA which is lateron replaced by Rad51 forming
a recombinase filament. A variety of factors including BRCA1 and BRCA2 facilitate this exchange
(Carreira et al., 2009; Hustedt and Durocher, 2017). The Rad51 coated nucleofilament “searches” for
the homologous DNA sequence and subsequently invades into the sister chromatid, facilitated by
Rad51 mediated displacement of the complementary DNA strand, forming a D-loop structure (Sung
and Klein, 2006; Ceccaldi et al., 2016). Re-synthesis of DNA (strand extension), resolution of the
formed four way-transition Holliday junction, strand dissolution and ligation completes the HR

pathway cycle.

The DNA end resection theme seems to be the determining factor committing cells to initiate a
specific DSB repair process and represents the critical hub for the regulation of DSB repair via the
cell cycle. The regulatory mechanisms influencing DNA end resection, such as the activity of cyclin-
dependent kinases (CDK), are thus often referred to as pathway choice (Ira et al., 2004). For more
detailed information about the question of pathway choice, I would like to refer the readers to two

excellent reviews (Ceccaldi et al., 2016; Hustedt and Durocher, 2017).
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Figure 6: Repair of double strand breaks (DSBs) via homologous recombination (HR) and non-
homologous end joining (NHEJ). Rapid binding of the broken DNA ends by the Ku70/80
heterodimer promotes NHE] by recruiting DNA-PKcs to the DSB site. DNA ends are processed by
the endonuclease ARTEMIS, followed by subsequent re-ligation mediated by a complex consisting
of XLF, Ligase 4 and XRCC4. Alternatively, the MRN complex senses the DSB in competition with
Ku70/80. The MRN complex in concert with CtIP trigger DNA end resection thereby promoting
HR. 53BP1, a factor promoting end joining processes, antagonizes BRCA1 in DSB resection.
Activation of ATR is triggered by extensive end resection and subsequent formation of RPA-
coated ssDNA. RPA displacement and loading of Rad51 is mediated by BRCA1, BRCA2 and
PALB2, resulting in the formation of the so-called Rad51 nucleo-protein filament. The Rad51
nucleoprotein filament invades into the respective homologous region of the sister chromatid.
DNA re-synthesis and capturing of the other broken DNA end generates a Holliday junction
which needs to be resolved. Finally, the DNA is sealed by ligases. (Figure taken from Hiihn et al.,
2013).



Nucleotide excision repair

Nucleotide excision repair (NER) is a highly versatile DNA repair pathway that counteracts helix-
distorting and destabilizing lesions (Schéarer, 2013). NER represents one of the multiple cellular DNA
repair pathways which deals with helix distorting DNA lesions such as 6-4 photoproducts and
cyclobutane pyrimidine dimers (CPDs), arising after exposure to ultraviolet (UV) light (de Laat et
al., 1999). Defects in one of the NER proteins are associated with several human disorders including
Xeroderma Pigmentosum (XP), Cockayne syndrome (CS) and trichothiodystrophy (TTD), resulting in skin
cancer pre-disposition and neurodevelopmental abnormalities (Andressoo et al., 2006; Cleaver,

2009).

Mammalian NER consists of two sub-pathways that vary in the nature of DNA lesion recognition.
Transcription-coupled NER (TC-NER) is limited to regions of ongoing transcription, where stalled
RNA Polymerase II elicits the DNA damage response. Recognition of stalled RNA polymerase 1II is
mediated by binding of the protein Cockayne syndrome B (CSB) protein which, in turn recruits CSA
(Fousteri et al., 2006). Loading of CSA triggers the formation of the CSA-DDB1-CUL4A-RBX1 E3
ligase complex (Fousteri et al., 2006) which mediate a series of ubiquitylation events that regulate
TC-NER progression (Groisman et al., 2003). Mutations which affect the function of CSA or CSB give
rise to the Cockayne syndrome (CS) disorder mentioned above (Cleaver et al., 2009). Interestingly,
fibroblasts from patients characterized by defective CSA or CSB proteins show only a minor impact
on the overall NER activity, which is also reflected by the fact that CS does not lead to cancer
predisposition (Cleaver et al., 2009; Andressoo et al., 2006). Thus, this suggests that GG-NER is able
to compensate TC-NER deficiency to a certain extent and that CSA and CSB most likely have
additional functions besides TC-NER (Fousteri and Mullenders, 2008).

In contrast, global genome NER (GG-NER) is initiated by the damage detectors XPC and DDB2
(XPE) which directly recognize DNA lesions. XPC specifically detects helix-distorting structures and
hence represents a structure specific DNA binding factor (also the next chapter for further details;
Riedl et al., 2003; Sugasawa et al., 1998). Together with the Rad23 homologues RAD23A or RAD23B,
respectively, and centrin2 (Araki et al., 2001; Masutani et al., 1994) it exists in a trimeric complex that
recognizes a variety of DNA lesions thereby triggering NER activity. The XPC-RAD23 complex
rapidly dissociates after binding to the lesion site (Bergink et al., 2012; Hoogstraten et al., 2008;
Sugasawa et al., 2001). Efficient recognition of CPDs and 6-4 photoproducts relies on DDB2 (Fitch et
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al., 2003; Luijsterberg et al., 2007; Moser et al., 2005; Nishi et al., 2005, Tang et al., 2000). Loss of
functional DDB2 causes reduced repair of CPDs and 6-4 photoproducts and hypersensitivity to UV-
induced skin cancer (Alekseev et al., 2005; Rapic-Otrin et al., 2003).
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Figure 7: Overview of the basic steps in the two NER subpathways, TC-NER and GG-NER. The two
subpathways use different strategies to detect the DNA damage. Whereas stalling of RNA polymerase I
after encountering a lesion initiates TC-NER, the GG-NER subbranch employs two specific damage
detection factors XPC and DDB2 which directly bind to UV-induced lesions. DDB2 recognizes CPDs in
contrast to XPC which has a low affinity for the marginally-helix distorting CPDs. Binding of DDB2 to the
lesion induces DNA bending and unwinding further facilitating recruitment of XPC to the damage site.
In TC-NER, stalled RNA pol II recruits the proteins CSA and CSB. After damage recognition, the lesion
is subjected to the same core machinery. TFIIH including its two helicase subunits XPB and XPD is
recruited leading to opening of the DNA around the damage site. The helicase XPD, together with XPA,
is involved in damage verification. XPA is a crucial factor in the incision complex and its absence is
associated with severe NER defects. XPA interacts with almost alINER factors (apart from XPG) and is
believed to act as a scaffold for correct positioning of the pre-incision complex (Sugitani et al., 2016).
Finally, the endonucleases XPG and XPF catalyze the dual incision followed by re-synthesis of DNA and
ligation by the XRCC1-DNA ligase 3 complex. (Figure taken from Cleaver et al., 2009).
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DDB2 is a component of various E3 ligase complexes that, amongst others, catalyze the mono-
ubiquitylation of histones H2A, H3 and H4 (Angers et al., 2006; Groisman et al., 2003; Guerrero-
Santoro et al., 2008; Shiyanov et al., 1999; Wang et al., 2006). Likewise, the UV-RING1B complex
brings about the mono-ubiquitylation of histone H2A at lysine 119 (Gracheva et al., 2016; Stadler
and Richly, 2017) which generates a tethering platform for ZRF1 and contributes to the nuclear
localization of GG-NER (Chitale and Richly, 2017). ZRF1 facilitates the conversion of the UV-
RING1B complex into the UV-DDB-CUL4A complex by exchanging the Cullin and E3 ligase
subunits (Gracheva et al., 2016; Papadopoulou and Richly, 2016). The UV-DDB-CUL4A-RBX1
complex catalyzes the polyubiquitylation of XPC, which increases its affinity for DNA in vitro and

UV-RING1B mediated Remodelling of XPC poly-ubiquitylation
ubiquitylation E3 ligases and stabilization

Figure 8: The Ubiquitylation cascade involved in the regulation of the damage
recognition step of GG-NER. For further details see text. (Figure taken from Stadler
and Richly, 2017).

contributes to its stable binding to photolesions (Sugasawa et al., 2005). Currently, it remains
unclear whether the UV-DDB-CUL4A-RBX1 mediated polyubiquitylation has any function
besides stabilization of XPC.

Following recognition, the lesion is verified by the repair factor XPA and by the generation of the
TFIH pre-incision complex. TFIIH opens the damaged chromatin for excision owing to the
function of the two ATP-dependent helicases XPB and XPD (Compe and Egly, 2012). Finally, the
endonucleases XPF and XPG excise the DNA surrounding the lesion, and the gap is filled by DNA
polymerases (Fousteri and Mullenders, 2008, Marteijn et al., 2014). XPC ubiquitylation was
recently shown to be involved in the recruitment of endonucleases to the DNA damage site. XPC
is modified via K63-linked polyubiquitylation by the E3 ligase RNF111/Arkadia which is a
prerequisite for the recruitment of XPG (Poulsen et al., 2013; van Cuijk et al., 2015). 5' incision of
DNA is catalyzed by XPF-ERRCI1. XPF together with ERCC1 forms a structure-specific
endonuclease that cleaves the ssDNA/dsDNA junction of DNA structures such as hairpins,
splayed arms and bubbles (Tripsianes et al., 2005; Tsodikov et al., 2005). XPF-ERCC1 is thought
to be recruited to the damage site by XPA via specific interaction with ERCC1 (Croteau et al.,
2008). Ubiquitylation of DNA repair factors is reversed by deubiquitylating enzymes, which
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remove the covalently attached ubiquitin moieties from their substrates (Komander, 2010). One
deubiquitylase (DUB), which acts during DNA replication, DSB repair and NER is USP7, a
member of the Ubiquitin Specific Protease (USP) subgroup of DUBs (Lecona et al., 2016; Qian et
al., 2015; Zlatanou et al., 2016; Zlatanou and Stewart, 2016). During TC-NER, USP7 operates in
concert with UVSSA which recruits USP7 to the DNA damage site. Moreover, USP7 promotes
deubiquitination of the CSB protein, thereby preventing UV-induced degradation of CSB
(Schwertman et al.,, 2012; Schwertman et al., 2013). In GG-NER, USP7 was demonstrated to
physically interact with XPC, even without UV irradiation, and to remove ubiquitin chains
attached to XPC (He et al., 2014a). However, it is still not clear whether USP7 carries out an

essential function during NER.

THE UBIQUITIOUS REGULATION OF GG-NER

As mentioned above, ubiquitylation processes play a crucial role in the regulation of the damage
detection step of GG-NER. ZRF1 is recruited to sites of DNA damage by “reading” mono-
ubiquitylated H2AK119 which is set by the UV-RING1B complex upon UV irradiation and
facilitates the assembly of the UV-DDB E3 ligase complex (Gracheva et al., 2016; Papadopoulou
and Richly, 2016).

Ubiquitylation, the post-translational modification of a lysine residue on a substrate protein by
covalent attachment of ubiquitin, involves a cascade of three enzymatic reactions. First, the
ubiquitin molecule is activated in an ATP consuming step by the E1 activating enzyme forming
a thioester intermediate with the C-terminal glycine residue of ubiquitin and a cysteine of the E1
enzyme (Chitale and Richly, 2017). The activated ubiquitin molecule is then handed over to the
E2 conjugating enzyme by a transesterification reaction. Finally, the E3 ubiquitin ligase
promotes the covalent attachment of the activated ubiquitin molecule to its target protein via
formation of an isopeptide bond (Messick and Greenberg, 2009). This results in mono-
ubiquitination of the target protein. Repeating this cascade results in polyubiquitylation the
target protein. Ubiquitin harbors seven internal lysine residues (and its N-terminus) which can
be used for further prolongation of the ubiquitin chain. Importantly, the selection of one of the
seven internal lysine residues for chain extension decides on the fate of the substrate protein
(Messick and Greenberg, 2009). K48 linked polyubiquitylation of a substrate targets it for
proteasomal degradation whereas poly-ubiquitin chains with Ké63-linkage are linked to
signaling events (Messick and Greenberg, 2009).

Overall, ubiquitylation is one of the major regulatory mechanism of GG-NER and this processes
are described in more detail in figure 9.
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Figure 9: Regulation of GG-NER by ubiquitylation processes. GG-NER is initiated by binding of
XPC and DDB2 as part of the UV-DDB complex to helix-destabilizing lesions (steps 1 and 2). ZRF1
(not shown) facilitates the assembly of the UV-DDB-CUL4A-RBX1 E3 ligase complex (see figure 8),
which also interacts with the COP9 signalosome complex. Binding of this complex to DNA lesions
triggers release of the COP9 signalosome. Finally, this results in neddylation of CUL4A by the
ubiquitin-like modifier NEDDS, which in turn activates the UV-DD ligase complex for subsequent
ubiquitylation of its targets, including DDB2 and XPC (step 3). Whereas K48-linked
polyubiquitylated DDB2 is targeted for degradation, polyubiquitylation of XPC increases the
binding affinity for damaged DNA. After lesion recognition by XPC, its binding partner Rad23 B is
released form the complex (Step 3). In response to UV irradiation, XPC is also subjected to
sumoylation which induces recruitment of a further E3 ligase, RNF111, through its SUMO-
interacting motifs (SIM). RNF111 decorates XPC with a K63-linked polyubiquitin chain which is
required for efficient NER. RNF111-dependant polyubiquitylation of XPC mediates its release from
the damage site and enables efficient loading of XPG to the pre-incision complex (not shown).
(Figure adapted from Marteijn et al., 2015).
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DNA REPAIR IN THE CHROMATIN CONTEXT

As usual, things are more complicated as DNA in eukaryotic cells is highly organized and
compacted in the form of chromatin established by the essential building block, the nucleosome (also
see our review in Appendix 1; Stadler and Richly, 2017). Nucleosomes are assembled from an
octamer of the four core histones (H2A, H2B, H3 and H4) around which the DNA is wrapped. The
compact chromatin state represents major constraints for all cellular pathways, including DNA
repair pathways, which require DNA as their substrate (Soria et al., 2012; Stadler and Richly, 2017).
This already suggests that the chromatin configuration around the lesion site is subject to drastic
remodeling processes in order increase the accessibility of DNA repair factors to the lesion site and
to facilitate their removal (de Graaf et al., 2012). Nowadays, it has become clear that a plethora of
DNA repair factors are interacting with proteins that are capable of mediating chromatin
rearrangements, such as chromatin remodeling complexes (Lans et al., 2012). These findings aided
in the formulation of the so-called “access-repair-restore” (ARR) which summarizes chromatin
dynamics, a transient de-condensation to allow efficient DNA repair and the subsequent re-

compaction, during DNA repair processes (Soria et al., 2012).

Nucleosomes are the essential structural units organizing DNA condensation and thus, one of the
main factors determining the chromatin environment of a genomic region is its histone composition
(Gurard-Levin et al., 2014). Re-shaping of a specific chromatin structure requires nucleosome and
histone dynamics which can be induced by post-translational modifications (PTMs) of histone tails
(Gurard-Levin et al., 2014; Polo, 2014). N- and C-terminal histone tails are crucial for both
nucleosome stability and dynamics and their modification regulates the nucleosome-DNA as well
as the nucleosome-nucleosome interactions (Iwasaki et al., 2013). Moreover, depending on the
employed PTM, the outcome of such chromatin re-modeling processes can be completely different.
Acetylation of histones is generally associated with de-compaction whereas modifications such as
methylation shows a more ambiguous, context-specific outcome (Javaid and Choi, 2017).
Alternatively, ATP-dependent chromatin remodeling complexes mediate re-arrangements of
nucleosome structures by sliding or their eviction (Stadler and Richly, 2017, and references therein).
In line with this, post-translational modifications as well as histone dynamics have been shown to
have a crucial function in the modulation of the DDR (Polo, 2014; Gurard-Levin et al., 2014;
Bartholomew, 2013). Thus, in the following paragraph, I would like to highlight both main strategies,

PTM of histone tails and ATP-dependent chromatin remodeling, involved in chromatin dynamics
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by focusing on the Nucleotide excision repair (NER) pathway. However, it has to be mentioned that

the main strategies seem to be conserved among DNA repair pathways.

For further information, including chromatin re-modeling processes occurring during other repair
processes such as DSB repair, I refer the readers to several excellent reviews (Kouzarides, 2007;

Clapier et al., 2017; Stadler and Richly 2017, see Appendix 1; Bartholomew, 2013).

MECHANISMS REGULATING CHROMATIN STRUCTURE AROUND THE LESION

Considerably, the various cellular DNA repair pathways differ in their requirements for re-modeling
of the chromatin region around the damage site. In regard to NER, TC-NER counteracts DNA lesions
in actively transcribed genes. Transcription is already associated with a high degree of chromatin
relaxation in the respective region which dramatically facilitates the access of the TC-NER repair
machinery to the DNA, at least to some extent.

GG-NER, on the other hand, operates throughout the genome. Therefore, it is self-explaining that
many DNA lesions are occurring in heterochromatic, highly organized chromatin regions which
require fundamental chromatin re-modeling to allow efficient repair by NER. DDB2 and the UV-
DDB complex are of central importance in stimulating an open chromatin conformation. This is also
reflected by the finding that DDB2 is not essential for a reconstituted NER reaction in vitro, although
it enhances the NER activity (Aboussekhra et al., 1995).

Global-genome nucleotide excision repair (GG-NER; left) is stimulated by an open chromatin
environment which results from the activity of several chromatin remodelers and histone
modifications. UV-DDB plays a crucial and central role in organizing the chromatin conformation
during NER initiation. UV-DDB, which ubiquitylates core histones (H2A, H3 and H4), mediates
chromatin PARylation (poly(ADP-ribosyl)ation) by direct association of DDB2 with PARP1
(poly(ADP-ribosyl) polymerase). Independent of DDB2, PARP1 has also been shown to interact with
and to escort XPC to the damage site (Robu et al., 2017). DDB2-facilitated, PARP1-catalyzed
PARylation of chromatin surrounding the DNA lesion promotes recruitment of the chromatin
remodeler ALC1. The binding to PARylated PARP1 strongly stimulates ALC1 helicase activity (Ahel
et al., 2009). Furthermore, DDB2 itself is decorated with PAR chains leading to stabilization of the

protein and prolonged chromatin retention time (Pines et al., 2012). Furthermore, acetylation of
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histones, which is generally associated with chromatin relaxation, stimulates NER. Acetylation of
histones might potentially be catalyzed by the histone actelytransferases p300 and GCN5 (subunit
of the STAGA complex) which are both recruited to UV-induced lesions. The SWI/SNF and INO80
ATP-dependent chromatin remodeler catalyze displacement of nucleosomes by eviction from
chromatin or sliding inducing a more de-condensed chromatin environment and further, promote
NER by interacting with and recruiting GG-NER initiation factors. Moreover, the UV-RINGI1B E3
ligase complex mediates ubiquitination of H2AK119 around the damage site in response to UV (not
shown in the figure). This modification in turn serves as binding platform for the protein ZRF1
which facilitates the assembly of the UV-DDB E3 ligase complex (Gracheva et al., 2016).
Additionally, ZRF1 recruits DICER to the damage site and both chromatin associated proteins
impact on the chromatin conformation via PARP (Chitale and Richly, 2017). Interestingly, this
activity of Dicer does not require its ribonuclease activity. DICER, apart from its catalytic function,
contains various different domains which might be involved in the interaction with downstream
factors that promote the chromatin relaxation (Chitale and Richly, 2017). The chromatin remodeler
CHDL1 is recruited to histone-assembled nucleosomal DNA in response to UV irradiation in a XPC-
dependent manner (not shown in the figure). Furthermore, CHD1 was shown to facilitate substrate

handover from XPC to the downstream acting TFIIH complex (Riithemann et al., 2017).

In TC-NER (right), the chromatin structure is altered by the activity of histone modifiers, histone
chaperones and chromatin remodeling proteins. CSB, containing a DNA-dependent ATPase
domain, remodels nucleosomes in vitro and this activity is stimulated by the histone chaperones
NAPIL1 (nucleosome assembly protein 1-like 1 and NAP1L4, which interact with CSB.
Furthermore, CSB attracts the histone acetyltransferase complex p300 and the nucleosome binding
protein high mobility group nucleosome-binding domain-containing protein 1 (HMGNT1) to TC-
NER initiation complexes. After lesion removal, chromatin state is modulated to ensure efficient
transcription. The histone methyltransferase DOT1L might promote this modulation by setting
transcriptionally activating histone marks. Moreover, the histone-chaperone FACT stimulates
histone chaperones and chromatin remodeling proteins. CSB, containing a DNA-dependent SNF2
ATPase domain, remodels nucleosomes in vitro and this activity is stimulated by the histone
chaperones NAP1L1 (nucleosome assembly protein 1-like 1 and NAP1L4, which interacts with CSB.
Furthermore, CSB attracts the histone acetyltransferase complex p300 and the nucleosome binding

protein high mobility group nucleosome-binding domain-containing protein 1 (HMGNT1) to TC-
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NER initiation complexes. After lesion removal, chromatin state is modulated to ensure efficient
transcription. The histone methyltransferase DOTIL might promote this modulation by setting
transcriptionally active histone marks. Moreover, the histone-chaperone FACT stimulates

accelerated histone exchange thus facilitating transcription (Marteijn et al., 2015 and references

therein).
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Figure 10: Chromatin dynamics around the lesion site in Nucleotide Excision repair. In accordance with the
“Access-repair-restore” model, chromatin around the lesion site undergoes a transient relaxation to facilitate DNA
repair. After removal of the lesion, the original chromatin state is restored. (Figure taken from Marteijn et al., 2015).

31



MECHANISMS OF DAMAGE DETECTION IN PROKARYOTES AND
MAMMALS

General features of DNA damage

Apart from a few exceptions showing a stabilizing effect of DNA adducts, all DNA structures
reported yet demonstrate that DNA damage in general causes local perturbation of the DNA duplex
structure (reviewed in Lukin and De Los Santos, 2006). Consequently, the resulting suboptimal base
stacking and decreased base pairing interactions around the lesion site leads to a destabilization of
the DNA duplex. The destabilized DNA duplex shows enhanced conformational flexibility around
the damage site. The increased backbone flexibility facilitates extrusion of lesion nucleotides, DNA
bending and unwinding, and is also reflected by an increased mobility of DNA bases in direct
proximity to the lesion which is also supported by molecular dynamics simulations (Barsky et al.,

2007; Maillard et al., 2007; O Neil et al., 2007).

Molecular dynamics simulations furthermore indicate that damage containing DNA structures
show altered helical dynamics such as strand or base oscillations which are much more prominent
and longer-lasting as compared to undamaged DNA (Barsky et al., 2007; O"Neil et al., 2007; Maillard
et al.,, 2007). In the absence of DNA damage, the intact base stacking and base pairing interactions
within the DNA duplex represent a high energy barrier and thus strongly disfavor the insertion of
a hairpin and the concomitant flipping out of nucleotides from the helix (as will be discussed in more
detail). Taken this into account, it has been suggested early on that DNA repair proteins use a
common strategy to recognize DNA lesions based on sensing a reduction in DNA backbone rigidity

originating from diminished base interactions (Chu and Yang, 2008; Maillard et al., 2007).

Basic strategies and common features of prokaryotic and eukaryotic DNA damage
recognition: immersing in nature’s brilliantness and elegance

Cellular systems developed a plethora of repair pathways to counteract DNA damage. In contrast
to the myriad of repair pathways, there are three basic mechanisms through which these repair
pathways operate: direct DNA damage reversal, excision of single bases, nucleotides or

oligonucleotides and recombination (Naegeli, 1997; Yang, 2008).
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Due to the mechanistic diversity, cellular repair pathways rely on different molecular mechanisms
to cope with the different structural requirements in order to recognize and process specific types of

DNA damage.

Over the past twenty years, detailed structural information on damage recognition factors from
various cellular repair pathways dramatically increased our understanding of how cells recognize
specific types of DNA damage. Thus, I would like to describe and highlight the basic strategies and

common features of damage recognition in both eukaryotes and prokaryotes.

“One enzyme - one damage” (Naegeli, 1997)

Characteristic examples for this type of damage recognition are the removal of CPDs by the
prokaryotic FADH dependant photolyase enzyme, the O¢f-methyl-guanine methyltransferase
(MGMT, also known as AGT) that directly reverses methylation of guanine O¢, and the family of
DNA glycosylases that remove altered, unnatural bases such as uracil resulting from deamination
of cytosine. Such enzymes recognize damaged DNA by providing complementary surfaces and
thereby interact specifically with their DNA lesion. In turn, this enzymes are just able to detect one
specific DNA damage or a narrow range of chemically related DNA lesions as for thymine DNA

glycosylase (Dalhus et al., 2009; Krokan and Bjoras, 2013).

Mechanistically, a long-standing question has been how DNA glycosylases, the damage detecting
proteins in BER, are capable of precisely recognizing modified damaged bases that are buried and
stacked within the double helical structure (Stivers, 2004). Furthermore, the specific recognition of
certain types of damaged bases is even more stunning as the chemical structure of the modified base,
in some cases such as 8-oxo-guanine, differ from its undamaged counterpart by only a single atom

(Yang, 2008; Kuznetsova et al., 2013).

One of the best studied DNA glycosylases is uracil DNA glycosylase (UDG or UNG) which detects
and cleaves uracil-containing DNA, either derived from misincorporation (UTP, dUTP) during
DNA replication or from spontaneous deamination of cytosine (Parikh et al., 2000; Huffmann et al.,

2005; Dalhus et al., 2009; Zharkov et al., 2010).
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Figure 11: Structure of UDG-DNA complexes reveal key features for specific damage recognition: DNA
segmentation and nucleotide flipping in a specialized binding pocket, DNA bending and unwinding,.
(A) Structure of wild-type UDG bound to DNA containing a U-G wobble base pair (PDB: 1EM]J; Parikh et
al., 1998). Side chains forming “reading head” (L272, Y275, R276) by protruding into the DNA duplex are
represented as sticks. Protein is depicted in yellow; the damaged and undamaged strand of the DNA
duplex in blue and green, respectively; the lesion in red and the orphaned base pairing partner in magenta.
DNA helical axis is represented in orange. (Figure taken from Yang, 2008) (B) Architecture of the uracil
specific binding pocket and the active site residue D145. L272 stacked within the DNA duplex is also shown.
The conserved uracil binding pocket is complementary in its shape, hydrogen bonding potential and
electric charge distribution to the targeted uracil. The extruded uracil is sandwiched between F158 and
H268. An extensive network of hydrogen bonding interactions involving both backbone amid N's and side
chain residues is established to all possible contacts of the uracil molecule. Asn204 plays a crucial role in
uracil recognition by establishing Watson-Crick-like interactions with the uracil base. The shape of the
binding pocket only accommodates pyrimidine nucleotides and thus, excludes purine bases. Whereas
binding of thymine is rejected by steric clashes with Y147, cytosine is excluded by unfavorable H bond
interactions involving its exocyclic amine group with Asn204 and the backbone amide-N of F158. (Figure
adapted from Dalhus et al., 2009).

The structure of the UDG-DNA complex demonstrates that UDG uses three rigid loop structures for
DNA binding that insert into both minor and major groove. The insertion of the loops induces
kinking of DNA (about 45°) and concomitant flipping of the uracil base into the lesion binding
pocket of the protein (see figure 7; Parikh et al., 1998; Dalhus et al., 2009). To facilitate extrusion of
the lesion, the void in the base stack is filled by protein residues, in this case leucine 272 (Parikh et
al., 1998; Parikh et al., 2000). Interestingly, when comparing the overall structure of the apo-form of
UDG and its DNA bound structure, it becomes obvious that the protein undergoes a structural
change upon target binding thereby forming the catalytically competent active site (Parikh et al.,
1998; Zharkov et al., 2010). Bending of DNA is stimulated by three “Ser-Pro pinches” and one Gly-
Ser loop which interact with the DNA backbone thereby compressing the distance between the 5
and 3° phosphate groups of the uracil nucleotide (Parikh et al., 1998). The protrusion of the

nucleotide from the base stack occurs rather slow which indicates that normal bases might fail at
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this step. Furthermore, the local backbone compression mechanism seems to be an elegant way for
initial damage recognition since compression and DNA bending might be favored around the lesion
site (such as a U-G mispair) and, this mechanism eliminates the requirement to flip out every single
nucleotide from the double helix (Parikh et al., 1998; Zharkov et al., 2010).

The exact mechanism of UDG lesion recognition and the order of the different steps is still under

debate.

By now, structures of a variety of DNA glycosylases as well as AP endonucleases from different
species in complex with lesion-containing DNA are available. Collectively, comparison of these
structures clearly reveal conserved, re-occurring features for lesion recognition of these remarkable
enzymes including DNA segmentation, kinking and nucleotide flipping in a specialized
complementary binding pocket. Additionally, the void in the DNA duplex is occupied in all cases
by protein residues (primarily F, Y, L, I, M or R) which protrude into the DNA base stack (Dalhus et
al., 2009; Yang, 2008).

Damage detection in NER: versatility by sensing destabilization and flexibility of DNA
structures

The “one enzyme one damage” rule where specific DNA damage recognition was selectively
achieved through complementary binding surfaces, comes with one drawback: it dramatically limits

the range of DNA damage types which can efficiently be sensed and processed.

Due to the plethora of DNA damage-inducing agents that permanently threatens our DNA, it is not
applicable to encode a single repair enzyme for each existing DNA damage. Thus, nature has
established an excision repair mechanism which possess the key characteristic of being able to
counteract a wide spectrum of covalent modifications of DNA bases. DNA adducts repaired by NER
include 6°-4” photoproducts and CPDs, the major lesions induced by UV light, protein-DNA
crosslinks (Reardon and Sancar, 2006), as well as guanine cisplatin adducts and bulky
benzo(a)pyrene or 2-acetylaminopyrene guanine modifications (Huang et al., 1996; Reardon and

Sancar, 2003; Gillet and Scharer, 2006).

However, how are cells able to recognize such a diverse spectrum of DNA damage without a defined
shape or common chemical nature with just a limited set of proteins. Mechanistic insight into this
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question was provided by crystal structures of the damage recognition factors with (un)damaged

DNA (Kuper and Kisker, 2012 and references therein).

Damage recognition of Rad4/ XPC: probing for single-stranded configurations in the
undamaged DNA strand via insertion of a B-hairpin

In 2007, Min and Pavelitch solved the crystal structure of Rad4 (radiation sensitive), the yeast
homologue of XPC, in complex with damaged DNA containing a CPD within a three base pair
mismatch (which is specifically recognized by Rad4/XPC in contrast to a CPD alone (Sugasawa et
al., 2001)) (Min and Pavelitch, 2007).

Figure 12: Ribbon diagram of Rad4 bound to damaged DNA containing a CPD lesion within a
three base pair mismatch. The domain architecture of Rad4 is shown: the a/p domain (TDG
domain) in cyan and BHD1-3 in blue, orange and and red, respectively. The two nucleotides
opposite the DNA lesion stabilized by the BHD2-BHD3 groove are shown in black. Rad23 is
omitted for clarity. (Figure taken from Scharer, 2007).

According to the crystal structure, Rad4 interact with the damaged DNA template with two
modules. The TGD and BHD1 domain build an extensive network of backbone interactions with
ribose and phosphate moieties whereas the BHD2 in cooperation with BHD3 form a hand-like
structure which bind to a 4 bp segment including the CPD (see figure 5 and 6 for more details;
Schérer 2006, Min and Pavelitch, 2007). Insertion of the BHD3 beta-hairpin in the major groove of
the destabilized DNA duplex completely displaces the two base pairs including the CPD lesion (see
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figure 6). On the other hand, Rad4 stabilizes this flipping out feature of the DNA lesion by
specifically interacting with two expelled nucleotides opposite the DNA lesion on the undamaged
strand with a BHD2-BHD3 groove. Additionally, the side chains of F599 and T604 replace the
expelled nucleotides on the undamaged strand by establishing n stacking and van der Waals
contacts, respectively, to their adjacent bases . This binding mode, the flipping out of two nucleotides
on the undamaged strand, leads to a distortion of the geometry of the DNA helix which includes an
approximately 42 degree kink, stretching and unwinding of the DNA duplex. Ironically, the damage
detection factor Rad4 does not contact the DNA lesion directly and this theme, however, builds the
basis for the broad target spectrum of GG-NER.

-
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Figure 13: Cooperative binding of the Rad4 BHD2-BHD?3 hairpin interface to a 4 bp DNA sequence including the CPD
lesion. (left) Representation of important amino acid side chains that contact the DNA. The BHD2 hairpin is shown in
cyan, the BHD3 hairpin invading the DNA duplex from the major groove is shown in red and the expelled thymidines on
the undamaged DNA strand are marked in black. Importantly, the thymidine T16u(ndamaged) interacts exclusively with
the BHD3 hairpin and is stabilized in its conformation by stacking between V594, F597 and P607 from one face, and F556
on the other side including V605 packing to the ribose moiety. The other flipped out thymidine, T15u, interact with both
BHD?2 and BHD3. M498 and the aliphatic portions of R494 and Q495 establish van der Waals contacts with T15u, whereas
the BHD3 side chains F597 and F599 interact with the ribose group. Notably, the side chains of F599 and T604 establish it
stacking and van der Waals contacts, respectively, to their non-flipped adjacent bases (T14u and G17u) on the undamaged
strand. Thus, F599 and T604 “replace” the thymine bases T15u and T16u in the DNA helix thereby facilitating their flipping
out. (right) Schematic representation of the Rad4-DNA interaction network around the damage site shown in the left panel
(figure adapted from Min and Pavelitch, 2007; Maillard et al., 2007)

In summary, Rad4 recognizes DNA lesions which distort and thus, alter and destabilize the DNA
helical structure thereby providing increased flexibility and single stranded character of the DNA
bases around the damage site (Schérer, 2007). Mechanistically, Rad4 is a structure-specific rather

than a damage-specific recognition factor.
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Importantly, a key feature of the Rad4 binding mechanism is the fact that the lesion-induced
distortion and destabilization of the DNA helix strongly favor the flipping out of the CPD lesion as
well as their complementary bases opposite the DNA lesion on the undamaged strand. In other
words, the DNA lesion has to weaken the DNA duplex conformation significantly in order to allow
recognition by Rad4. Unfortunately, most but not all DNA lesions lead to a reduction in the stability
of the DNA helical structure. A prototype of a DNA lesion which only marginally alter and
destabilize the DNA duplex conformation is a CPD lesion (Lukin and de Los Santos, 2006).

Further experiments revealed the presence of an additional damage recognition factor, the DNA
damage binding protein 1 (DDB1)-DDB2 heterodimer, which binds to CPDs and 6-4 PPs with high
affinity and recruits XPC to the damage site (Fitch et al., 2003; Wakasugi et al., 2002). Scrima and
colleagues solved crystal structures of human DDB (DDB1 in complex with DDB2) and human
DDBI in complex with the DDB2 orthologe from zebrafish, which are overall very similar (Scrima
et al., 2008; also see figure 15)). DNA is held exclusively by the DDB2 subunit which contacts the
DNA template via several loops within its WD40 3 propeller domain (Scrima et al., 2008; Fischer et
al., 2011). As for Rad4, damage recognition by DDB2 involves insertion of a strongly conserved three
residue hairpin (F371, Q372,H373) which invades the DNA through the minor groove site. The 3
hairpin insertion triggers separation of the damaged and undamaged DNA strands, resulting in a
minor groove widening to 18 Angstrom and partial unwinding of the DNA around the lesion (23°
for 6-4 PPs, 12,6° for CPD lesion (Scrima et al., 2008; Fischer et al., 2011)). Due to the large footprint
of the invading hairpin, the photolesion nucleotides are forced to flip out from the DNA duplex in
a binding pocket formed by hydrophobic and aromatic residues. The profile and the structure of the
binding pocket restricts the size and the chemical properties of lesions that fit in the pocket. The
overall complementarity between the photodimer surface and the binding pocket is partial thus
leaving the lesion largely exposed to solvent and explaining its ability to accommodate various
lesions such as 6-4 PPs, CPDs, cisplatin intrastrand crosslinks and even abasic sites. On one side, the
extrahelical conformation of the CPD is further stabilized by the hairpin residues Q372 and H373
which interact with the unpaired opposing adenine bases and stack with the DNA bases flanking
the photodimer on the damaged strand. On the other side, the conformation of the compressed
phosphodiester backbone (from 7 to around 6 Angstrom) of the photodimer, a structural
characteristic of photolesions as well as cisplatine intrastrand crosslinks (Gelasco and Lippard, 1998),
is stabilized by hydrogen bonds and salt bridges with a lysine residue (K168) as well as Q372 within

the hairpin. Finally, the interactions of DDB2 with both strands induce bending of the DNA duplex
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for approximately 40° (F371 and F447 push the undamaged strand away whereas P191 (not shown
in figure 8) at the edge of the photodimer binding pocket distorts the damaged strand). The bending
and unwinding of damaged DNA around the lesion site triggered by DDB2 binding facilitate

recruitment of XPC to the damage site and efficient handover (Koch et al., 2016).

Discrepancy between the damage recognition of Rad4 and DDB2: lesion specificity

As revealed by the structural information of UV-DDB and Rad4 in complex with damaged DNA,
DDB2 probes more specifically for photolesion-induced, characteristic alterations of the DNA
structure. The protein recognizes a structural attribute caused by the lesion, the compression of the
lesion phosphodiester backbone, through hydrogen bonding and electrostatic interactions with a
lysine residue. Additionally, DDB2 contains a shallow binding pocket for the extruded photolesion
which further stabilizes the damaged nucleotides in the extrahelical conformation whereas Rad4
does notinteract with the disordered DNA lesion. The most fundamental key difference in damage
recognition of the two proteins is the extrusion of the non-paired DNA bases opposite the DNA
lesion on the undamaged strand observed for Rad4. DNA damage which substantially perturb and
destabilize the DNA double-helical structure facilitate the flipping out of the orphaned bases on the
undamaged strand opposite the lesion due to weakenend hydrogen bonding and stacking
interactions. However, the DNA bases opposite a CPD lesion are largely stacked within the DNA
duplex and even retain interstrand hydrogen bonding interactions (Lukin and deLos Santos, 2006).
Consequently, these DNA bases on the undamaged strand are not flipped out from the duplex when
complexed with UV-DDB. In summary, the three main features described enables UV-DDB, in

contrast to Rad4, to recognize lesions that cause minimal destabilization of the DNA duplex.
In short, UV-DDB is a rather substrate-specific damage recognition factor whereas Rad4 employs an
indirect, structure-specific readout to detect DNA damage. Thus, the damage recognition strategy

of UV-DDB ideally complement the binding of XPC and further highlight the different roles of both

proteins within the recognition process.

Usually not noticed, another key feature of damage recognition via a B-hairpin is that it directly
distinguishes the DNA strand containing the lesion which is crucial for further processing and repair

by the NER machinery (Kuper and Kisker, 2012).
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Figure 14: Molecular basis of distinct damage recognition strategies used by Rad4 and DDB2. -hairpin
structures of XPC (a) and DDB2 (b) in complex with damaged DNA. The p-hairpin is marked in green and
the residues are shown as stick models. The overall protein is represented in gray and shown as cartoon.
Amino acid residues involved in specific lesion recognition (for DDB2) or unspecific base and backbone
interactions (for XPC) are shown in yellow. The disordered expelled damage for the Rad4 DNA complex is
colored as a red mark whereas the CPD lesion in the DDB2 DNA structure is shown as stick representation
and colored in CPK. (Figure taken from Kuper and Kisker, 2012).

Damage recognition in prokaryotic NER: DNA shape matters! - revealing DNA distortion
by ATP coupled-conformational changes

In E. coli, the NER pathway is driven by three proteins termed UvrA, UvrB and UvrC (Truglio et al.,
2006). UvrA and UvrB are involved in damage recognition and verification whereas damage

removal and re-synthesis of DNA is carried out by UvrC (Truglio et al., 2006).

Whereas the key feature of lesion recognition for both Rad4 and UV-DDB is the detection of damage-
triggered destabilization of the DNA duplex which facilitates wedging of a -hairpin into the DNA
helix, damage detection by UvrA-UvrB follows a different path.

In vivo, the UvrA-UvrB complex exits as a hetero-tetramer containing two molecules of both
subunits (UvrAx-UvrB,) (Kisker et al., 2013). Interestingly, UvrA belongs to the ABC ATPase family,

also including the MutS protein involved in Mismatch repair, and is unique among DNA repair
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proteins (Jaciuk et al., 2011). The UvrA protomer contains two ATP binding sites termed I and II.
Importantly, two specific protein domains, signature domain I and II, respectively, are directly
inserted into the respective ATP binding domain (Jaciuk et al., 2011; Pakotiprapha et al., 2012). In
2011, a crystal structure of the UvrA homodimer from T. maritima bound to a DNA segment
containing a fluoresceine-adducted thymidine gave first insight into the damage recognition
mechanism employed by the prokaryotic NER machinery (Jaciuk et al., 2011). Crystallized in the
absence of UvrB, the structure reveals that UvrA does not contact the lesion directly and there is no
evidence for a flipping out feature (Jaciuk et al., 2011). Importantly, UvrA establishes an open-tray
conformation and the most significant UvrA-DNA interactions, which are far away from the damage
site, reside in the signature domain II (Jaciuk et al., 2011; Pakotiprapha et al., 2012).

Interestingly, the structure of T. maritima UvrA dimer also demonstrates that the signature domain
IT harbors a B-hairpin which, however, does not mediate any direct interactions to the DNA duplex
(Jaciuk et al., 2011; Kuper and Kisker, 2012). In 2012, Pakotiprapha and colleagues reported a novel
structure of UvrA»-UvrB; from Geobacillus stearothermophilus in which UvrA is also able to adopt a
so-called closed-groove conformation thereby forming a deep and narrow DNA binding surface
which only accommodates native, undamaged DNA (Pakotiprapha et al., 2012). In contrast, the
previously observed open-tray conformation can also bind damaged DNA besides native DNA
(Jaciuk et al., 2011). Interestingly, the two observed UvrA forms are highly dependent on the position
of the signature domain II which, in turn, is coupled to nucleotide bound state of the ATPase domain
(Pakotiprapha et al., 2008). Furthermore, the closed-groove conformation of UvrA within the
complex reveals the importance of the signature domain II as central hub for protein-protein
interactions among UvrB, the proximal ATP binding site and DNA (Pakotiprapha et al., 2012). Thus,
the signature domain Il is in an ideal position for transmitting nucleotide-dependant conformational
changes which directly influence the interaction network. Based on the observed structural
configurations, a damage recognition mechanism has been proposed. Initially, the UvrA>-UvrB;
complex most likely binds to DNA in its open tray form since the open tray form allows binding to
both damaged and undamaged DNA. The encounter with DNA triggers a conformational change
of the signature domains, thus provoking the interconversion from the open tray configuration
towards the closed groove state. If native DNA has been encountered, the narrowing of the DNA
binding surface in the closed groove configuration can be fully accomplished thus signaling that the
encountered DNA is un-damaged and triggering its rejection. Subsequently, the UvrA-UvrB
complex relaxes back to the open tray form ready for a further DNA binding event. However, in the
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case of lesion DNA showing structural distortion, the interconversion is blocked by the deformed
DNA duplex which results in a trapped UvrA-UvrB complex in the partially open or open tray
conformation. The trapping leads to a productive, stabilized protein-DNA complex. Subsequently,
UvrA dissociates from DNA accompanying with the translocation of UvrB, most likely via its
reported 5" to 3" helicase and single stranded DNA translocase activity (Oh and Grossmann, 1989;
Moolenaar et al., 1994), along the DNA to replace UvrA at the damage site. Interestingly, it has been
suggested that a further, ATP hydrolysis-dependant conformational switch of the signature domain
IT renders UvrA incapable of binding to either DNA or UvrB and thus stimulates release of UvrA

from the pre-incision complex (Pakotiprapha et al., 2012).

Dissociation of UvrA leaves a symmetric complex of two UvrB molecules, one on each DNA strand,
behind. Thus, initial damage recognition of UvrA does not discriminate between the damaged and
the undamaged DNA strand (Kuper and Kisker, 2012). Moreover, since UvrA does not contact the
actual lesion, the presence of a DNA lesion has to be verified in order to increase specificity of the
NER reaction. In both mentioned processes, discrimination of the damaged DNA strand and lesion
verification, UvrB plays a crucial role. Interestingly, UvrB employs a re-occuring theme to facilitate

both tasks, a  hairpin structure (Truglio et al., 2006; Kisker et al., 2013).

Collectively, both prokaryotic and eukaryotic NER share the basic concept of sensing an altered,
deformed double helical structure although it is achieved by completely distinct mechanisms.
Whereas eukaryotic damage recognition by Rad4 and the DDB1-DDB2 complex employ a p-hairpin
structure which invades the DNA duplex, prokaryotic UvrA recognizes damaged DNA duplexes
showing a distorted backbone structure by sensing their limited probability to undergo protein

mediated, ATP-driven structural changes.

Potential mechanism for XPD damage verification

The described, indirect lesion recognition read-outs employed by NER do not include interactions
with the actual DNA lesion. Moreover, proteins such as TBP (TATA-box binding protein) and
transcription factors are also able to bend DNA upon binding which might lead to the erroneous

interpretation as DNA damage (Yang, 2008). Thus, the presence of a DNA lesion needs to be verified
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after initiation to prevent unspecific incision events and to increase the specificity of the NER

reaction.

The SF2 helicase XPD, a subunit within the TFIIH complex, has been implicated in damage
verification in eukaryotic NER, based on the observation that XPD scans the lesion-containing DNA
strand and is stalled by its encountering (Li et al., 2015; Mathieu et al., 2013; Kuper and Kisker, 2012).
The archaeal as well as human XPD contain a 4Fe4S cluster (Wolski et al., 2008; Rudolf et al., 2006).
The presence of the iron-sulfur cluster is a structural pre-requisite for XPD’s helicase activity since
the FeS domain contains the set of amino acids essential for unwinding of dsDNA (Honda et al.,
2009). However, besides its structural importance, the FeS domain might have further functions in
damage verification. Further studies imply that the FeS domain plays an important role in ssDNA
binding and that single residues in the FeS domain act as regulators of the helicase activity (Pugh et
al., 2011; Kuper et al., 2011). Consequently, this further suggests that the FeS domain might be
involved in damage verification. Interestingly, the chemical properties of FeS clusters, which also
involve oxidation-reduction cycles, would allow additional functions. Indeed, dramatic similarities
between XPD and the endonucleases MutY and Endo III which also harbors FeS clusters. The
adenine DNA glycosylase MutY and Endo III participate in base excision repair (Kuper and Kisker,
2013). Importantly, structures provide evidence that the FeS cluster, although not directly involved
in excision catalysis, is placed in close proximity to the DNA backbone and that a conserved arginine
pair bridges the DNA backbone and the FeS cluster (Wolski et al., 2008; Thayer et al., 1995; Fromme
et al., 2004). Such an assembly is also found in human and archaeal XPD proteins where the FeS
cluster is bridged to the DNA backbone by a tyrosine-arginine motif (Mathieu et al., 2013).
Interestingly, upon DNA binding, the FeS clusters from MutY and Endo III get oxidized from the
Fe2* to the Fe3* state and the electron is used for charge transport along the DNA (DNA-CT) through
the m-stacked bases of a DNA strand (Boal et al., 2005). Remarkably, the presence of a DNA lesion
disrupts proper 1 stacking of the DNA bases and thus blocks the electron transport along the DNA
and the electron “returns” to the FeS cluster (Kuper and Kisker, 2012; Zwang et al., 2018; for further
information about DNA-CT please see the review of Zwang et al., 2018). Notably, it has been shown
that proteins in the oxidized state bind more tightly to DNA (Merino et al., 2008) and thus, this redox

signaling mechanism seems to be an efficient way of damage verification (Boal et al., 2009).
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MATERIAL AND METHODS

Cell lines and transfections

HEK293T, U20S, U20S 2-6-3 and the U20S cells carrying the K63 ubiquitin replacement system
(kindly provided by Zhijian Chen) were cultured in DMEM (Life Technologies, Gibco)
supplemented with L-glutamine (Gibco), Penicillin/Streptomycin (Gibco) and 10% FBS (Gibco) at
37°C and 5% CO,. The medium for U20S 2-6-3 cells was additionally contained 100 pg/mL
hygromycin (Sigma Aldrich) to maintain stable insertion of the LacO cassette. MRC5 (AG05965),
XPF-complemented (XP2YO(SV) complemented with HA-tagged human wild-type XPF cDNA
(Staresincic et al, 2009), XPF (GM08437; XP2YO(SV)), untransformed CSA and XPA patient MRC5
(GMO00710) fibroblasts were purchased from Coriell Cell Repositories and cultured in DMEM
supplemented with 15% FBS, L-glutamine and Penicillin/ Streptomycin.

Transfection of HEK293T cells was performed using Polyethylenimine (Polysciences; 4mg/mL PEI
dissolved in 0,2N HCI pH 4) and U20S cells were transfected with Lipofectamine (Invitrogen)
according to the manufacturer’s instructions. The following plasmids were used in this study: His-HA-
GFPXPC; pCMV2b FLAGXPE; mCherryXPF; pEGFP-C1 GFPXPF; pCl-neo FLAGUSP7 (pCl-neo FLAGHAUSP
was a gift from Bert Vogelstein (Addgene #16655)); pcDNA-DEST53 GFPUSP7; pcDNA-DESTS53 FLAG-
SIREPJSP7; mCherry(JSP7; mCherry[JSP7-LacR; GFP binding protein (GBP)-LacR; pcDNA-DEST53 FLAG-
SIREPERCC1; pEGFP-C1 GFPXPA; pcDNA-DEST53 FLAGSIREPXPA. The ORFs of the generated

constructs were verified by sequencing before usage.

The bacterial GSTAMSH expression plasmid and the pEGFP-N1 HAVX3KOGFP vector were a kind gift

from Hans-Peter Wollscheid and Christian Renz, respectively.

Gene knockdown with shRNA

HEK293T shControl, shZRF1 and shRINGI1B were described previously and generated by
transduction of HEK293T cells with retrovirus vector containing the shRNA against ZRF1 or
RINGI1B (Richly et al., 2010). Gene knockdown in HEK293T, U20S and MRC5 fibroblasts was
performed by introduction of pLKO.1-shRNA plasmids (either purchased from Sigma Aldrich-
Aldrich or generated in the laboratory) targeting the respective gene using the 34 generation
lentivirus system.
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pLKO-1 plasmids contained the following shRNA sequences (Sigma Aldrich):

Gene TRC code Sequence

NMC TRC1/1.5 CCGGCAACAAGATGAAGAGCACCAACTCG
AGTTGGTGCTCTTCATCTTGTTGTTTTT

DDB2 TRCNO0000083995 CCGGGCTGAAGTTTAACCCTCTCAACTCGA
GTTGAGAGGGTTAAACTTCAGCTTTTTG

ZRF1 TRCNO0000254058 CCGGCTGGAAGAACCAAGATCATTACTCG
AGTAATGATCTTGGTTCTTCCAGTTTTTG

RINGI1B TRCNO0000033697 CCGGGCCAGGATCAACAAGCACAATCTCG

AGATTGTGCTTGTTGATCCTGGCTTTTTG

XPC TRCNO0000307193 CCGGGCAACAGCAAAGGGAAAGAAACTCG
AGTTTCTITTCCCTTTGCTGTTGCTTTTTG

The generated pLKO-1 shRNA vectors contained the following sequences targeting the indicated

human gene:

Gene target Sequence (5" to 3°)
usp7 CCAGCTAAGTATCAAAGGAAACTCGAGTTTCCTTTGATACTTAGCTGG
RBX1 ACTTCCACTGCATCTCTCGCTCTCGAGAGCGAGAGATGCAGTGGAAG
XPA GTGATATGAAACTCTACTTAACTCGAGTTAAGTAGAGTTTCATATCAC
CSB GCGGTTAAGGAGATGGAATAACTCGAGTTATTCCATCTCCTTAACCGC
XPF GCGCAAGAGTATCAGTGATTTCTCGAGAAATCACTGATACTCTTGCGC

In brief, the pLKO-1 empty TRC cloning vector (a kind gift from David Root (Addgene plasmid
#10878)) was digested with Agel and EcoRI releasing a 1,9 kb stuffer. Two complementary oligos
containing the shRNA sequence including the complementary sticky ends were annealed and
ligated into the digested pLKO-1 vector. Further details regarding the pLKO-1 vector and a cloning

guide can be found here: www.addgene.org/plko. All vectors were verified by sequencing before

usage. Viral particles were produced in HEK293T cells. Briefly, HEK293 T were transfected with 6
ng of pLKO.1 shRNA vector, 3 pg pMDLg/pRRE (Addgene), 3 ng pRSV-Rev (Addgene) and 3 ug
pMD2.G (Addgene) using polyethylenimine (PEI). Medium was collected 48h and 72h post
transfection and filtered through a 0.45mm PDVF filter to remove any HEK293T cells.
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Generation of knockdown cells stably expressing shRNA

In brief, 1 mL media containing the respective viral particles and 4 pg/mL polybrene (Sigma
Aldrich) was added to cells grown in 6 well plates and passaged 24 hours before the first
transduction. Transduction was facilitated by centrifugation (1000 rpm, RT, 30 min). Subsequently,
2 mL fresh media was added to the cells and plates were transferred back to the incubator. The

procedure described was repeated the following day resulting in two transduction rounds.
For UDS, cells were serum starved for 24 hours and then immediately used for experiments.

For the generation of the single and double knockdown U20S cell lines (used in the MTT assay) and
the HEK293T knockdown cell lines, medium was replaced the day after the second transduction and
cells were incubated one day for recovery. Cells were then selected for 3 days with 2 ng/mL
puromycin (Sigma Aldrich) until all control cells were dead. Cells were further grown for 1-2 days

and subsequently used for experiments.

Antibodies used in this study

Antibodies used in this study were ZRF1 (NBP2-12802; Novus Biologicals), RING1B clone (D22F2,
5694, rabbit; Cell Signaling), XPA (GTX103168, mouse; Genetex), XPA (FL-273, rabbit; Santa Cruz),
H2B (V119 8135, mouse; Cell Signaling), FLAG (mouse and rabbit; Sigma Aldrich), CPD (mouse;
CosmoBio), HA (C29F4, rabbit; Cell Signaling), XPB (S-19, rabbit; Santa Cruz), USP7 (#4833, , rabbit,
Cell Signaling), XPF (MS-1385-P0, mouse, NeoMarkers and A301-315A, rabbit, Bethyl Laboratories),
XPC (ab6264, mouse, Abcam or A301-121A, rabbit, Bethyl Laboratories) and anti-ubiquitin Lys63
specific, clone Apu3 (#05-1308, rabbit, Merck Millipore).

Chromatin association assays

HEK293T cells were irradiated with UV and crosslinked by 1% formaldehyde at the indicated time
points after UV irradiation. Assays were essentially performed as published (Richly et al., 2010).
Briefly, the cell pellet was resuspended in Buffer A (100mM Tris (pH 7.5), 5mM MgCl,, 60mM KCl,
125mM NaCl, 300mM sucrose, 1% NP-40; 0.5mM DTT) and kept on ice for 10 min. After
centrifugation, nuclei pellet was lysed in a hypotonic solution (3mM EDTA, 0,2mM EGTA, ImM
DTT) twice. The chromatin containing pellet was solubilized in 2x Lammli buffer (125mM Tris (pH

7,5), 4% SDS (w/v), 20% glycerol (v/v), 4% 2-mercaptoethanol and 0,02% Bromophenol Blue),
46



sonicated and boiled to reverse the crosslinking. All experiments were repeated at least three times.

Band intensities from Western blots were measured using the ImageLab (Biorad) software.

Cell survival assay (MTT assay)

Cell viability was determined by the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT, Sigma Aldrich) colorimetric assay as described in Sun et al., 2002. In brief, 7000 cells were
plated in 96-well plates and exposed to UV 24 hours after passaging. Cell survival was assessed 48

hours after UV exposure by measuring conversion of MTT to formazan product.

Immunoprecipitations and affinity purifications

Cells were treated with UV (UV-C at 15 J/m?2 using a CL-1000 UV-C cross-linker (UVP)) and
harvested 1 hour after UV exposure (unless stated otherwise). Cells were resuspended in buffer A
(10 mM HEPES pH 7.9, 1,5 mM MgCly, 10 mM KCl) supplemented with 1 mM PMSF, 5 mM N-
Ethylmaleimide (NEM, Sigma Aldrich) and Protease inhibitors (Roche)) and homogenized by 10
strokes in a Dounce homogenizer with a B-type pestle. After centrifugation (2500 rpm, 4 min at 4°C),
nuclei were resuspended in lysis buffer (20mM Hepes, 150mM NaCl, 2,5mM EGTA, 2mM EDTA,
0,1% Triton X-100 containing ImM PMSF, 10mM NEM and Protease inhibitors (Roche)).
Subsequently, Sm Nuclease (Benzonase equivalent; provided by our in-house Protein Production
Core Facility) and 6,5mM MgCl, were added. Samples were incubated at for 1 hour at 4°C with
gentle rotation. To verify DNA cleavage efficiency, DNA from extracts was analyzed by agarose gel
electrophoresis. Only samples containing DNA of around 150 bp (representing mono nucleosomes)
were used in the experiments. Protein extracts were then subjected to centrifugation (20.000g, 4 °C,
10 min) and the supernatant was incubated with anti-bodies overnight at 4°C. After incubation with
Protein A agarose beads for 2 hours at 4°C, the immune complexes were washed extensively in lysis

buffer and material retained on the beads was subjected to Western blotting.

Affinity purifications using FLAG-M2 agarose beads (Sigma Aldrich), anti-HA agarose beads
(Sigma Aldrich), NiNTA agarose beads (Quiagen) and StrepTactin sepharose beads (IBA

Lifesciences) were performed using essentially the protocol stated for immunoprecipitations.
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Purifications involving a GFP tag were performed with GFP-Trap® agarose beads (Chromotek)

according to the manufacturer’s instructions.

Purification of FLAGUSP7 and FLAGXPF /FLAGSTREPERCC1 protein complexes

In brief, HEK293T cells transiently expressing the respective protein were harvested, washed with
1x PBS and lysed in buffer A. Nuclei were pelleted by centrifugation, lysed in lysis buffer and
sonicated with a Bioruptor device for 20 min (30 sec on/off; High setting). After high speed
centrifugation, lysate was incubated with the respective beads overnight. Beads were washed
extensively with lysis buffer containing 1M NaCl and proteins were eluted with either 2,5mM
Desthiobiotin (StrepTactin beads, Iba Lifesciences) or 200png/mL FLAG peptide (Sigma Aldrich) for
FLAG affinity purifications according to manufacturer’s instructions. Eluate was concentrated using
Amicon Ultra 0,5 mL centrifugal filters (Sigma Aldrich) and re-buffered with 50mM Hepes (pH 7,5),
137mM NaCl, ImM DTT and 12% glycerol using a NAP5 column (GE Healthcare). Aliquots were
snap-frozen and stored at -80°C until usage. To verify purity, 5 to 10 pL of the purified protein
fractions were subjected to Western Blotting and both probed with the respective antibodies and

detected by Coomassie staining.

Recombinant full-length Hiss-tagged XPA (aa 2-293) was purchased from MyBioSource (Catalog
number: MBS966967).

Preparation of cell extracts
Cells were collected by scraping (HEK293T) or by trypsinization (U20S and MRCS5 fibroblasts). The

cell pellet was resuspended in 2x Laemmli buffer, sonicated (10 min with 30s on/ off) and boiled for
10 min at 95°C. After centrifugation at maximum speed, whole cell extracts were subjected to

Western blotting and probed with the indicated antibodies.

DNA cleavage assay

Standard reaction mixtures (25 pl final volume) contained 45 ng of annealed stem loop DNA ((Sijbers
et al., 1996); purchased PAGE purified from Sigma Aldrich; 5
GCCAGCGCTCGGTTTTTTTTTTTTTTTTTTTTTTCCGAGCGCTGGC 3°) and 150 ng of purified

ERCC1-XPF complexes. To allow complex formation, the respective proteins were incubated on ice
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for 30 min with XPF-ERCC1 complexes before addition of 2x reaction buffer (final concentrations
(Ix): 50mM Tris-HCI (pH 8.0), 0,25mM MnCl, 0,Img/ml bovine serum albumin, and 0,5mM 2-
mercaptoethanol) containing the stem loop DNA substrate. After incubation at 29°C for 2 and 4
hours, respectively, aliquots were taken and the reaction was stopped immediately with 2x
Formamide Loading buffer (80% formamide and 0,02% Bromophenol Blue in 1x TBE buffer).
Samples were heated at 95°C for 3 min, cooled-down on ice and subsequently separated on a

denaturing 14% polyacrylamide gel followed by GelRed staining of the DNA fragments.

In vitro deubiquitylation assay with K63 ubiquitin chains

The respective proteins were incubated with 40ng purified FLAGSTREPUSP? for 30 min on ice
before adding to the reaction buffer (50mM Hepes (pH 7,5), 150mM NacCl) containing K63
ubiquitin chains (purchased from Boston Biochem) and 5mM DTT in a final volume of 25
uL. The reaction was incubated at 37°C, aliquots were taken at the respective time points,
immediately mixed with 2x Laemmli buffer to stop the deubiquitylation reaction and

subsequently analyzed by Western Blotting.

In vitro deubiquitylation of immunoprecipitated XPC complexes

HEK293T cells expressing Hise-HAXPC were UV irradiated and collected 1 hour post UV irradiation.
Hise-HA tagged XPC was purified with NiNTA agarose beads or anti-HA agarose beads following
the protocol described above. For the AMSH deubiquitylation experiment, a washing buffer with
150 mM NaCl was used whereas the washing buffer for the in vitro deubiquitylation assay with the
purified USP7 and ERCC1-XPF complexes contained 1M NaCl to remove all XPC bound proteins.

After three washing steps, XPC complexes retained on NiNTA agarose beads were resuspended in
deubiquitylation buffer (50mM Tris (pH 7,5), 5mM NaCl and 5mM MgCly) and incubated with
purified GSTAMSH (1,5 pg) for the indicated time at 37°C with gentle shaking and occasional mixing
by pipetting. After three washing steps, samples were mixed with 2x Laemmli buffer and analyzed

by Western Blotting with the indicated antibodies.

For the in vitro XPC deubiquitylation assay, immunoprecipitated HAXPC on HA agarose beads was

resuspended in deubiquitylation buffer (50 mM Hepes (pH 7,5), 150 mM NaCl, 0,05% Triton X-100)
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containing 2mM DTT after washing and divided in new tubes. The indicated proteins were pre-
mixed on ice and incubated for 30 min to allow complex formation before adding to the purified
XPC fraction. The amounts used in the assay were: 800 ng GST as control (lane 1); 200ng FLAG-
STREPUSP? with either 600 ng GST (lane 2) or 600 ng purified FLAGXPF/ FLAGSTREPFERCC1 complexes
(n(USP7)/ n(XPF/ERCC1) =1 : 3; lane 3). The samples were incubated at 37°C for 2,5 hours with
gentle shaking, mixed with 2x Laemmli buffer and analyzed by Western Blotting with the indicated

antibodies.

Competition experiments using FLAGK63-TUBEs

HEK?239T cells expressing HAXPC were UV irradiated and collected 1 hour post UV irradiation. HA-
tagged XPC was purified with anti-HA agarose beads (Sigma Aldrich) following the
immunoprecipitation protocol stated above. After three washing steps, 15 ng FLtAGK63-TUBEs were
added to the respective samples and incubated for 3 hours at 4°C with gentle rotation. Beads were
washed 3 times and the purified fraction was subjected to immunoblotting and probed with the

indicated antibodies.

In vitro competition assays using purified proteins

Purified STREPERCC1-XPF protein complexes were bound to StrepTactin beads either alone or in the
presence of XPA. Binding was performed overnight at 4°C under gentle rotation. After washing the
complexes were incubated with purified proteins at a specific amount of substance. The relative
amounts of substance (n) are shown in the respective experiments. After intensive washing, proteins

bound to the beads were assessed by immunoblotting and incubated with the indicated antibodies.

Fluorescence microscopy

Experiments were performed with U20S or U20S 2-6-3 cells. Cells were exposed to localized UV
damage (100 J/m?) using a micropore membrane with 5um pore size as described in (Katsumi et al.,
2001). In brief, cells were washed three times with 1x PBS. Micropore membranes pre-soaked in PBS
were carefully placed on the cell layer, superfluous PBS was aspirated and cells were irradiated at
100 J/m2. At 30 min post UV irradiation, pre-extraction was performed with CSK buffer (10mM

Pipes (pH 7,4), 100mM NaCl, 300mM sucrose and 3mM MgCl,) supplemented with 0.2% Triton X-
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100 for 5 min on ice followed by fixation with 4% PFA for 10 min at room temperature. Cells were
stained with XPA (Novus Biologicals) or XPC (Cell Signaling) antibodies overnight at 4°C. Staining
of CPDs was performed following manufacturer’s instructions. After washing, coverslips were
incubated with Alexa-488 fluorophore-conjugated secondary antibodies (Life technologies) and
mounted in Vectashield with DAPI. Images were acquired with the LAS AF software (Leica) using

a TCS SP5 confocal microscope (Leica) with a 63x/1.4 oil immersion objective at room temperature.

For co-localization studies, about 100 lesions were counted per condition.

Unscheduled DNA synthesis (UDS)

MRCS5 fibroblasts were transduced with lentiviral particles containing the respective shRNAs. XPA
fibroblasts (GM00710) were used as a positive control. The day after the second viraltransduction,
cells were serum starved for 24 hours, irradiated with UV light (20 J/m?2) and incubated with 10 uM
EdU (Thermo Fisher) for 2 hours at 37°C in the incubator. Alexa-555-azide (Thermo Fisher) was
conjugated to EAU using the Click-reaction. The coverslips were mounted in Vectashield with DAPL
Images were acquired with the LAS AF software (Leica) using an AF-7000 widefield microscope
(Leica) with a 63x/1.4 oil immersion objective and an ORCA CCD camera (Hamamatsu). Images
were analyzed using Image]. DAPI was used to define nuclei and EdU intensity within nuclei was
measured after background subtraction. 150-300 nuclei were analyzed per sample. Mean intensities
of +UV and -UV conditions for all cells were calculated and used to estimate the DNA repair

occurring in the particular sample.
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AIM OF THIS STUDY

In the course of NER, the UV DDB-Cul4A-RBX1 E3 ligase complex catalyzes poly-
ubiquitylation of XPC in response to UV irradiation. The Richly laboratory previously
published a report, where I also contributed (see Appendix 1), demonstrating that ZRF1 is
an essential factor involved in the ubiquitin signaling cascade in the damage recognition
step of GG-NER. In more detail, we demonstrated that ZRF1 facilitates the assembly of the
tfinal UV-DDB-CUL4A-RBX1 E3 ligase complex by mediating the exchange of the RING1B-
CUL4B module with the CUL4A-RBX1 complex. Poly-ubiquitylation of XPC has been
shown to enhance the DNA binding affinity of XPC in vitro and stabilize the protein at the
damage site. However, the function of the poly-ubiquitin chain decorating XPC as well as

its topology remains unknown.

Thus, the aim of my PhD thesis is to characterize the mechanistic function of the poly-
ubiquitin chain on XPC within the GG-NER cascade. More specifically, my PhD thesis

addresses the following questions:

e Whatis the function of the poly-ubiquitin chain tagging XPC in the context of NER?

e Is the XPC K63 poly-ubiquitin chain important for the recruitment of NER
downstream factors?

e Which protein factors interpret the poly-ubiquitin chain on XPC?

e How are this interaction partners involved in the regulation of NER?
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RESULTS

K63-linked ubiquitylation of XPC mediates XPF recruitment to DNA damage sites

Previous work had demonstrated that polyubiquitylation mediated by the UV-CUL4A E3
ligase complex is essential to stabilize XPC at the DNA damage site (Sugasawa, 2005).
However, the exact configuration of the UV-CUL4A E3 ligase catalyzed polyubiquitin chain
decorating XPPC and how the polyubiquitin signal is interpreted in the course of DNA repair
still remains elusive. Our laboratory had reported earlier that knockdown of either ZRF1 or
RINGI1B caused a prominent reduction of XPC ubiquitylation (Gracheva et al., 2016). To
better understand the nature of the ubiquitin chains decorating XPC we carried out
immunoprecipitations with HA-tagged XPC in control, ZRF1 (shZRF1) and RING1B
(shRING1B) knockdown HEK293T cell lines after UV irradiation (Figure 15A). We observed
that ubiquitylation of XPC was abolished when depleting cells for RING1B or ZRF1. Next,
we speculated that the polyubiquitin signal might provide a binding platform for NER
factors operating downstream XPC. When immunoprecipitating HAXPC from nuclear
protein extracts of UV XPC. When immunoprecipitating HAXPC from nuclear protein
extracts of UV irradiated control or ZRF1 knockdown cells we observed a dramatic decrease
of XPF binding after depleting ZRF1 whereas XPB levels remained unchanged (Figure 15B).
The TFIIH helicase subunit XPB serves as control in this case since it has been demonstrated
that XPC recruits TFIIH to damage sites via interaction of an acidic string region of XPC
with the TFIIH subunit p62 (Okuda et al., 2015; Okuda et al, 2017). When performing time
course chromatin association experiments in shZRF1 and control HEK293T (Figure 15C), we
noticed a drastic decrease of XPF levels at chromatin upon knockdown of ZRF1. To
substantiate this finding we overexpressed a K63 Ubiquitin mutant (K63R) in HEK293T cells
to inhibit the formation of K63-linked polyubiquitin chains (Figure 15D). We carried out a
UV time course and examined chromatin fractions from cells of ZRF1. To substantiate this
finding we overexpressed a K63 Ubiquitin mutant (K63R) in HEK293T cells to inhibit the
formation of K63-linked polyubiquitin chains. We carried out a UV time course and
examined chromatin fractions from cells either expressing the mutant or wildtype ubiquitin.
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We observed diminished ubiquitylation of XPC and as a consequence, a reduction of XPC
levels over time. This is in accordance with an earlier report which revealed that the
ubiquitylation of XPC is required for stabilization of the protein at the damage site
(Sugasawa et al., 2005). Notably and in agreement with our previous findings, XPF levels at

chromatin decreased abruptly. To further support this idea we performed competition
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Figure 15: XPC is subjected to K63-linked polyubiquitylation in response to UV irradiation which is required
for chromatin recruitment of XPF. Immunoprecipitations reveal that XPC is modified by a K63-linked ubiquitin
chain. HA-tagged XPC was expressed in control and knockdown cell lines. One hour after UV irradiation, HAXPC
was immunoprecipitated and XPC and K63-ubiquitin levels were assessed by immunoblotting with the indicated
antibodies. (B) Knockdown of ZRF1 reduces the association of XPF and XPC. Immunoprecipitations of HA-
tagged XPC in control and ZRF1 knockdown cells collected one hour after UV exposure. Immunoprecipitates
were assessed by immune-blotting with the indicated antibodies. (C) Knockdown of ZRF1 strongly diminishes
XPC ubiquitylation and subsequent recruitment of XPF to chromatin. Chromatin was purified from control and
shZRF1 HEK293T cells at the respective time points after UV irradiation followed by immunoblotting with the
indicated antibodies. (D) K63-linked poly-ubiquitylation stabilizes XPC and impacts the recruitment of both XPF
and XPB to chromatin. Chromatin was purified from HEK293T cells overexpressing wildtype ubiquitin or a K63R
ubiquitin mutant at the indicated time points after UV exposure. Chromatin was analyzed by immunoblotting
with the indicated antibodies. Intensities were calculated by using the ImageLab software.
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experiments employing purified FLAGK63-TUBE peptides. Tandem ubiquitin binding
entities (TUBEs) consist of tandem ubiquitin interacting motifs (tUIM) separated by
structured linker regions enabling tight and specific binding to K63-linked polyubiquitin
chains (Sims et al., 2012). With regard to their specific association with K63-linked poly-
ubiquitin chains, FLAGK63-TUBE peptides compete with other factors for binding to the K63
polyubiquitin chain decorating XPC. To this end we purified HAXPC from nuclear extracts
of control and ZRF1 knockdown cells using anti-HA agarose beads and subsequently

incubated the precipitated XPC fraction with an excess of FLAGK63-TUBEs (Figure 16A).
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Figure 16: K63-linked polyubiquitylation of XPC regulates the association with XPF. (A) XPF-XPC association is
mediated by the K63-linked polyubiquitin chain. HAXPC expressed in control or ZRF1 knockdown HEK293T cells was
purified with anti-HA beads and subsequently treated with an excess of K63-TUBE peptides. XPC complexes retained
on the beads were analyzed by immunoblotting with the indicated antibodies. (B) Association of XPC and XPF depends
on K63-linked XPC polyubiquitylation. HisXPC was immunoprecipitated from HEK293T and, after washing, incubated
with the K63-specific deubiquitylase AMSH for the indicated time at 37°C. After washing, XPC protein complexes
retained on the NiNTA beads were assessed by immunoblotting with the indicated antibodies. (C) SSTAMSH purified
from E. coli was analyzed in Coomassie stained gels. A BSA standard curve was included to facilitate concentration
determination of the purified GSTAMSH fraction.
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Knockdown of ZRF1 alone caused a reduction of XPF association (34% compared to control).
Likewise, incubation of the precipitate with K63-TUBEs reduced XPF binding in control
conditions (15%). XPF abundance in the precipitate from ZRF1 knockdown cells
simultaneously treated with K63-TUBEs was nearly abolished (5%) suggesting that XPF
specifically associates with K63 ubiquitylated XPC. To further support this finding, we
purified HIS-tagged XPC from nuclear extracts of HEK293T cells and incubated the
precipitate with either GST or recombinant GSTAMSH, a K63-specific deubiquitylase
(McCullough et al., 2004) (Figures 16B and C). We observed a significant stepwise reduction
of XPF association (51 % XPF-XPC association after 8 hours; 40% after 16 hours incubation)
with increasing incubation time. The fact that AMSH is able to degrade poly-ubiquitin
chains decorating XPC further confirms the presence of a K63-linked polyubiquitin chain.
Next, we assessed the co-localization of XPF and K63-ubiquitylated XPC at DNA damage
sites to investigate whether poly-ubiquitylated XPC plays a role in the loading of XPF to the
damage site (Figure 17). To this end we performed immunefluorescence experiments in
control and shZRF1 U20S cells after exposition to UV light in a localized manner (Figure
17A). XPF co-localized with CPDs in 65% of the control cells. In contrast, depletion of ZRF1,
as monitored by immunoblotting (Figure 17D), reduces the co-localization of XPF with
CPDs (32,7%) pointing to a role of K63 ubiquitin chains in the recruitment or stabilization
of XPF at the DNA damage site. Similarly, co-localization of XPA and XPF in response to
UV-induced localized DNA damage is significantly reduced in shZRF1 U20S cells (Figure
17B). To corroborate these data we used a U20S replacement system in which cells are
depleted of endogenous wildtype ubiquitin while expressing wildtype ubiquitin or a K63R
mutant ectopically after tetracycline induction (Xu et al., 2009). When inducing localized
DNA damage we observed robust co-localization of XPF with CPDs in the presence of
wildtype ubiquitin (58,8 %) (Figure 17C). In cells expressing the K63R mutant we observed
a reduced co-localization (32,2%). Taken together, these data suggest that XPF recruitment
to DNA damage foci is, besides other potential recruitment mechanisms, regulated via K63-

ubiquitylated XPC.
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Figure 17: Besides other potential loading mechanisms, recruitment of XPF to UV-induced DNA damage foci is regulated by
K63-linked polyubiquitylation of XPC. (A) Control and ZRF1 knockdown U20S expressing mCheryXPF were exposed to localized
UV irradiation. Staining with CPD antibodies was performed to visualize DNA damage sites. In about 65% of control cells and
59% of the cells expressing wildtype ubiquitin, we observed a co-localization of the damage site marked by CPD staining and
XPE. In contrast, in the K63R background as well as ZRF1 knockdown only about 32% of co-localization was observed. (B) Control
and ZRF1 knockdown U20S expressing mcheryXPF were exposed to localized UV irradiation. In about 65 % of control cells, we
observed a co-localization of the damage site marked by XPA and mCherryXPF. In contrast, only about 35 % of co-localization was
observed when ZRF1 levels are diminished. (C) Tetracycline-inducible ubiquitin knockdown U20S cells expressing either wild-
type Ubiquitin or K63R Ubiquitin (see main text for details) transfected with mCheryXPF were exposed to localized UV irradiation.
Staining with CPD antibodies was performed to visualize DNA damage sites. In about 59% of the cells expressing wildtype
ubiquitin, we observed a co-localization of the damage site marked by CPD staining and XPF. In contrast, in the K63R background
only about 32% of co-localization was observed. (D) ZRF1 knockdown level of the respective U20s cell line used for the
immunofluorescense studies as revealed by immunoblotting of a whole cell lysate and probing with the indicated antibodies.
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XPF interacts with the deubiquitylase USP7 and both proteins regulate XPC ubiquitylation

To better understand the potential link of XPF with XPC, we analyzed chromatin from
HEK?293T XPF knockdown cells (shXPF) and control cells after UV irradiation (Figure 18A).
We noted that global XPC ubiquitylation levels were enhanced in shXPF cells compared to
the levels in control cells. We reasoned that this increased XPC ubiquitylation in XPF
knockdown conditions might likely be due to a reduced deubiquitylation activity. It has
previously been shown that the deubiquitylase USP7 directly binds and deubiquitylates
XPC (He et al., 2014b) and we confirmed a function for USP7 in editing XPC ubiquitin chains
by either overexpressing GFPUSP7 or by knocking down USP7 (shUSP7) in HEK293T cells
(Figures 18B and 18C). Given the specific association of XPF with ubiquitylated XPC (Figure
15-17) and the function of USP7 in removing the K63 ubiquitin chains decorating XPC, we
next asked whether USP7 and XPF interact in vivo. To address this question we carried out
endogenous immunoprecipitations with USP7 antibodies (Figure 18D) after UV irradiation
of HEK293T cells. We observed a robust interaction of both proteins in this experiment. To
support our data we assessed the interaction of XPF and USP7 by using a lactose repressor
(LacR) based system for tethering proteins to a defined chromosome region in vivo (Belmont
and Straight, 1998; Janicki et al., 2004). These assays make use of a human U20S 2-6-3 cell
line, containing 200 copies of a LacO containing cassette (total array size ~ 4Mbp) (Janicki et
al., 2004). We expressed a GFPLacR fusion of XPF and analyzed the co-localization of a
mCherry[JSP7 fusion protein (Figures 18E-G). We observed co-localization of both proteins in
about 77% of the analyzed cells. Likewise, USP7-mCherry-LacR tethered to the array
showed co-localization with XPF-GFP in about 80% of the analyzed cells. These data
demonstrate that XPF and USP7 stably interact. Next, we investigated whether the binding
of XPF with USP7 was dependent on the presence of XPC or the XPC ubiquitin chains.
Hence, we performed FLAGXPF immunoprecipitations from control, RBX1 knockdown
(shRBX1) and XPC knockdown (shXPC) HEK 293T cells expressing FLAGXPF after UV
irradiation (Figures 19A and B).
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Figure 18: XPF interacts with the deubiquitylase USP7 and both proteins regulate XPC ubiquitylation. (A) XPF
plays a role in the turnover of K63 polyubiquitylated XPC. Chromatin was purified from XPF knockdown and
control HEK293T cells after UV irradiation at the indicated time points. XPC levels were analyzed by
immunoblotting with the indicated antibodies. (B) USP7 catalyzes XPC deubiquitylation in response to UV
exposure. Overexpression of GFPUSP7 in HEK293T cells causes accelerated deubiquitylation of XPC. Chromatin was
purified after PFA fixation and XPC levels were analyzed by immunoblotting with the indicated antibodies. (B)
Knockdown of USP7 leads to accumulation of XPC ubiquitylation levels. Control and USP7 knockdown cells were
collected at the indicated time points after UV irradiation and whole cell extracts were prepared as described.
Protein levels were analyzed by immunoblotting with the indicated antibodies. (D) USP7 interacts with XPF.
Endogenous immunoprecipitation with USP7 antibodies from HEK293T. Protein levels were analyzed by
immunoblotting with the indicated antibodies.(E) - (G) XPF and USP7 interact when associated to chromatin. LacR
fusions of USP7 or XPF were tethered to the LacO array in U20S 2-6-3 cells and the respective other protein was
expressed (USP7-mCherry; XPF-GFP). In both cases proteins co-localize in about 75% of the cells analyzed.

We noticed that the levels of USP7 in the coprecipitate remained unchanged despite strongly

diminished XPC ubiquitylation levels or even total XPC levels regarding XPC knockdown
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conditions. Furthermore, STREPUSP? purifications in XPF patient fibroblasts (XP2YO(SV))
and the XPF complemented control fibroblasts demonstrated the interaction of USP7 with
XPF (Figure 19C). Next, we analyzed the association of XPF with ubiquitylated XPC in
control and shUSP7 HEK293T cells after UV irradiation (Figure 19D). Interestingly, we only
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Figure 19: USP7 mediates association of XPF with polyubiquitylated XPC. (A) Binding of XPF and USP7 is
independent of XPC polyubiquitylation. FLAGXPF was expressed in control and RBX1 knockdown cells. One hour
after UV irradiation, FLAGXPF was immune-precipitated and the purified material was analyzed by immunoblotting
with the indicated antibodies. (B) USP7 and XPF interact irrespectively of the presence of XPC. Immunoprecipitations
of FLAGXPF in control, USP7 and XPC knockdown cells collected one hour after UV irradiation. Immunoprecipitates
were assessed by immunoblotting with the indicated antibodies. (C) USP7 binds to XPF. Purification of STREFUSP7 in
XPF complemented fibroblasts and XPF patient fibroblasts after UV exposure. Inmunoprecipitates were analyzed
by immunoblotting with the indicated antibodies. (D) USP7 mediates association of XPF with polyubiquitylated XPC.
FLAGXPF was expressed in control and USP7 knockdown HEK293T cells. FLAGXPF was immunoprecipitated one hour
post UV exposure and the purified material was analyzed by immunoblotting with the indicated antibodies. (E)
Recruitment of XPF to the damage site is (partially) regulated by USP7. Control and USP7 knockdown U20S cells
expressing mCherryXPF were exposed to localized UV irradiation. Staining with CPD antibodies was performed to
visualize DNA damage sites. In about 65% of control cells, we observed a co-localization of the damage site marked
by CPD staining and XPF. In contrast, about 30% of co-localization was observed in USP7 knockdown cells.
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observed ubiquitylated XPC in the control fraction suggesting that the presence of USP7 is
a prerequisite for the association of XPF with both ubiquitylated and unmodified XPC.
Finally, we analyzed the recruitment of XPF to DNA damage sites (marked by CPD staining)
in USP7 knockdown U20S (Figure 19E, Figure 17D represents the USP7 knockdown level).
We found significant co-localization of XPF and CPDs (65%) in control cells whereas the co-
localization was diminished in the USP7 knockdown background (30%) suggesting that
localization of XPF to the damage site is at least partially mediated by USP7. Taken together
these results suggest that XPF and USP7 interact independently of both XPC and XPC
ubiquitylation and that USP7 seems to bridge the association of XPF with ubiquitylated
XPC. Our findings strongly point towards an important role for USP7 in GG-NER.

USP7 operates in both TC-NER and GG-NER pathways

USP7 plays an important role during TC-NER. Our data and previously published work
suggest a novel function of USP7 in GG-NER. To monitor GG-NER, we performed
unscheduled DNA synthesis (UDS) experiments. The vast majority of UV lesions is repaired
by GG-NER, hence the measured UDS signals mainly reflect GG-NER activity
(Limsirichaikul et al., 2009). We measured UDS in control, USP7 knockdown (shUSP7) and
RBX1 knockdown (shRBX1) MRC5 fibroblasts and included XPA and CSA patient
fibroblasts as a further reference point (Figure 20A). Knockdown of USP7, RBX1 or XPA
caused a significant reduction of EAU incorporation. In contrast, depletion of CSA did not
show a reduction in UDS activity. These data indicate a role for USP7 in GG-NER. To further
assess the role of USP7 in both NER sub-pathways, GG-NER and TC-NER, we conducted
an epistasis analysis employing UDS. Additionally, we monitored the knockdown levels of
each of the factors for the respective experiments (Figure 20D). We performed UDS in CSB
(shCSB; TC-NER), DDB2 (shDDB2, GG-NER), USP7 (shUSP7) knockdown and control
fibroblasts (Figure 20B). We further analyzed fibroblasts with a simultaneous knockdown
of CSB and USP7 (shCSB-shUSP7) or DDB2 and USP7 (shDDB2-shUSP7) (Figure 20B).
Single knockdown of CSB led to a slight reduction of EAU incorporation whereas single
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knockdown of USP7 caused a significant decrease in EdU incorporation. Simultaneous
knockdown of CSB and USP7 showed an even stronger reduction of EAU incorporation
when compared to either of the single knockdown conditions. Simultaneous knockdown of
both DDB2 and USP7 showed only a slight reduction when compared to the single
knockdown conditions in agreement with the idea that the contribution of USP7 to TC-NER
is hardly measured by UDS. In sum, these data suggest that USP7 functions in both NER
sub-pathways, TC-NER and GG-NER.

To strengthen our data we performed MTT cell proliferation assays using the single and
double knockdown conditions introduced before (Figure 20C, Figure 20E represents the
knockdown levels of the respective protein). We observed a slight decrease in the
absorbance of the formazan product in CSB knockdown conditions in comparison to control
cells. Single knockdown of either USP7 or DDB2 showed a similar decrease of absorbance
as compared to control and CSB knockdown cells, an observation also revealed in the UDS
experiment (see Figure 20B). Simultaneous knockdown of USP7 and CSB showed a further
reduction of absorbance when compared to single knockdown conditions again reflecting
the findings of the EAU incorporation (see Figure 20B). In particular, the reduction observed
by comparing CSB single knockdown and CSB-USP7 knockdown cells suggest that CSB and
USP7 operate in different cellular pathways. Simultaneous knockdown of DDB2 and USP7
showed a further reduction of absorbance when compared to the single knockdown
conditions suggesting that USP7 operates in different cellular pathways controlling cell
proliferation. Taken together, these data show that USP7 is required in both NER sub-
branches for efficient repair of UV-induced DNA lesions and that its function in NER has a

profound impact on cell proliferation.
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Figure 20: USP7 operates in both NER subpathways, TC-NER and GG-NER. (A) UDS reveals an essential function
for USP7 in GG-NER. The relative EAU incorporation was measured in control, USP7 and RBX1 knockdown
fibroblasts. NER-deficient XPA and TC-NER deficient CSA fibroblasts were analyzed as further controls. (B) USP7 is
required in both branches of NER for efficient repair of UV-induced lesions. The relative EdU incorporation was
measured in control, USP7, XPF, CSB, DDB2, CSB USP7 and DDB2 USP7 knockdown MRCS5 fibroblasts. XPA patient
fibroblasts were assessed as control. (C) USP7 has a dramatic impact on cell survival after UV irradiation. Control,
USP7, XPF, CSB, DDB2, CSB USP7 and DDB2 USP7 knockdown U20S were treated with the indicated UV-C doses
and further incubated for 48 hours. Cell survival was measured by measuring conversion of MTT to the formazan
product. For UDS experiments, MRC5 fibroblasts were treated with lentiviral particles containing the respective
shRNA. Knockdown levels of the respective proteins were analyzed 24 hours after viral infection. Cells were
collected, whole cell extracts were prepared as described and analyzed by immunoblotting with the indicated
antibodies. (D) Knockdown levels of the respective MRC5 knockdown cell lines used for UDS assays. Cells were
collected, whole cell extracts were prepared as described and analyzed by immunoblotting with the indicated
antibodies. (E) Knockdown levels of the respective U20S knockdown cell lines used for MTT assays. Cells were
collected, whole cell extracts were prepared as described and analyzed by immunoblotting with the indicated
antibodies.

USP7 competes with XPA to form a protein complex with XPF-ERCC1

XPF forms a heterodimer with ERCC1 and hence we were interested to find out whether
USP7 might form a protein complex with XPF-ERCC1. Thus, we purified USP7 and XPF-
ERCC1 complexes from HEK293T cells via FLAG affinity purification (FLAGUSP7) and
STREP-Tactin affinity purification (FLAGSTREPERCC1) (Figure 21A) to perform in vitro
binding assays. First, we incubated purified ERCC1-XPF bound to STREP-Tactin beads and
control (empty) beads in pulldown experiments with purified USP7 (Figure 21C). We
observed specific binding of USP7 to ERCC1-XPF complexes. Similarly, XPA had previously
been shown to interact with the ERCC1 subunit of the ERCC1-XPF endonuclease complex
and we reconfirmed this interaction by in vitro pulldown experiments using commercially
available recombinant His®XPA (Figure 21B). To find out whether XPA and USP7 might have
overlapping binding sites on ERCC1-XPF protein complexes we carried out a competition
experiment by using immobilized ERCC1-XPF as bait (Figure 21D). We now doubled the
USP7 concentration stepwise while keeping the XPA concentration unchanged. We
observed enhanced binding of USP7 and reduced binding of XPA with ERCC1-XPF while
increasing USP7 levels to equimolar (n=1) concentrations. Accordingly, when applying
HisoOXPA immobilized on NiNTA beads as a binding matrix, we observed a reduced

interaction of ERCC1-XPF with XPA after gradually increasing USP7 levels (Figure 21G).
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These data suggest that USP7 has a stronger binding affinity towards ERCC1-XPF than XPA.
Hence, we tested this hypothesis in vivo by pulling down ERCC1-XPF complexes from
HEK?293T cells while expressing GFPXPA at low levels and overexpressing FLAGUSP7 (Figure
21E). In control conditions, without USP7 overexpression, we only monitored incorporation
of both endogenous and ectopically expressed XPA into the ERCC1-XPF heterodimer.

However, upon overexpression of USP7, we noticed a strong reduction of XPA and GFPXPA
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Figure 21 USP7 competes with XPA for binding to ERCC1-XPF complexes in vivo and in vitro. (A) USP7 and
ERCCI1-XPF complexes purified from HEK293T cells were analyzed in Coomassie stained gels and immunoblotting
with FLAG antibodies. (B) XPA strongly interacts with purified ERCC1-XPF complexes in vitro. Pulldown assays
with ERCC1-XPF and control beads assessing binding of purified XPA. Input represents 10% of XPA used in
pulldowns. (C) USP7 interacts with ERCC1-XPF complexes in vitro. Pulldown assays with ERCC1-XPF and control
beads assessing binding of purified USP7. Input represents 2% of USP7 used in the pulldown. (D) USP7 competes
with XPA for binding to XPF-ERCC1. XPF-ERCC1 complexes were immobilized on StrepTactin beads and
incubated with equimolar amounts of XPA and increasing amounts of USP7. USP7 levels were doubled stepwise
reaching a fourfold molar excess of USP7 over the other components (relative molarity of USP7: 1:0, 1:1; 1:2; 1:4).
Precipitate material was subjected to Western Blotting and probed with the indicated antibodies. (E) USP7
dislodges XPA from XPF-ERCC1 complexes in vivo. Immunoprecipitation of FLEAGXPFE-STREPERCC1 from HEK293T
cells additionally expressing low levels of GFPXPA and overexpression of GFPUSP7 using StrepTactin beads. Purified
fraction was subjected to Western Blotting and probed with the indicated antibodies. (F) USP7 binds to pre-
assembled XPF-ERCC1-XPA complexes and promotes dislocation of XPA from these complexes in vitro. ERCC1-
XPF complexes were immobilized on StrepTactin beads and incubated with XPA for 2 hours at 4°C under gentle
rotation. After washing, USP7 was added to the pre-assembled ERCC1-XPF-XPA complexes. (G) USP7 competes
with XPA for binding to XPF-ERCC1 in vitro. XPA was immobilized on NiNTA beads and incubated with
equimolar amounts of ERCC1-XPF complexes and increasing amounts of USP7. USP7 levels were doubled stepwise
reaching a fourfold molar excess of USP7 over the other components (relative molarity of USP7: 1:0, 1:1; 1:2; 1:4).
Precipitate material was subjected to Western Blotting and probed with the indicated antibodies.

in the co-precipitate while USP7 was modestly incorporated into the protein complex. These
data suggest that USP7 has a higher binding affinity towards ERCC1-XPF than XPA and
that USP7 potentially associates with ERCC1-XPF only transiently in vivo. To underline this
finding we performed in vitro experiments to test whether XPA might be dislocated from
ERCC1-XPF by USP7 (Figure 21F). To this end we assembled ERCC1-XPF-XPA protein
complexes on STREP-Tactin beads and incubated them with an equimolar amount of USP7.
We observed a dislocation of XPA and simultaneous association of USP7 with ERCC1-XPF
complexes reflecting our previous results. Collectively, these data suggest that the ERCC1-
XPF endonuclease complex forms two distinct protein complexes and that USP7 likely

dislocates XPA from the ERCC1-XPF heterodimer.

ERCC1-XPF protein complexes cause deubiquitylation of XPC and DNA incision

Next, we dissected the function of the distinct ERCC1-XPF protein complexes. First, we
analyzed the potential function of ERCC1-XPF-USP7 protein complexes. To this end we
overexpressed HA-tagged XPC and FLAGXPF in HEK293T cells (Figure 22A). When
performing XPC immunoprecipitations in the presence of enhanced levels of XPF we

observed a drastic reduction of XPC ubiquitylation in comparison to control conditions. This
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reduction was neither due to diminished amounts of USP7 nor reduced levels of the CUL4A
E3 ubiquitin ligase. To test a direct involvement of ERCCI1-XPF in USP7 mediated

deubiquitylation we carried out deubiquitylation assays in vitro.
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Figure 22: Two distinct XPF-ERCC1 protein complexes mediate 5 DNA incision and XPC deubiquitination in GG-
NER. (A) Overexpression of FLAGXPF accelerates USP7 mediated deubiquitination of XPC. Immuno-precipitation of
HAXPC from HEK293T cells additionally expressing either FLAGXPF or the empty FLAG vector. Purified material was
subjected to Western Blotting and probed with the indicated antibodies. (B) USP7 catalyzed cleavage of K63-linked
polyubiquitin chains is facilitated by XPF-ERCC1 in vitro. Purified USP7 was pre-incubated with ERCC1-XPF or GST
(control) for 30 min on ice. K63 ubiquitin chains were added and reactions were incubated at 37°C for the indicated times
and immunoblotted with ubiquitin antibodies. (C) XPF-ERCC1 stimulates USP7-mediated deubiquitination of XPC in
vitro. Immunoprecipitation of HA-tagged XPC from HEK293T cells collected one hour post-UV exposure. After washing,
beads were divided and incubated with the indicated pre-assembled proteins at 37°C. Subsequently, the material was
subjected to immunoblotting with the indicated antibodies. (D) Absence of XPF results in increased XPC ubiquitylation
levels despite unaltered XPC bound USP7 levels. Immunoprecipitation of HAXPC in control and XPF knockdown cells
one hour after UV exposure. The purified fractions were subjected to immunoblotting with the indicated antibodies. Input
levels correspond to 0,5%. (E) USP7 drastically inhibits XPF incision activity on a stem loop oligonucleotide in wvitro.
Similar amounts of purified XPF-ERCC1 complexes, as monitored by immunoblotting in (G), were incubated with GST
(as control), XPA or USP7, respectively, for 30min on ice. The stem loop substrate was added to the pre-assembled
complexes and incubated at 29°C. Aliquots were taken at the respective time points and analyzed by 7M urea denaturing
PAGE following visualization of DNA fragments with GelRed. (F) Graphical representation of the estimated band
intensities corresponding to the respective cleaved DNA fragments from the DNA incision assay described in (E). Band
intensities were determined with the BioRad Image Lab software. (H) Model illustrating the distinct XPF-ERCC1 protein
complexes and their function in the GG-NER pathway.

We incubated K63-linked ubiquitin chains with either USP7 alone or the ERCC1-XPF-USP7
protein complex and monitored cleavage of K63 ubiquitin chains over time (Figures 22B).
Interestingly, we observed that the deubiquitylation reaction was enhanced in the presence
of the protein complex as compared to USP7 alone confirming our previous result (Figure
22B). To unequivocally demonstrate that ERCC1-XPF protein complexes stimulate USP7
activity towards polyubiquitylated XPC we examined the deubiquitylation of XPC in vitro.
We immunoprecipitated XPC including the pool of ubiquitylated XPC from HEK293T cells
after UV exposure and incubated the precipitate with GST (control), USP7 or the ERCC1-
XPF-USP7 protein complex (Figure 22C). We observed the strongest reduction of
polyubiquitylated XPC levels in the presence of the protein complex despite equivalent
USP7 levels used in the assay. Furthermore, we analyzed XPC ubiquitylation levels in XPF
knockdown HEK293T cells (shXPF) (Figure 22D). After immunoprecipitating HA-tagged
XPC we noticed that depletion of XPF (shXPF) leads to increased amounts of ubiquitylated
XPC despite unaltered USP7 levels and slightly decreased CUL4A-E3 ligase levels.

Finally, we tested both protein complexes for their DNA cleavage activity which is mediated
by XPF within the ERCC1-XPF complex. The DNA incision assay was performed on a stem
loop DNA structure as published previously (Sijbers et al., 1996). The stem loop DNA
substrate was incubated with either ERCC1-XPF and GFP, ERCC1-XPF-XPA or ERCC1-
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XPF-USP7 (Figure 22E-G). ERCC1-XPF catalyzed 5 incision of the DNA substrate resulting
in a 9-10 bp shortened oligo fragment. For the XPA containing complex we observed a
slightly enhanced incision as compared to the control (GFP). In contrast, XPF-ERCC1
protein complexes containing USP7 showed drastically reduced DNA cleavage suggesting
that USP7 inhibits the nuclease activity of XPF. Taken together, our data indicate that
ERCC1-XPF can establish two different protein complexes with distinct functions (Figure
22H). In combination with USP7, ERCC1-XPF enhances XPC deubiquitylation whereas
ERCC1-XPF is only able of catalyzing 5 DNA incision in the presence of XPA, but not USP7.
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DISCUSSION

In the GG-NER sub-branch, DNA lesions are directly recognized by the main damage
detector XPC. XPC probes the DNA for lesion-induced helical distortions, which are
associated with an improved single stranded character of the DNA around the lesion (Min
and Pavletich, 2007). Lesion recognition of XPC is essential for the assembly of the core NER
factors and for the progress of the NER reaction (Volker et al., 2001). XPC is poly-
ubiquitylated by the UV-DDB-CUL4A-RBX1 E3 ligase thereby stabilizing the protein at the
DNA damage site (Sugasawa et al, 2005). The linkage type of this poly-ubiquitin chain on
XPC is still unknown. Due to the fact that the UV-DDB-CUL4A-RBX1 complex decorates
DDB2 with a Our data suggests that the UV-DDB-CUL4A-RBX1 catalyzed poly-ubiquitin
chain decorating XPC is indeed a K63-linked polyubiquitin chain (Figures 15A and D).
Similarly, in a previous report it was shown that the E3 ligase RNF111/ Arkadia brings about
a K63-linked ubiquitylation of XPC (Poulsen et al., 2013). Although both E3 ligases decorate
XPC with a K63-linked polyubiquitin chain, they have opposing effects. The UV-DDB-
CUL4A-RBX1 mediated ubiquitylation stabilizes XPC and enhances its DNA binding
affinity in vitro (Sugasawa et al, 2005) whereas the ubiquitylation catalyzed by
RNF111/Arkadia has been shown to be crucial for XPC release from the damage site
(Poulson et al., 2013). We first examined whether the DDB-CUL4A complex mediated K63-
ubiquitylation of XPC plays a role in the recruitment of downstream DNA repair factors to
the damage site. Surprisingly, we noticed specific recruitment of the XPF-ERCC1
endonuclease complex to XPC in a K63 ubiquitylation dependent fashion after UV exposure
(Figure 1). XPF does not contain any known ubiquitin binding domain and thus the question
arises whether the association of XPF with the XPC K63-ubiquitin chains is bridged by other
factors or whether it might have a rather transient function in the regulation of the XPC
ubiquitylation and deubiquitylation cycle. To address this question we analyzed XPC
ubiquitylation levels in XPF knockdown conditions. We noted a strong conservation of XPC
ubiquitylation levels pointing towards a potential function in XPC deubiquitylation. A
previous report demonstrated that USP7 catalyzes the deubiquitylation of XPC during GG-
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NER (He et al., 2014b). In agreement with this report, we observed a physical interaction of
USP7 and XPF suggesting a common function of both factors in the XPC deubiquitylation
process. In line with this finding, XPF association with polyubiquitylated XPC requires the
presence of USP7 as demonstrated by FLAGXPF purifications in control and USP7
knockdown cells (Figure 2D). In addition, localization of XPF to DNA damage sites is at
least partially dependent on USP7 (Figure 2E). Taken together these data indicate that XPF
and USP7 interact and that USP7 seems to bridge the association of XPF with ubiquitylated
XPC. Thus, our results strongly imply an important role of USP7 in GG-NER. Our results in
addition with published work suggest that USP7 operates in both NER sub-pathways. By
performing UDS and cell survival assays, we unequivocally demonstrated that USP7 has a
function in GG-NER besides its well documented role in TC-NER (Schwertman et al., 2012).
The 5' DNA incision in the course of the NER reaction is known to be mediated by the XPF-
ERCC1 heterodimer where XPF harbors the nuclease activity. Therefore, a role for XPF or
ERCC1-XPF in the XPC deubiquitylation process is quite unexpected. To gain further
insight into the interaction network of XPC, USP7 and XPF-ERCC1 and to define a molecular
mechanism for the function of XPF in XPC deubiquitylation, in vitro experiments with
purified proteins were performed. Interestingly, we found that ERCC1-XPF interacts with
USP7 in vitro. It is well established that ERCC1-XPF associates with XPA through the ERCC1
subunit of the heterodimeric complex (Croteau et al., 2008). Thus we asked whether USP7
and XPA might have overlapping binding sites on ERCC1-XPF. In competition experiments
we demonstrated that both XPA and USP7 associate with XPF-ERCC1 complexes with
overlapping binding sites and, furthermore, that USP7 has a stronger binding affinity
towards ERCC1-XPF than XPA (Figure 4B). In accordance, overexpression of USP7 causes
a dislocation of XPA from ERCC1-XPF complexes in vivo confirming our in vitro data (Figure
4C). In vitro dislocation assays with pre-assembled ERCC1-XPF-XPA complexes further
support this finding (Figure 4D). Various published reports suggested that XPA recruits
ERCC1-XPF to the DNA damage site (Riedl et al., 2003; Volker et al., 2001). Whereas XPA
might have a function in recruitment of ERCC1-XPF and potentially in the DNA incision

process, our results clearly point toward a mechanism in which ERCC1-XPF complexes
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might be remodelled at the DNA damage site to give rise to further protein complex that
operates during XPC deubiquitylation. To be able to dissect the functions of the two distinct
XPF-ERCC1 protein complexes, we performed in vitro deubiquitylation and DNA cleavage
assays with purified proteins. USP7 shows accelerated cleavage of K63-linked ubiquitin
chains in the presence of ERCC1-XPF as compared to incubation with USP7 alone (Figure
5B). More importantly, when employing ubiquitylated XPC purified from HEK293T cells as
substrate, we noticed an enhanced deubiquitylation activity of the USP7-XPF-ERCC1
complex (Figure 5C). Additionally, these results reflect our findings when investigating
XPC ubiquitylation levels in XPF knockdown background (Figures 2A and 5D) or after
overexpressing XPF (Figure 5A). Thus, we speculate that the ERCC1-XPF endonuclease
might stabilize USP7 at the damage site and that the binding of XPF-ERCC1 triggers the
catalytic activity of USP7 in an allosteric fashion. In other words, USP7 seems to remain
catalytically inactive in vivo until XPF-ERCC1 is incorporated forming the active USP7-
ERCC1-XPF deubiquitylating complex. Finally, we investigated the function of both protein
complexes in 5' DNA incision assays in vitro. Our data clearly demonstrate that XPF
catalyzed DNA incision occurs normally when ERCC1-XPF associates with XPA. In
contrast, ERCC1-XPF mediated incision was critically reduced in the presence of USP7. One
hypothesis to explain this observation is that USP7 blocks the entry of the DNA into the
active site of the heterodimer, which is plausible given its molecular weight of about 133
kDa. Alternatively, the interaction with USP7 might induce a structural change of the
complex thereby inhibiting the association of the ERCC1-XPF heterodimer with DNA.

Taken together, our data reveals the existence of two distinct protein complexes that use
ERCC1-XPF as a binding platform. An interesting point is that 5’'DNA incision and XPC
deubiquitylation are obviously coupled. Further evidence strongly supporting our finding
of a coupled mechanism for both processes arises from a previous report (Staresincic et al.,
2009). In immunofluorescense experiments with XPF deficient (XP2YO(SV)) fibroblasts
stably expressing wild-type XPF or a catalytically inactive XPF mutant (XPF D676A),

Staresincic and co-workers demonstrated that XPC co-localizes with catalytically inactive
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XPF and, importantly, both proteins persist at the damage site even at three hours after local
UV irradiation. In contrast, the co-localization of XPC with wild-type XPF observed at 30
min could no longer be detected at three hours after local UV exposure indicating that XPC
and XPF are not present anymore at the damage site. Additionally, XPC remained stably
tethered at the damage site in XPF deficient fibroblasts both at 30 min and at three hours in
response to local UV irradiation. Collectively, their results suggest that the ERCC1-XPF
catalyzed 5° DNA incision in GG-NER has to occur prior to cleavage of the K63-linked
polyubiquitin chain on XPC (Staresincic et al., 2009). USP7 mediated deubiquitylation of
XPC is essential for efficient progression of the NER reaction and XPC removal from the

damage site at later stages of the NER reaction.

This work suggests that the ERCC1-XPF catalyzed 5" DNA incision in GG-NER has to occur
prior to cleavage of the polyubiquitin chain on XPC. USP7 mediated deubiquitylation of
XPC is essential for efficient progression of the NER reaction and XPC removal from the
damage site at later stages of the NER reaction. Given the strong affinity of USP7 towards
ERCC1-XPF and its potential to displace XPF-ERCC1 bound XPA, one might speculate that
XPA recruits ERCC1-XPF, supports 5° DNA incision and that USP7 dislocates XPA to
degrade the XPC K63-polyubiquitin chain set by the DDB-CUL4A E3 ligase complex.
However the exact mechanism might be, our data clearly shows that USP7 mediated
deubiquitylation of XPC is required for the efficient removal of UV-induced DNA lesions
by the GG-NER branch. Future research will certainly reveal the underlying molecular

mechanism and the impact of XPC deubiquitylation on downstream repair even
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CONCLUSION

In this study, we show that 5' incision of damaged DNA is linked with the deubiquitylation
of XPC. Our data suggests that XPF-ERCC1 forms a protein complex with XPA that is
capable of incising DNA. The deubiquitylase USP7 competes with XPA for binding to XPF-
ERCC1 establishing a novel protein complex that catalyzes the degradation of K63-
ubiquitylated XPC in vivo and in vitro. Hence, our new findings reveal the existence of two

separate functions of XPF-ERCC1 and shed new light on the orchestration of GG-NER.
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Abstract: Cellular DNA is constantly challenged by damage-inducing factors derived from exogenous
or endogenous sources. In order to maintain genome stability and integrity, cells have evolved a
wide variety of DNA repair pathways which counteract different types of DNA lesions, also eferred
to as the DMA damage response (DDEK). However, DNA in eukaryotes is highly organized and
compacted into chromatin representing major constraints for all eellular pathways, including DNA
mepair pathways, which mequire DNA as their substrate. Therefore, the chromatin configuration
surrounding the lesion sike undergoes dramatic remodeling to facilitate access of DNA repair factors
and subsequent removal of the DNA lesion. In this review, we focus on the question of how the
cellular DNA repair pathw ays overcome the chromatin barrier, how the chromatin environment is
rearranged to facilitate efficient DMNA mepair, which proteins mediate this re-organization process
and, consequently, how the altered chromatin landscape is involved in the regulation of DNA
damage responses.

Keywords: DINA mepair; chromatin; histone marks; ubiguitin; nucleotide excision repair (NER);
5B repair

1. Introduction

Genome integrity is permanently challenged by both exogenous and endogenous factors,
In eukaryotes, damaged DNA is recognized and repaired by a variety of complex cellular pathw ays,
which are referred to as the DNA damage esponse (DDR) [1,2]. The DNA damage esponse is
characterized by the well-timed recruitment and removal of specific DMA repair factors and ancillary
proteins, which mediate the recognition, verification, and repair of the lesion. However, DNA
repair in eukaryoies oocurs not simply on "naked”™ DMNA. Eukaryotic genomes are organized and
compacted into chromatin established by the essential building block, the nucleosome, which is
gererated from an octamer of the four come histones (H2A, H2B, H3, H4) around which the DNA
is wrapped. Additionally, the rammalian genome is organized in specific chromatin structures
that are characterized by signatures of histone and DNA modifications, specific histore variants,
chromatin-assodated factors, and nucleosome oocupancy [3] Thus, all cellular pathways, including
the PMA damage response, which rely on DMNA as their substrate, have to respond to and overcome this
major constraint limiting the acoess of DNA repair factors, which is crucial for efficient recognition and
removal of DMA lesions [4,5]. The importance of chromatin rearrangements and chromatin dynamics
during the process of YNA repair was first indicated by nuclease digestion assays of damaged DNA
in UV-C-irradiated fibroblasts in which replication was blocked by hydreoyurea treatment. Chromatin
megions with active nucleotide excision repair (MER) were more prone to be digested by micrococcal
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nuclease treatment indicating that these regions have been rearranged to a more nelaxed state and are,
thus, more sensitive to nuclease treatment compared to compacted chromatin [67].

Another breakthrough regarding the question of how cells ecognize and counteract DMA lesions
in the context of chromatin, and how the chromatin landscape is altered to facilitate efficient DMNA
repair, emerged when human fibroblasts were pulse-labelled with (3H) decoy-thymidine directly
after UV irradiation and transferred into nonradioactive medium for recovery for different time
points [7]. Interestingly, it was observed that the sensitivity of the incorporated nucleotides towards
nuclease digestion decreased progressively depending on the time of recovery after UV frradiation
and pulse-labelling and that, after a certain time of recovery, the original level of nuclease resistance
was restored in the repained DMNA megions [7]. These findings built the first principles of the so-called
"access-mepair-restore” (AKR) model which highlights the frame conditions for the dynamic chromatin
enwironment during DMA mepair processes [5]. This model summarizes the transient de-condensation
of chromatin structures to facilitate recognition and epair of DINA lesions. A fier the DNA lesion is
remowved, chromatin is reorganized and compacted to its original state. Howewver, recent data also
points out that mew histones can be deposited during the restore section illustrating that the epigenetic
memory allows some degree of plasticity [8]. Chromatin relaxation, as well as its ®e-condensation
after removal of the DMNA lesion, is a highly-regulated, ATP-consuming process, which requires the
action of so-called chromatin emodeling compleces. Chromatin remodelers can be classified into four
subfamilies depending on their domain organization: the imitation switch (ISWI), the chromod omain
DMA helicase-binding (CHD), the switch/sucrose non-fermentable (SWI/SNF), and the IINOSD
subfamily Furthermore, the four subfamilies can also be separated on a functional level since the
different subfamilies preferentially catalyze specific functions. The SWI/SNF family of remodelers
primarily conducts functions related to chromatin accessibility, which indludes unwrapping of DIMNA
coiled around nueleosomes, nuckosome me-positioning by the sliding of nuclkeosomes along the DNA,
and partial {eg., H2A-H2B dimer) or complete nucleosome eviction. In particular, access emodelers
of the SWI/ SNF subfamily can gain access to binding sites for transcription factors at promoter regions
and can restore accessibility for IYNA repair factors [9].

The core histones consist of a globular domain and unstructured N-terminal tails which both
can be modified by histone-modifying eneymes. Such covalent modifications comprise of acetylation,
methylation, phosphorylation, PARylation, and wbiguitylation [10). To better understand the
underlying principles of these chromatin alterations and the imvobvement of non-coding EMAs in DNA
mepair, research in the last decade has focused on the contribution of the chromatin enwironment during
genome surveillance. In this review we will cover the role of histone phosphorylation, ubiquitylation,
and PA Rylation of DMNA repair factors sinee these modifications are intimately linked to DNA damage
signaling pathw ays and also play crucial roles for granting access to DNA lesions via emodeling of
the chromatin conformation. Furthermore, we will eluddate on novel functions of small non-coding
EMAs in the DDE focusing on the events of chromatin that fadlitate double-strand break (D5B) repair
and nucleotide excision repair (NER).

1. Repairing Damaged DNA: NER and DSB Repair

Chromatin reorganization and de-condensation plays a crucial role within all cellular processes
which use DNA as their substrate, including transcription, replication, and DNA mepair pathways. For
instance, one of the several DNA repair pathw ays relying on conformational changes of chromatin
is base excision repair (BEE). BER is specifically important in the removal of damaged and altered
DMA bases induced by spontaneous hydrolysis of cytosine to uracil, for ecample, deaminating and
alkylating agents or reactive oooygen species meleased from the cellular respiratory chain. In this review,
however, we will focus on the DMNA damage response and, further, on double-strand break (DSB)
e pair and nucleotide excision repair (NEE), the DMNA repair pathw ays which handle and remove the
most toecie DMNA lesions,
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Nucleotide excision repair (NER) is an essential IYNA repair pathway that counteracts bulloy
and helie- distorting DNA lesions. The main types of lesions epaired by NER are 64 photoproducts
and cyelobutane pyrimidine dimers (CFs), which ame caused by exposure to UV light or several
chemical agents [11]. NER operates in two sub-pathways, which differ in the natume of lesion
recognition. Transcription coupled-NER (TC-NER) operates in transcriptionally-active genes, whene
stalled Polymerase [ elicits the DNA damage response [12] The global genomic NER branch (GG-NER)
deals with lesions in any chromatin environment. In contrast to the TC-MNER sub-pathway, in GG-MER
DMA lesions are directly recognized by the two damage recognition factors, DDB2 and XPC [13].
After lesion recognition, both sub-pathways converge and lesion verification, unwinding of the DNA,
excision of the lesion-containing strand, and refilling of the DNA gap are carried out by the same
core machinery Verification of the DMNA lesion is carried out by the repair factor XPA and via the
generation of the pre-ecdsion complex, which consists of the TFIIH transeription factor complex with
its helicase subunits XPB and XPD. Subsequently, the DNA lesion is excised by the endonucleases XPF
and XPG, and the gap is filled by DNA polymerases [12,13]. As detailed below, damage recognition
is accompanied by changes in the chromatin conformation and by chromatin signaling pathways
that build on phosphorylation, ubiquitylation, and PARylation events. Such chromatin-assodated
pathways halt the cell oycle and facilitate the DMA damage response (DDE).

Among the most detrimental DNA damages are double-strand breaks (05Bs), which may cause
severe genome rearrangements. 58s are repaired by either etror-free homologous recombination (HE)
or the ermor-prone non- hormologous end joining (WHE]) [2,14]. NHE] imvolves minimal proessing
of the damaged DINA and re-ligation of the processed ends. Damage recognition in NHE] requires
the Ku70,/80 DNA-binding complex, which binds the broken DNA end and recruits other proteins to
facilitate the processing and ligation of the broken ends. Amongst the proeins recruited by Ku to the
damage site is DNA-PK, a serine/ threonine protein kinase, which induces conformational changes
within the damage recognition complex that allows end-processing enzymes to operate on the ends of
the double-strand break [15]. DMNA-PK also acts in concert with the proein kinase ataxis-elangiectasia,
mutated (ATM), and ATM and Kad3-related protein (ATE) to phosphorylate factors that are essential
in the DMNA damage checkpoint. Further, Ku directly interacts with XRCC4, which recruits specific
DMA end processing eneymes to the damage site to generate DMA ends compatible for ligation
Lasthy, Ku and XRCC4 associate with the DMNA ligase IV complex and localize it to the processed
DMA ends for re-ligation [16~18]. HR depends on a resection process that imvolves the generation
of single-stranded DMNA (ssDDMNA ) intermediates. The ssIINA tails are recognized by KPA, which is
then replaced by Rad51. The Rad51-containing nucleoprotein filament searches for, and irvades a
homologous sequence from the sister chromatid generating a D-loop. After strand invasion DINA
polymerase extends the end of the invading strand leading to the formation of holiday junctions. A fter
resolving the intermediates the emaining ssIXNA gaps and nicks are repaired by DMNA polymerase
and DMNA ligase. More detailed information on HE repair mechanisms are av ailable in several excellent
reviews [19,20]. Sister chromatids and, hence, HR exist only in the 5 and G2 phases of the cell cycle.
In contrast, NHE] predominates in the GG1 phase of the cell oycle. However, how cells choose between
HE and MHE] repair pathways is still elusive [21]. Analogously to NEE, chromatin signaling and the
megulation of both Y58 repair sub-pathways are dependent on phosphory lation, ubiquitylation, and
PARylation of factors.

3. Phosphorylation Cascades Regulate the DDR

Ome essential means of signaling during the DNA damage response ame phosphorylation
events. The damage response at double strand breaks (IX58s) commences with the activation of two
specific kinases, the ataia elangiectasia mutated (ATM) kinase and the ATM and rad3-related (ATE)
kinase, which stimulate DNA repair and mediate either apoptosis or checkpoint activation through
pa3-mediated mechanisms [22]. The main regulator of ATM activation is the MEE11-RADS0-NES1
(MEN) complex. The MRN complex is one of the first factors which ecognize the DSB and plays
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an essential role in processing of 5Bs before repair by either HR or NHE] is carted out [23).
Motably, PARPl-mediated PARylation events play an important role in the early recruitment of
the MRN complex to DSBs highlighting the concerted action, as well as the crosstalk between different
post-translational modification processes which mediate chromatin re-organization events [24].
Activation of ATM by the MEN complex causes the phosphorylation of a plethora of factors comprising
proteins involved in chedpoint activation such as the checkpoint kinase 2 (CHK2), p53 and DNA-repair
proteins, like the breast cancer type 1 susceptibility protein (BRCA1) and the p53 binding protein
1 (53BP1) [1,2] An important target for the ATM kinase is the histone variant H2AX (H2AX)
(Figure 14 ). Phosphorylated H2AX (yH2AX), which occurs early during the DNA damage response,
geneTates a binding platform for the mediator of the DNA damage checkpoint protein 1 (MIDCT) [25).
MIXC1 is constitutively phosphorylated within its SDT domain by the casein kinase 2 (CK2). This
phosphorylation, im tum, creates a binding site for other epair proteins, incuding the MEN-ATM
complex, which brings about the bidirectional spreading of vH2AX for hundreds of kilo-bases along
the chromatin fiber emanating from the 5B [26,27] M1 also recruits the ubiquitin E3 igases BNF8
and RNF168 (Figure 1A ), which ubiquitylates histome H2A and the linker histone H1 and facilitates
loading of effectors, such as 53BF1 and BRCA1 [2829]. In contrast to ATM, ATR is activated by a
broad spectrum of genomic insults and replication problems [30]. Common to these insults is the
genetation of single-stranded DNA {(ssDMA), which results in the loading of the single-stranded DNA
binding protein replication protein & (KPA) [31). BPA acts as a recruitment platform for ATE via its
binding partner ATRIP [32]. ATM and ATR have a plethora of common substraies regulating different
cellular functions. Wheneas both enzymes for example phosphorylate H2AX, other substrates are
predominantly phosphorylated by one spedific kinase [22].

It is still largely unresohved how ATR and ATM elicit the damage response upon UV light-induced
DMA damage. Howewver it seems that damage signaling upon UV exposure is dependent on
both ATE and ATM. Importantly, H2AX phosphorylation as a major DNA damage marker is
predominantly catalyzed by the ATR kinase and occurs in the G and 5 phases of the cell opcle [33-35].
However, ATM was also shown to be activated in meponse to UV-induced DMNA damage resulting
in phosphorylation of H2AX [345). Hence, both ATR and ATM are rapidly recruited to I?NA lesions
following UV-irradiation. Recruitment of both kinases is dependent on the damage recognition factors
XPC, DIB2, and XPA only during the 1 phase [37,38]. In contrast, in the 5 phase, when the UV lesions
mainly generate stalled replication forks with long single-stranded DMNA, ATE and ATM recruitment to
damage locd and subsequent HZAX phosphorylation ame likely mediated by different factors. Therefore,
UV-indueed recruitment of ATR and ATM differ in 5 and (1 phases owing to the existence of different
types of DNA lesions, which facilitate the assembly of different DNA repair factors involved in the
process of repair and checkpoint activation.

Taken together, the DMNA damage esponse relies on protein kinase cascades which mediate
phosphory lation of IYNA repair factors and histones. Phosphory lated subsirates operate as binding
platforms for effector proteins and regulate the assembly of protein complexes at chromatin. Further,
phosphory lation of H2AX is linked to H2A-ubiquitylation and, hence, will likely have an impact on
the chromatin conformation. [t remains to be seen whether phosphorylation events also crosstalk to
other chromatin modifications during the DIDE.

4. Driving the DDR by Ubigquitylation

Ubiquitin is a small, conserved, regulatory protein that is expressed in almost all tissues of
eukaryotic organisms. Ubiquity lation, the attachment of ubiquitin molecules to a substrate protein,
can affect the fate and the function of the substrate in various ways. Ubiquitylation of a target protein
can trigger its proteasomal degradation; it may alter its cellular localization, affect the enzymatic
activity, and facilitate or prevent protein interactions [39-41]. An essential histone modification at DNA
darmnage loci is the ubiquitylation of histone H2A, the H24 histone variant H2AX and the linker histone
H1 [29,42,43] (Figure 1A). H2A ubiquitylation has been investigated intensively during D5B mepaic
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Ubiquitin-mediated signaling at 5Bs is initiated by M1 -dependent recruitment of the ubiquitin
E3 ligase RNF8, which, in concert with Ubel3, catalyzes K63-linked poly-ubiquitylation of histonse
H1 (Figum 14 ) [44]). Ubiquitylated histone H1 subsequently mediates mecruitment of the E3 ligase
ENF168 to the damage site which, together with ENFS, catalyzes both mono- and poly-ubiquitylation
of histones H2A4 and H2AX at lysine 13-15 [28,42,43,45]. Such ubiguitylated histones also play an
essential role in regulating the DSB repair pathway choice by provoking the recruitment of the effector
proteins BECA and 5381 to the damage site. BRCA1 promotes homologous recombination and is
recruited to damaged chromatin throngh its binding partner within the BRCA1-A complex RAPSD,
a UBI} containing protein, likely tethering to ubiquitylated histone H2A [46-48].

This essential function of BRCA1 in HR is considered one of the major mechanisms contributing
to its tumor suppression activity  In contrast, 533BP1 is an essential mediator of NHE] [49].
Recruitment of 5381 to D5Bs cocurs in a two-pronged fashion and depends on its Tudor domains
and on an ubiquitin binding motif [50). 53BP1 tethers to H4K20 dimethyl marks at damaged
chromatin [51,52] and specifically reads RNF168-catalysed H2A K15 ubiquitylation [50). In paralle] to
the ENF8-EMF168 pathway, the E3 ligase RINGIB catalyzes mono-ubiguitylation of histone H2A at
lysine 119 [43,53-55], which presumably heterochromatinizes regions surrounding the damage site [56].
Ubiquitylation processes are also a prominent feature of chromatin signalling in NER (Figure 18).
During GG-NER, different E3 ligases weme demonstrated to catalyze ubiquitylation of histone H2A.
Here, H2A-ubiquity lation is brought about by the E3 ligase RNF8, the UV-DDB-CUL4A/ B complexes
and the UV-RIMG1B complex [57-61] (Figure 1B). The UV-REING1B complex, which consists of the
subunits DDE], DDBZ, CUL4E, and the E3 ligase RINGI1B, operates early during DNA damage
recognition [61]. It specifically catalyzes the ubiquitylation of lysine 119 of histone H2A, which
provides a tethering platform for the H2A-ubiquitin binding protein ZRF1. ZRF1 removes the
CUL4AB-RBX1 subunits from the UN-RING1B complex and facilitates the incorporation of CUL4A-KBEX1,
thus mediating the generation of the UV-DDB CUL4A complex at the damage site [61]. The latter
catalyzes the poly-ubiquity lation of the I?NA damage recognition factor XPC, which stabilizes XPC
at chiromatin [62]. Hence, the ubiquitylation status of XPC probably acts like a timing device that
determines the ransition from damage recognition to damage verification [63]. Mono-ubiquitylation
at histone H2A is additionally catalyzed by the RING-containing E3 ligase KNFE, which likely does
not affect MER directly but rather links it with the DSB-repair pathway [59]. Ubiguitylation events
in TC-MER are less well understood and concern poly-ubiquitylation of IDXNA, repair factors rather
than ubiquitylation events at chromatin (Figume 1C). In TC-MNER, stalled ENA Pol I initiates lesion
recognition by recruiting CSB [64). Motably, CSB, together with DDB], either one of the scaffold
proteins CUL4A or CUL4B, and the E3 ubiguitin ligase KBX1, form another ubiquitin E3 ligase
complex. This complex fine-tunes the advance of TC-NER by ubiquitylation of C5B and subsequent
proteasomal degradation. CSB ubiquitin chains are cleared by the deubiguitinase USFP?, which is
recruited to the damage site via the UV-stimulated scaffold protein A (UVS54) [65-67]. UWV554A
and USP7 antagonize proteasomal degradation of C5B at the damage site (Figure 1C). In addition,
ubiguitylation and degradation of the Pol II subunit RBP is a complex two-step process that involves
the E3 ubiquitin ligase NEDIM and the Elongin A ubiquitin ligase [68,69] (Figure 1C). Taken together,
predominantly poly-ubiquity lation events participate in the regulation of TC-MER. It still needs to
be addressed whether ubiquitylation events at chromatin contribute to TC-NER and whether they
provide a binding platform facilitating the recruitment of effector proteins as in GG-NER
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Figure 1. Ubiquitin signaling in both sub-pathw ays of nucleotide excision repair (NER), global genomic
(GG-) and Transcription coupled NER (TC-NER), and double-strand break (DSE) repaic (A) Ubiquitin
signaling at DSB sites. DSBs are recognized by the MRN (MRE11-RAD50-NBS1) complex, which
recruits and activates the ATM kinase through association with its NBS1 subunit ATM phosphory lases
H2AX at 5139 (yH2AX), thereby generating a binding platform for MDC1 (mediator of DNA damage
checkpoint protein 1). The protein Casein kinase 2 (CK2) (not shown for clarity) constitutively
phosphorylates residues within MDCT's SDT domain. Phosphorylated MDC1 is recognized by NBS1,
a subunit of the aforementioned MRN complex. The MDC1-bound MRN subunit NSB1 attracts the
ATM kinase, thereby promoting the spreading of yH2AX along the DNA. Phosphorylased MDC1
subsequently meruits the ubiquitin E3 ligase RNF8, which promotes K63-linked poly-ubiquitylation
of histone H1 recognized by RNF168. RNF168, in concert with RNFS, ubiquitylates histones H2A
and H2A X at K13 and K15 generating mecruitment platforms for a range of ubiquitin-binding factors.
Additionally, RNF168 can also recognize ubiquitylased forms of H2A, further supporting the e fficient
spreading of the DNA damage signal along the chromatin. Furthermom, the BMIT-RNF2 (shown as
RNF2) module regulates the early initiation steps in the DNA damage response through association
with H2A X and stimulating H2AX mono-ubiquity lation which serves as binding platform for ATM;
(B) The UV-RINGIB complex causes mono-ubiquity lation of histone H2A at lysine residue 119 in
proximity to the DNA damage site (red star). ZRF1 is localized to the damage site both by interaction
with XPC and by binding to H2A-ubiquitin via its ubiquitin binding domain Furthermore, ZRF1
mediates remodeling of the UV RINGIB E3 ligase complex by facilitating the release of the
CUL4B-RING1B module and the incorporation of the CUL4A-RBX1 module. The newly-formed
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DDE-CULAA E3 ligase complex (green) cataly zes the poly-ubiquitylation of XPC, which is thereby
stabilized at the damage site; (C) Ubiquitin signaling events during transcription coupled-MER
(TC-NER) which either kead to the formation of a pre-incision TC-NER complex (upper part), or
mediate profeasomal degradation of ENA pol Il {lower part). Elongating ENA polymerase 11 is stalled
after encountering a DINA lesion (indicated as red starh. The stalled polymerase serves & a recruiting
sigmal for the Cockayne Syndeome B (C5B) protein. CSB further recruits Cockayne Syndrome WD nepeat
protein A (CEA) which is part of 8 mulbiprotein complex consisting of DNA damage binding probein 1
(DD, the scaffeld protein CULAA or CULAB, respectively, and the E3 ligase REX1. The removal
of (58 mitiated by s poly-ubiguitylation is counteracted by the action of the deubiquitinase USP7
which s recruited to stalled RNA pol 11 by UV-gtimulated scaffold protein A (UVSSA) and catabyzes
the degradation of the poly-ubigquitin chain on CSB. An alemative pathway initiakes subsequent
proteasomal degradation of ENA pol [T in case TC-NER tails to repair the DMNA kesion. The E3 ubigquitin
ligase NEDDY mediates KE3 lnked poly-ubiquitylation of the EMA pol 11 component, termad the ENA
pol Il subunit Bl (KPB1). Poly-ubiquity lated EFE] is further modified by deubiquitinasss and by the
elongin A (ELOAFELOB-ELOC-CULS-RING-box protein 2 (REXZ) E3 ligase complex (ot shown),
which trigger its extracton by the valosin-containing prosein (VCFP)/ p%7 ATFase complex followed by
proteasomal degradation.

5 Impact of Chromatin Remodeling and PARylation on DNA Repair

PA Rylation is catalyzed by poly (ADP-ribose) polymerases (PARFs) and constitutes probably one
of the earliest post-translational modifications at DMNA damage sites. The activity of PARP] is riggemned
by DA damage PARF generates ADP-ribose polymers by consuming NAD® to modify DNA e pair
tactors and other ancillary proeins involved in DNA epair events and recombination [70,71). PAEM
elicits the recruitment and regulation of many DMNA damage response proteins and has been linked to
chromatin remodeling. Remodelers seem to play an essential role during DMA repain, however, the
function of many remodelers still 'emains mysterious. The chromatin surrounding 5Bs is rapidly
and transiently FARylated (Figure 2) causing the recruitment of the NuRD complex [72,73], which
harbors both ATP-dependent chromatin remodeling and histone deacety lase activities. The NuRD
subunit CHIM was found to contain PAR-binding motifs in its amine-terminal region explaining
the aforementioned recruitment [F4]. At the damage site, MuRDD appears to be essential for the
localization of DMNA repair and checkpoint factors to the damage site and, moreover, it seems to promote
transeriptional silencing to support the repair process [75,76] (Figure ). Likewise, the remodeling
ATPase ALCI (amplified in liver cancer protein 1) that repositions nucleosomes on chromatin is
rapidly localized to D5Bs by direct interaction with PAR chains on chromatin [77,78]. Onlby after
these PA RPl-mediated PAEylation events and the following recruitment of the MEMN complec and
remodeling machineries in response to DSB signaling (Figure 2), ATM activation, and concomitant
vH2ZAX oceur Hence, PARylation at D5Bs is a critical event early in the DNA-damage response.
Femodeling complexes cause the opening of the condensed chromatin conformation, which allows for
the ordered mecruitmment of DMA repair factors. Chromatin is emporarily locked in a decondensed
state, which is also evidenced by the setting of acetylation marks at histones [79,80]. Acetylation,
like the spreading of yH2AX, propagates for hundreds of kilo-bases away from the DSB [75,81]. One
important acetyltransferase during DSB repair is TIP6D, which operates as a subunit of the human
MuA4 remodeling complex and catalyzes acetylation of histones H2A, H4, and other DNA repair
factors at D5Bs [62-84). NuA4 is mcruited to chromatin via binding to MIDXC1, hence, at a later time
point than the aforernentioned PARy lation-dependent remodeling enzymes NuRD and ALCL
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Figure 2. Chromatin re-organization processes mediated by PARylation. Amongst other stimuli,
poly (ADP-ribose) polymerases (PARPL) activity is triggered by directly binding to DNA single
and dowble strand breaks (indicated as med star), by post-translational modifications of PARP
(e.g. phosphorylation), or by attraction by other DNA damage recognition factors je.g., DDBEZL
PAEF]-mediated PA Ry lation results in a drastic chromatin se-strecturing and decompaction by:
(1) dissection of chromatin-associaked proteins; (2) stimulation of chromatin re-organization and
relaxation by the menitment of chromatin-modibying complexes; and (3) the recruitment and repair
of DNA mpair factors.  Amongst the proteins mecroited to the damage sie are the chromatin
remodelers amplified in liver cancer 1 (ALCT), SMARCAS, and the MuRD complex, as well as the
histome chaperones APLF and CHFE. Furthermone, the PAR-Ty dobyzing enenvyes poly (A DP-ribose )
ghrcobnydrolase (FARG) and terminal A DP-ribose ghycohydolase TARGI are also attracted to chromatin
by PAR chaima In addition, PARP1-mediated PARylation plays an important role for the dinect
recruitment of DINA repair proteins from a wide variety of DNA mepair or DDR signaling pathwanys,
such as p33, XROCL, XPA, and the MEN complex.

PARy lation-mediated chromatin eemodeling also plays an essential role within both NER
sub-pathways. In GG-NER, the damage recognition factors XPC and DIDB2 ame targeted by PARPL
PARP1 parylates X382 and this causes the recruitment of XPC, thereby promoting efficiency of the
MNER pathway [71]. PAEylation of DDB2 impedes its K48-linked poly-ubiquity lation and subsequent
proeasomal degradation and thereby stabilizes DIDBZ at the damage site. IXB2 associates with
PARP1 and promotes PARylation of chromatin which, in tum, leads to the recruitment of the SWI/SMF
chromatin remodeler ALCT and, hence, chromatin remode ling [85] (Figure Z). Further, both XPC
and RADZ3B am parylated by PARP] in response to UV irradiation [86]. XPA, a key factor involved
in damage werification within both sub-pathw ays of NER (Figure 2), shows a high affinity for PAR
chains [87], suggesting that PARylation might alse play a role at later stages of WER. This non-covalent
interaction with PAR chains lowers the DNA binding affinity of XPA. PARP also parylates Cockayne
syndrome protein CSB after oxidative DNA damage, which inhibits the ATP hydrolysis activity
of CSB [88]. (5B itself engages in chromatin emodeling. It emodels nucleosomes invitro in
conjunction with MAPIL] and MAF1L4 (histone chaperone nuclensome assembly protein 1-like
1/4). C5B also recruits the histome acetyltransferase p300 and the high mobility group nucle osome
binding domain-containing protein 1 (HMGN1), further linking lesion recognition in TC-WER
to chromatin remodeling [89]. Furthermorme, the histore chaperones FACT (facilitates chromatin
transcription) [90] and HIEA [13] facilitate transeription restart after lesion-induced transcriptional
arrest Chromatin remodelers from the SW1,/SNF tamily also operate during NER. In baker’s yeast,
Rad16 forms part of the NEF4 complex and its SW1/ SNF-melated ATPase activity is essential for efficent

Il



It [ Mal 5o Hn7, 18, 1718 Saf 15

NER [91]. Additionally, NEF4 mediates GonS-dependent histone H3 acety lation, which contributes to a
decondensed chromatin conformation during the repair proess [92]. Further, the damage mecognition
tactors Rad4 (XPC) and Rad23 (RAD2IB) associate with the SW1/ SNF chromatin remode ling complex
subunits Snff and Snf5 [93] and the INOSD ATFase or the [NOS0 complex, respectively, is important for
the repair of UV-damaged chromatin likely by enabling the recruitment of XPA and XPC to the damage
site [%4]. Taken together, chromatin remodeling is an essential feature of DMNA damage repair pathways
and the loading of nucleosome emodeling complexes on damaged chromatin may be regulated by
PARylation of chromatin or DNA repair factors,

6. Role of ncRNAs and DICER

Small ENAs have emerged as key players in various aspects of biology Eukaryotes have evolved
intricate mechanisms to repair DNA double-strand breaks (15Bs) through well-timed actions of
DMA repair factors irvolving the function of neBENAs (non-eoding BNAs). One factor that processes
ncEMAs to control gene expression and genome integrity is the endoribonuclease DICER. DICER
chops double-stranded ENA into short ENA fragments, miRNAs, which are crucial to degrade
mEMAS in the oytoplasm, and siRMAs, which contribute to the formation of heterochromatin to
induce gene silencing [95]. KMA transcribed from a genomic locus is shaped into dsENA by BDEP
(EMNA-dependent EMA polymerase) and the resulting dsEMA is concomitantly processed by DICER
sikMNAs generated by DICER am assembled into the RITS (ENA-induced transcriptional silencing)
complex, which is recruited by chromatin and causes the propagation of H3KS methylation, a histone
mark intimately linked with condensed chromatin states along the chromatin fiber [95]. DICER
also contributes to repair of D5Bs by generating small ncBRMNAs which comprise the sequence of the
damaged locus [96-99] (Figure 3A). At DSBs, DICER is of paramount importance for the activation of
the DMA damage response and DNA damage checkpoints [96]. Antisense transcripts at the DSB capse
the gereration of small dsFMAs, which am subsequently processed by the DEOSHA-DICER- AGO
complex. AGOHbound neRMNAs are lncalized to the DSB and cause the recruitment of MIDCT and
53BF1 [100). How ever, the molecular mechandsm of neBNAs at DSBs is still far from being understood.

o A

N B

Figure 3. DICER dependent fumctions in NER and DSB mepair.  (A) Double-stranded EMNAs
{dsEMA ) are generated from antisense transcripts at the DSE and ame subsequently processed by the
DROSHA-DICER-AGO complex. AGO-bound ncBMNAs localize at the DSB sibe (indicated as med star)
and cause the meruitment of effectors, like S3BP1 and MDD, by a yet-unknown mechanism; and (B}
during GG-MER, HZA -ubiquitin-bound ZRF] provides a binding platform for DICER. Multiprotein
complexes consisting of DICEE, ZRF1, PARP] and, potentially, proteins from the SW1/5NF family of
remisdeling chromatin complexes cawse a local decondensation of chromatin
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Very mecently, another role for DICER was identified that deviates from its comventional
RMA-dependent function in regulating chromatin conformation [101). Contrary to its function in
genetating heterochromatin, DICER also mediates the de-condensation of the chromatin conformation
at DNA damage sites during NER (Figure 3B). This unanticipated role for DICER is independent
of its ribonuclease activity DICER is localized to chromatin via the H2A-ubiguitin binding protein
ZFF1, which operates during damage lesion recognition in GG-MER. ZRF] associates to chromatin
by both binding to the epigenetic H2A-ubiquitin mark and by interacting with RNA through its
SANT domains [102). ZRF] and DNCER interact with PARP1 and SWI/SMF chromatin remode ling
complexes [101], which likely contribute to the decondensation of chromatin structures in GG-NER
Hence, DICER represents a versatile factor that alters the chromatin conformation. Employing its
catalytic activity, DICER is invohred in chromatin condensation supporting DSB repair in contrast
to its contribution to chromatin decondensation in the context of NER whene DICER associates with
chromatin remodeling factors

7. Concluding Remarks

Chromatin conformation regulates many essential processes, such as replication, transcription,
and DMA repaic Hence, components that affect the chromatin state, such as chromatin remode ling
complexes and specific chromatin marks, are at the heart of the DNA repair mechanisms. Chromatin
marks and modifications of chromatin-associated proteins either cause the recruitment of DMNA epair
tactors or regulate their activity. The interplay of these marks and remodeling activities form the basis
of a chromatin signaling network that we are just starting to understand. Future work certainly needs
to further address the intricacies and inkeractions within this chromatin network to better understand
how the chromatin environment regulates DMNA repair mechanisms.
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Faithful DNA repair is essential to maintain genome integrity. Ultraviolet (UV) irradiation
elicits both the recruitment of DNA repair factors and the deposition of histone marks such
as monoubiquitylation of histone H2A at lesion sites. Here, we report how a ubiquitin E3
ligase complex speci ¢ to DNA repair is remodeled at lesion sites in the global genome
nucleotide excision repair (GG-NER) pathway. Monoubiquitylation of histone H2A (H2A-
ubiquitin) is catalyzed pre- dominantly by a novel E3 ligase complex consisting of DDB2,
DDB1, CUL4B, and RING1B (UV-RING1B complex) that acts early during lesion
recognition. The H2A-ubiquitin binding protein ZRF1 mediates remodeling of this E3 ligase
complex directly at the DNA lesion site, causing the assembly of the UV-DDB-CUL4A E3
ligase complex (DDB1-DDB2—- CUL4A-RBX1). ZRF1 is an essential factor in GG-NER,
and its function at damaged chromatin sites is linked to damage recognition factor XPC.
Overall, the results shed light on the interplay between epigenetic and DNA repair
recognition factors at DNA lesion sites.

Introduction

Nucleotide excision repair (NER) constitutes one of the major DNA repair pathways. It
handles various helix-distorting DNA lesions such as 6—4 photoproducts and cyclobutane
pyrimidine dimers (CPDs), arising after exposure to UV light (de Laat et al., 1999).
Impaired NER activity is associated with several ge- netic disorders such as Xeroderma
pigmentosum, which is char- acterized by hypersensitivity to sunlight and a predisposition
for skin cancer (Friedberg, 2001). Mammalian NER comprises two pathways that differ in
the nature of recognizing DNA lesions. Transcription-coupled (TC) NER is con ned to
regions of ac- tive transcription, where stalled RNA polymerase Il triggers the DNA damage
response. In contrast, global genome (GG) NER represents the transcription- independent
recognition of lesions. The recognition step is followed by veri cation of the
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lesion by the repair factor XPA and by the formation of the preexcision complex involving
TFIIH and its helicase subunits XPB and XPD. Subsequently, the DNA lesion is excised
by the endo- nucleases XPF and XPG, and the gap is lled by DNA poly- merases. (Fousteri
and Mullenders, 2008; Marteijn et al., 2014).

In GG-NER DNA lesions are recognized by two well- described factors: XPC and DDB2.
XPC represents a struc- ture speci ¢ DNA binding factor, which speci cally binds helix-
distorting structures (Sugasawa et al., 1998; Riedl et al., 2003). XPC forms a stable complex
with the Rad23 homologs RAD23A or RAD23B, respectively, and centrin2 (Masutani et
al., 1994; Araki et al., 2001). This trimeric complex binds to a variety of lesions, triggers
NER activity, and rapidly dissoci- ates after binding damaged DNA (Sugasawa et al., 2001;
Hoog- straten et al., 2008; Bergink et al., 2012). Ef cient recognition of CPDs and 64
photoproducts also requires the presence of DDB2 (XPE; Tang et al., 2000; Fitch et al.,
2003; Moser et al., 2005; Luijsterburg et al., 2007; Nishi et al., 2009). Loss of func- tional
DDB2 causes defective repair of CPDs, reduced repair of 6-4 photoproducts, and

hypersensitivity to UV-induced skin cancer (Rapic¢-Otrin et al., 2003; Alekseev et al., 2005).
DDB2 along with DDB1, the RING-domain protein RBX1, and either of the scaffold
proteins CUL4A or CUL4B forms E3 ubiqui- tin ligase complexes (UV-DDB-CUL4A/B)
that catalyze the monoubiquitylation of histones H2A, H3, and H4 (Shiyanov et al., 1999;
Groisman et al., 2003; Angers et al., 2006; Wang et al., 2006; Guerrero-Santoro et al., 2008).
Importantly, the UV-DDB-CUL4A complex catalyzes the polyubiquitylation of XPC,
thereby increasing its af nity for DNA in vitro and contributing to recognition and stable
binding of photolesions (Sugasawa et al., 2005).

A prominent histone modi cation present at DNA damage sites is ubiquitylation of histones
H2A, H2AX, and H1 (Bergink et al., 2006; Mailand et al., 2007; Pan et al., 2011; Thorslund
etal., 2015). At double-strand breaks (DSBs), ubiquitylation histones is catalyzed by the E3
ligases RNF168, RNF8, and RING1B (Doil et al., 2009; Pan et al., 2011; Mattiroli et al.,
2012; Ui etal., 2015). During NER, H2A ubiquitylation is cat- alyzed by the E3 ligase RNF8
and the UV-DDB-CUL4A/B complexes (Bergink et al., 2006; Kapetanaki et al., 2006;
Guer- rero-Santoro et al., 2008; Marteijn et al., 2009).

Further, it was demonstrated that H2A ubiquitylation after UV irradiation de- pends on
RING1B (Bergink et al., 2006). RING1B constitutes a subunit of the Polycomb group
repressive complex 1 (PRC1), which catalyzes the monoubiquitylation of histone H2A at
lysine 119 to silence genes during pluripotency (Wang et al., 2004; Morey and Helin, 2010).
Interestingly, at DSBs, H2A ubiquitylation is dependent on the PRC1 subunits BMI-1 and
RING1B (Ismail et al., 2010; Chagraoui et al., 2011; Ginjala et al., 2011; Pan et al., 2011).
More recently, it was reported that PRC1 mediates DSB-induced gene silencing, linking
PRC1 strongly to DSB repair (Ui et al., 2015). Still, it remains unclear how the E3 ligases
cross talk and in which sequence they act during DNA repair.

We have previously shown that Zuotin-related factor 1 (ZRF1) binds monoubiquitylated
histone H2A via its ubiqui- tin-binding domain and removes PRC1 from chromatin during
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cellular differentiation (Richly et al., 2010). Given the signi - cance of H2A ubiquitylation
in DNA repair, we have set out to study the roles of RING1B and ZRF1 in NER. Our results
reveal that RING1B is the catalytic subunit of a novel DDB—cullin—E3 ligase complex,
which ubiquitylates histone H2A early during NER. Further, we discovered that ZRF1 is a
switch protein that remodels chromatin-bound E3 ligases during lesion recogni- tion. Hence,
our study sheds new light on the interplay of epi- genetic and DNA repair recognition factors
at DNA lesion sites.

Results

RING1B mediates ubiquitylation of histone H2A after UV irradiation To distinguish the functions
of E3 ligases functioning after UV irradiation, we performed knockdown of RING1B
(shRING1B), RNF168 (siRNF168), and the scaffold protein CUL4A (siCUL4A), which is
a component of the UV-DDB-CUL4A E3 complex, in HEK293T cells. To assess the
recruitment of the respective E3 ligases to chromatin, we cross-linked cells at the given time
points after UV irradiation and isolated the chromatin fraction. We measured the relative
intensities of H2A ubiquitin and H2A after probing Western blots with H2A antibodies. We
observed that the reduction of RING1B hampered the increase of H2A ubiquitylation,
whereas knockdown of the other E3 li- gases did not signi cantly alter H2A ubiquitin levels
(Fig. 1 A; representative Western blots of the analysis: Figs. 1 B and S1, A and B). We also
con rmed that RING1B speci cally catalyzes monoubiquitylation of lysine 119 at histone
H2A after UV ir- radiation (Figs. 1 B and S1 C). Additionally, we con rmed that knockdown
of CUL4A renders the UV-DDB-CUL4A E3 li- gase inactive (Fig. S1 A). To further assess
whether RING1B is recruited to DNA damage sites, we performed microirradiation
experiments with a 405-nm laser in cells expressing DDB2-GFP and RING1B-YFP fusion
proteins (Fig. S1, D—F). We observed that both DDB2 and RING1B show a relatively weak,
but sig- ni cant accumulation to sites of DNA damage, consistent with a previous observation
demonstrating RING1B- mediated accu- mulation of H2A-ubiquitylation at DNA damage
sites (Bergink

et al., 2006). Further, we did not observe any major difference in cellular ubiquitylation
levels upon depletion of RING1B (Fig. S1, G and H) as suggested previously (Bergink et
al., 2006). To link RING1B to the NER pathway, we investigated its func- tion performing
UV irradiation experiments with the nematode Caenorhabditis elegans (Lans and
Vermeulen, 2011; Craig et al., 2012). Compared with wild-type animals treated with a con-
trol RNAI (N2/control), we observed a reduction of viability after UV irradiation of the
RING1B mutant treated with control RNAI (VC31/control) and upon RNAI- mediated
depletion of the NER factor XPC in wild-type worms (N2/xpc-1; Fig. 1 C).

Knockdown of XPC in RING1B mutant strains (VC31/xpc-1) did not exhibit further
reduction of viability, suggesting that RING1B is epistatic to XPC.

Given the function of PRC1 at DSBs, we next determined whether PRC1 plays a role in H2A
ubiquitylation after UV irradiation. Knockdown of BMI-1 displayed only a slight ef- fect on
the recruitment of RING1B and the deposition of H2A ubiquitin (Fig. 1 D), which is likely
a consequence of reduced RING1B and H2A-ubiquitin basal levels. A colony
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formation assay showed that knockdown of either RING1B or BMI-1 ex- hibits a mild
reduction of the colony formation potential. In- terestingly, simultaneous knockdown of both
proteins showed additive reduction of the colony formation potential, suggesting that BMI-
1 and RING1B likely exert different functions in the repair of UV-mediated DNA lesions
(Fig. 1 E). Notably, we ob- served a similar relationship performing an epistasis analysis
with the C. elegans orthologs of BMI-1 (mig-32) and RING1B (spat-3; Karakuzu et al.,
2009; Fig. S11).

Collectively, these data suggest a critical role for RING1B in H2A-ubiquitylation in the
NER pathway. Opposed to its function at DSBs, RING1B seems to catalyze the
ubiquitylation reaction without its PRC1 binding partner BMI-1.

RING1B and DDB2 cooperate in the ubiquitylation of histone H2A Intrigued by the epistatic
relationship of XPC and RING1B, we sought to nd out whether RING1B is linked to the
NER machinery. We expressed F*ASRING1B in HEK293T cells and performed af nity puri
cations. As expected, RING1B binds the PRC1 subunit BMI-1 (Wang et al., 2004, Fig. 2
A). Inter- estingly, RING1B interacts robustly with DDB2, but not with other selected
factors of the NER pathway (Figs. 2 A and S2 A). Immunoprecipitation of endogenous
RING1B further veri ed the interaction of DDB2 with RING1B (Fig. 2 B). Likewise, pu- ri
cations performed with F-ASDDB2 displayed strong binding of RING1B and interaction with
its well-characterized binding partners DDB1 and CUL4A (Shiyanov et al., 1999; Fig. 2 C).

Next, we examined whether DDB2 and BMI-1 interact with RING1B in a mutually
exclusive manner. Immunoprecip- itating BMI-1 we observed binding of RING1B, but not
DDB2 (Fig. S2 B). Overexpression of BMI-1 caused a slight increase in the BMI-1—
RING1B interaction but a complete loss of DDB2-RING1B binding (Fig. S2 C).
Depletion of BMI-1 had only a slight effect on the DDB2-RING1B interaction (Fig. S2
D). These data suggest that the majority of RING1B is associ- ated with BMI-1 rather than
DDB2, which is in agreement with the general function of PRC1 in gene silencing.

To investigate a joint function of DDB2 and RING1B in DNA repair, we performed colony
formation assays (Fig. 2 D). After depletion of DDB2 we observed reduced colony forma-
tion potential, which is in agreement with a previous study
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showing impaired survival of XPE patient fibroblasts after UV irradiation (Rapi¢-Otrin et
al., 2003). Similarly, deple- tion of RING1B exhibited reduced colony formation po- tential.
Simultaneous depletion of both proteins showed no further reduction of colony formation
potential, suggesting that RING1B and DDB2 likely act in a common DNA re- pair pathway.
To further support this finding, we analyzed skin biopsy specimens after staining with DDB2
and H2A ubiquitin or RING1B antibodies, respectively (Fig. S2, E, G, and ). We observed
a clear correlation of DDB2 with both RING1B and H2A-
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ubiquitin only in UV exposed skin sections as judged by single cell quantification of staining
intensities (Fig. S2, F and H). Depletion of RING1B did not hamper the recruitment of
DDB2 or BMI-1 to chroma- tin after UV irradiation (Fig. 2 E), implying divergent roles for
RING1B and BMI-1 in UV-triggered DNA repair. Cells depleted of DDB2 as well as XPE
patient fibroblasts exhib- ited reduced H2A ubiquitylation consistent with a previous study
(Kapetanaki et al., 2006) and diminished recruitment of RING1B to chromatin (Figs. 2 F, 4
G, and S2 K). Nota- bly, knockdown of DDB2 did not impair BMI-1 recruitment to
chromatin, further uncoupling BMI-1 from H2A ubiqui- tylation in NER (Figs. 2 F and S2

J).

In sum, these data suggest a functional interplay of DDB2 and RING1B in H2A
ubiquitylation during NER.
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Figure 1. Dissection of E3 ligase functions in UV-medi- ated DNA damage repair. (A) Quantitative
analysis of H2A-ubiquitylation levels. Immunoblots (as in B and Fig. S1, A and B) were probed with histone
H2A antibody. The intensities of H2A and H2A-ubiquitin bands were quanti- ed by the ImageJ software. The
graphs illustrate the relative H2A ubiquitylation calculated as (H2A ubiquitin)/ (H2A +
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H2A ubiquitin), normalized to Ponceau staining intensity after knockdown of the respective proteins (H2A

ubiquitin/H2A). Values are normalized to the value from nonirradiated cells and are given as mean

+ SEM (n = 4). (B) Monoubiquitylation of histone H2A at lysine 119 after UV irradiation is mainly catalyzed
by RING1B. Chroma- tin association assays of control and RING1B knockdown HEK293T cells after UV
irradiation. De—cross-linked mate- rial of the respective time points was subjected to Western blotting and
probed with the indicated antibodies. The speci city of the H2A-ubiquitin antibody was veri ed (Fig. S1 C).
(C) Epistatic relationship of xpc-1 and spat- 3. Wild-type nematodes (N2) or spat- 3 mutants (VC31) were
fed with either control or xpc-1 RNAi—producing bacteria. The relative viability was analyzed after UV ir-
radiation (200 J/m2). Values are given as mean + SEM (n = 3). (D) Impact of BMI-1 on RING1B-mediated
H2A ubiquitylation after UV irradiation. Chromatin association assays of UV-irradiated HEK293T cells
treated with siRNAs (control, BMI-1). De—cross-linked material of the respective time points was subjected
to Western blotting and probed with the indicated antibodies.

Relative intensities of H2A ubiquitin/H2A and RING1B abundance after BMI-1 de- pletion were measured.
Values are given as mean + SEM (n = 4). (E) Epistatic relationship of RING1B and BMI-1 in response to
UV irradiation. Relative colony formation po- tential of control or RING1B knockdown cell lines treated
with siRNA was analyzed at different UV doses. Control cells were transfected with either control siRNA
(control) or BMI-1 siRNA (BMI-1). RING1B knockdown cell lines were transfected with either control
SiRNA (RING1B) or BMI-1 siRNA (RING1B + BMI-1). Gene knockdown was con rmed by Western blots
(not depicted). Values are given as mean £ SEM (n = 9).

RING1B forms a stable protein complex with CUL4B, DDB1, and DDB2. T0 reveal the composition
of the putative RING1B-DDB2 E3 ligase complex, we expressed F-ASDDB2 in HEK293T
cells and performed puri cations in UV-irradiated and untreated cells (Fig. 3 A and Table
S5). After elution of F-ASDDB2 containing protein complexes with FLAG peptide, we
subsequently used the eluate in immunoprecipitations with RING1B antibodies to speci
cally purify RING1B-DDB2 containing protein com- plexes. The puri ed material was
subjected to mass spectrom- etry, identifying DDB1 and CUL4B as the main interactors of
RING1B and DDB2 (UV-RING1B complex in Fig. 3 A and Table S5). Furthermore,
immunoprecipitations of endogenous DDB1 or RING1B as well as pull-downs with
recombinant GST-RING1B and puri ed DDB1-DDB2 complexes con- rmed our ndings
(Fig. S3, A-D). To verify the assembly of the UV-RING1B E3 ligase

complex, we overexpressed "-ASDDB1, F-ASDDB2, and F“ASRING1B with or without F-AG-
STREPCUL4B in HEK293T cells (Fig. 3 B). Af nity puri cations of CUL4B revealed speci ¢
binding of DDB1, DDB2, and RING1B. We further analyzed the interactions of the subunits
of the UV— RING1B complex in vitro by pull-down experiments with puri ed proteins (Fig.
S3 E). Collectively, these experiments revealed that RING1B speci cally binds to CUL4B
and DDB2 but shows no direct interaction with either CUL4A or DDB1

e3 ligase complex remodeling at DNA damage sites « Gracheva et al. 187
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Figure 2. RING1B and DDB2 cooperate in H2A ubiquitylation. (A) RING1B interacts with DDB2.
Control cells and cells expressing FLAGRING1B were irra- diated with UV light. After immunoprecipitation
with FLAG-M2-Agarose the puri ed material was subjected to Western blotting and blots were incubated
with the indicated antibodies. Inputs correspond to 3%. (B) Endogenous immunoprecipitations with RING1B
antibodies after UV irradiation. Western blots of the precipitated material were incubated with the indicated
antibodies. 1gG lanes show unspeci ¢ staining of the IgG heavy chains. (C) DDB2 associates with RING1B.
Control cells and cells expressing FLAGDDB2 were irradiated with UV light. After immunoprecipitation with
FLAG-M2-agarose, the puri ed material was subjected to Western blotting and blots were incubated with the
indicated antibodies. Inputs correspond to 3%. (D) Epistatic relationship of RING1B and DDB?2 in response
to UV irradiation. Relative colony formation potential of control or RING1B knockdown cell lines treated
with siRNA was analyzed at different UV dosages. Control cells were transfected with either control siRNA
(control) or DDB2 siRNA (DDB2).

RING1B knockdown cell lines were transfected with either control siRNA (RING1B) or DDB2 siRNA
(RING1B + DDB2). Gene knockdown was con rmed by Western blots (not depicted). Values are given as
mean + SEM (n = 6). (E) Knockdown of RING1B does not impair DDB2 recruitment. Chromatin association
assays of control and RING1B knockdown HEK293T cells after UV irradiation. De—cross- linked material
of the respective time points was subjected to Western blotting and probed with the indicated antibodies. The
relative DDB2 and BMI-1 abundance was calculated. VValues are given as mean

+ SEM (n = 3). (F) Knockdown of DDB2 shows reduced H2A-ubiquitylation but unaltered BMI-1
recruitment. Chromatin association assays of UV-irradiated HEK293T cells treated with siRNAs (control,
DDB?2). De—cross-linked material of the respective time points was subjected to Western blotting and probed
with the indicated antibodies. The relative H2A-ubiquitylation and RING1B abundance was calculated.
Values are given as mean + SEM (n = 4).
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(Fig. S3, F-I). Additionally, to distinguish the UV-RING1B complex from the UV— DDB-
CUL4B complex, we performed competition experiments. The E3 ligases RING1B and
RBX1 compete for binding to CUL4B as judged by in vitro pull-down experiments with
CULA4B (Fig. S3 J). Similarly, in pull-downs with recombinant RBX1 (Fig. S3, K and L)
and in immunoprecipitations of endogenous RBX1 after RING1B overexpression (Fig. S3
M), excess RING1B disrupted CUL4B-RBX1 binding.

Next, we set out to purify the UV-RING1B complex to test its ubiquitylation capacity in
vitro. To this end, we over- expressed "“A°DDB1, F“A6DDB2, FLASRING1B, and FLAGSTR
EPCULA4B in HEK293T cells (Fig. S3 N). After enriching for the FLAG-tagged proteins, we
selectively puri ed the UV— RING1B complex. We subjected the puri ed material to col-
loidal Coomassie staining (Fig. 3 C) and mass spectrometry (Table S4), which con rmed the
speci ¢ assembly of the UV— RING1B complex. Importantly, no contamination with
chroma- tin components was found in the puri cation, ruling out that the assembly of the
UV-RING1B complex was generated indirectly through association with chromatin (Tables
S5and S6). Likewise, no other E3 ligases were identi ed in the af nity pu- ri cation, excluding
unspeci ¢ ubiquitylation events when test- ing the UV-RING1B complex in vitro. To
explore whether the puri ed UV-RING1B complex catalyzes H2A ubiquitylation, we
performed in vitro ubiquitylation assays with histone H2A (Fig. 3 D). Compared with
control reactions, the UV-RING1B complex strongly increased the speci c
monoubiquitylation of histone H2A over time. Similarly, the UV-RING1B complex caused
monoubiquitylation of nucleosomes at histone H2A in ubiquitylation assays (Fig. 3 E).

In conclusion, we have identified a novel RING1B-contain- ing complex that catalyzes
monoubiquitylation of histone H2A.

ZRF1 tethers to the H2A-ubiquitin mark during UV-triggered DNA repair

Monoubiquitylated H2A is bound by ZRF1 during cellular dif- ferentiation (Richly et al.,
2010). Interestingly, we observed that ZRF1 is recruited to chromatin after UV irradiation
and its recruitment is dependent on RING1B (Fig. 4 A). Furthermore, the ubiquitin- binding
domain of ZRF1 is required for its asso- ciation with chromatin after UV irradiation (Fig. 4
B). When inducing local UV damage by irradiation through a microp- ore membrane, we
observed ZRF1 localizing to DNA lesions, which are marked by XPC and XPA (Fig. 4, C
and D; and Fig. S4 A), further supporting a role for ZRF1 in UV- mediated DNA repair. We
next addressed the association of ZRF1 with DNA lesions in the presence of the RING1B
inhibitor PRT4165 (Is- mail et al., 2013). Under control conditions, we observed ZRF1 at
DNA lesions (Fig. 4 E), whereas administration of the drug abolished H2A ubiquitylation
(Fig. S4 B), unscheduled DNA synthesis (UDS) after UV irradiation (Fig. S4 C), and, most
importantly, the presence of ZRF1 at the damage site (Figs. 4 E and S4 D). Similarly, ZRF1
recruitment to chromatin was hampered after depletion of the UV-RING1B complex sub-
unit CUL4B or in XPE patient broblasts (Fig. 4, F and G). To investigate ZRF1 function in
vivo, we analyzed human skin biopsy
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specimens. ZRF1 and CPD antibody staining signals colocalized only when the skin was
exposed to UV light (Fig. S4 E). In addition, single-cell analysis revealed that the relative
ZRF1 intensities correlate with the relative intensities of CPDs upon irradiation (Fig. S4, E
and F).

Collectively, these data suggest that ZRF1 plays a role in UV-triggered DNA repair and
that it localizes to the damage site via binding of H2A-ubiquitin.

ZRF71’s function in NER is dependent on XPC
To explore whether ZRF1 interacts with NER factors, we performed affinity purifications

after expressing FA6ZRF1 in
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Figure 3. H2A ubiquitylation after UV irradiation is performed by the UV-RING1B complex. (A)
Protein interaction partners of RING1B and DDB2. Mass spectrometry analysis after sequen- tial
immunoprecipitations with FLAG and RING1B antibodies revealed DDB1 and CUL4B as main interaction
partners of DDB2 and RING1B. A comprehensive list of the identi ed unique peptides after RING1B and
control immunoprecipitations (with or without UV irradiation) is provided in Table S5. (B) Assem- bly of
the UV-RING1B complex. Plasmids expressing FLAGDDB1, FLAGDDB2, and FLAGRING1B were
cotransfected in combination with either control plasmid or a plasmid encoding FLAG-STREPCUL4B. After
immunoprecipitation with STREP-Tactin beads, the puri ed material was subjected to Western
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blotting and blots were incu- bated with the indicated antibodies. Inputs correspond to 5%. (C) Visualization
of the UV-RING1B complex. Puri ed UV—- RING1B complex was subjected to SDS gel electrophoresis and
colloidal Coomassie staining. Mass spectrometry analysis revealed the presence of all four subunits (bold).
A compre- hensive list of unique peptides is provided in Table S6. (D) The UV— RING1B complex catalyzes
ubiquitylation of H2A in vitro. Ubiquitylation assays were performed with recombinant H2A, E1 (UBAL),
E2 (UBCHD5), and either GST (control) or the UV-RING1B complex.

Reactions were performed at 37°C, and samples were taken at the indicated time points. Material of the
respective time points was subjected to Western blotting and probed with the indicated antibodies. (E) The
UV-RING1B complex catalyzes monoubiquitylation of nucleosomal H2A. Ubiquitylation assays were
performed with recombinant nucleosomes, E1 (UBA1), E2 (UBCH5), and either GST (control) or UV-

RING1B complex. Re- actions lacking E1 (—E1) were performed as additional controls. The ubiquitylation
assays were performed at 37°C for 5 h, and samples or pure substrate (Substrate) were subjected to Western
blotting and probed with H2A antibodies.

HEK?293T cells (Fig. 5 A). We found the DNA lesion recogni- tion factor XPC interacting
with ZRF1, but we did not observe binding of other selected NER factors. Likewise, we
found XPC associated with ZRF1 in endogenous immunoprecipita- tions, con rming the
interaction of both proteins (Fig. 5 B). To investigate the interplay between XPC and ZRF1,
we analyzed the localization of ZRF1 to lesions sites using DDB2 as a dam- age marker.
Interestingly, we observed reduced colocalization of ZRF1 and DDB2 in XPC patient
broblasts (Figs. 5 C and S5 A). Next, we analyzed chromatin from XPC patient bro- blasts
and control broblasts after UV irradiation (Fig. 5 D). We observed reduced levels of ZRF1
despite enhanced RING1B and H2A-ubiquitin levels. Accordingly, siRNA-mediated
knockdown of XPC caused a drastic reduction of ZRF1 lev- els at chromatin after UV
irradiation (Fig. S5 B). In contrast, chromatin isolated from XPA patient broblasts exhibited
no reduction in H2A ubiquitylation, RING1B, and ZRF1 levels as compared with control
broblasts (Fig. 5 E). These data sug- gest that H2A ubiquitylation via the UV-RING1B
complex and subsequent ZRF1 recruitment predominantly occurs early during DDB2-
mediated lesion recognition and likely before the assembly of the DNA incision complex
(de Laat et al., 1999; Wakasugi and Sancar, 1999).

Next, we performed an epistasis analysis addressing the common functions of ZRF1 and
XPC in NER. We observed a strong reduction in the colony formation potential after
irradiat- ing ZRF1 knockdown cells or cells treated with SiRNA directed against XPC,
respectively (Fig. 5 F), consistent with previous observations in XPC patient broblasts
(Bohr et al., 1986). Simultaneous knockdown of both factors did not signi cantly alter the
colony formation potential compared with a single
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Figure 4. Function of ZRF1 in UV-mediated DNA repair. (A) ZRF1 is tethered to chromatin in a RING1B-
dependent manner. Chromatin association assays of control and RING1B knockdown HEK293T cell lines
after UV irradiation. De—cross-linked material of the respective time points was subjected to West- ern
blotting and probed with the indicated antibodies. The relative ZRF1 abundance was calculated. Values are
given as mean = SEM (n = 3). (B) The ubiquitin-binding domain (UBD) is important for tethering ZRF1 to
chromatin after UV irradiation. HEK293T cells expressing FLAGZRF1 and FLAGZRF1-
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AUBD were irradiated with UV light, and chromatin was isolated at the indicated time points. De-cross- linked
material was subjected to Western blotting and blots were incubated with FLAG-antibody. The relative
FLAGZRF1 abundance was calculated. Values are given as mean £ SEM (n = 4). (C and D) ZRF1 localizes to
DNA damage sites after UV irradiation. MRCS5 broblasts expressing mCherry-ZRF1 were UV irradiated (100
J/m2) through a micropore membrane (+ UV) 24 h after transfection. 30 min after irradiation, cells were
preextracted and xed. DNA damage sites were visualized by staining with XPC (C) or XPA (D) antibody. The
colocalization of ZRF1 with XPC amounts to 88% + 1%. The colocalization of ZRF1 with XPA amounts to

73% + —3%. Nonirradiated control and quanti cation of the ZRF1 localization at the damage sites are
represented in Fig. S4 A. Bar, 10 um. (E) Inhibition of RING1B affects

recruitment of ZRF1 to DNA damage sites. MRC5 broblasts expressing mCherry-ZRF1 were treated with
PRT4165 or DMSO. Cells were UV-irradiated (100 J/m2) through a micropore membrane. 30 min after
irradiation cells were preextracted and xed. DNA damage sites were visualized by XPC antibody staining.
ZRF1 localization to DNA lesions after treatment with DMSO or PRT4165 was quanti ed (Fig. S4 B).

Bar, 10 um. (F) Depletion of CUL4B impacts H2A knockdown, suggesting that ZRF1 and XPC

are likely epistatic in human cells. Additionally, we made similar observations in epistasis
experiments using C. elegans (Fig. S5 C). To estimate the contribution of RING1B and
ZRF1 in repairing UV-mediated DNA damage, we measured unscheduled DNA synthesis
after UV irradiation and removal of CPDs in control broblasts, knockdown broblasts, and
XPA broblasts (Fig. 6, A-C). In ZRF1 and RING1B knockdown cells, EdU incorporation

was reduced to ~40% when compared with control cells (Fig. 6 A). Similarly, the removal
of CPDs was compromised in ZRF1 and RING1B knockdown broblasts (Fig. 6 B).

Further analysis of the DNA damage response in the C. el- egans germline, which is
regarded a measure for GG-NER (Lans and Vermeulen, 2011; Craig et al., 2012), showed
that RING1B (spat-3) and XPC (xpc-1) mutants were affected by UV irra- diation to a
similar extent (Fig. 6 D). ZRF1 mutants (dnj-11) showed a stronger phenotype than XPC
mutants (xpc-1), which is only surpassed by XPA mutants (xpa-1). We used a CSB mu- tant
(csb-1) as a control strain, which is defective in TC-NER, but not in GG-NER. This mutant
showed UV sensitivity com- parable to wild-type animals. We made similar ndings using
RNAIi-mediated knockdown of NER factors RING1B (spat-3) and ZRF1 (dnaj-11; Fig. S5
D). To analyze a potential function of RING1B and ZRF1 in TC-NER, we analyzed the
relative lar- val stage stalling (L1 arrest; Lans and Vermeulen, 2011; Craig et al., 2012).
After irradiation with increasing doses of UV light, worms were analyzed microscopically
and by sorting on a large-particle sorter (Fig. 6 E; Fig. S5, E and F; and Table S1). Wild-
type worms and XPC (xpc-1) and ZRF1 (dnj-11) mutants show larval arrest only at high
doses of UV light, whereas CSB (csb-1) and XPA (xpa-1) mutants exhibit very strong
pheno- types already at a low UV doses, in line with their defects in the TC-NER pathway
(Fig. 6 E).

Collectively, we have identifed ZRF1 and RING1B as potential players of GG-NER. ZRF1
recruitment to damaged chromatin is regulated by both its binding partner XPC and H2A
ubiquitylation via the UV-RING1B complex.

ZRF1 remodels E3 ligase complexes at the lesion site
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To explore the function of ZRF1 at damaged chromatin, we analyzed chromatin from ZRF1
knockdown cells after UV irradiation (Fig. 7 A). Upon depletion of ZRF1, we found en-
hanced RING1B and H2A-ubiquitylation levels at chromatin consistent with a function of
ZRF1 in dislocating RING1B from chromatin (Richly et al., 2010). We next addressed its
potential role in dislodging other subunits of the UV-RING1B complex from chromatin.
We noticed that depletion of ZRF1 did not alter the recruitment of DDB2 to chromatin (Fig.
7 B). Impor- tantly, however, we observed retention of CUL4B at chromatin, whereas
recruitment of CUL4A was impaired. To determine the CUL4A levels at chromatin in
control and ZRF1 knockdown cells, we expressed F“A6H2AX and performed af nity puri -
cations (Fig. 7 C). We observed constant levels of DDB2 but reduced levels of CUL4A in
the coprecipitate puri ed from ZRF1 knockdown cells.

Similarly, "-A°DDB2 showed dimin- ished association with CUL4A when puri ed from
ZRF1 knockdown cells (Fig. 7 D). These data suggest a potential function for ZRF1 in
remodeling the UV-RING1B complex at the DNA damage sites. To follow up on this idea,
we ana- lyzed whether the assembly of the UV-DDB-CUL4A com- plex was compromised
in ZRF1 knockdown cells. To that end, we immunoprecipitated "ARBX1 in control and
ZRF1 knockdown cells (Fig. 7 E). In the coprecipitate, we noticed diminished levels of
DDB2 and DDB1 but unaltered CUL4A binding upon ZRF1 knockdown, suggesting that
ZRF1 me- diates the association of CUL4A-RBX1 with DDB1-DDB?2.

Next, we tested a function for ZRF1 in remodeling the UV— RING1B complex in vitro. In
pull-down experiments with puri ed proteins, we had noticed that ZRF1, like CUL4B and
RING1B, speci cally binds DDB2 (Fig. S3, F and G). Hence, we addressed whether ZRF1
competed with CUL4B, DDB1, and RING1B for binding to DDB2 (Fig. 7 F). In pull- downs
with GFP-DDB2, we observed that increasing amounts of ZRF1 competes with CUL4B and
RING1B bind- ing, whereas the DDB1-DDB2 interaction was unaltered.

Experiments using similar amounts of CUL4A, RBX1, and DDB1 showed that ZRF1 did
not hamper the interaction of CUL4A and RBX1 with DDB2 (Fig. 7 G).

Finally, to study ZRF1-mediated remodeling in vitro, we assembled the UV-RING1B
complex and analyzed the replace- ment of CUL4AB-RING1B with CUL4A-RBX1 (Fig. 7
H). The addition of puri ed CUL4A-RBX1 to immobilized UV- RING1B complexes (Fig.
7 H, lane 2) or GFP-loaded beads (lane 1) showed only minimal or no incorporation of
CUL4A and RBX1 into the E3 ligase complex. In contrast, in the pres- ence of ZRF1, we
noticed a signi cant replacement of CUL4B— RING1B by CUL4A-RBX1 (lane 3).

In sum, our data suggest that ZRF1 remodels E3 ligase complexes at the lesion site and
that it mediates the assembly of the UV-DDB-CULA4A E3 ligase complex.

ZRF1 regulates ubiquitylation of XPC

To confirm that ZRF1 mediates the assembly of the UV— DDB-CUL4A E3 ligase
complex, we analyzed the poly- ubiquitylation of its substrate, XPC (Sugasawa et al.,
2005). After UV irradiation of ZRF1 knockdown cells, we observed diminished
polyubiquitylation of XPC when compared with control cells (Fig. 8 A). Similarly,
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immunoprecipitations of ubiquitylated proteins after expressing HAUbiquitin in control,
RING1B, and ZRF1 knockdown cells showed a signi cant re- duction of ubiquitylated XPC
in knockdowns compared with control (Fig. 8 B). After expression of HAXPC and "'SUbig-
uitin, we immunoprecipitated HAXPC and analyzed its ubig- uitylation status (Fig. 8 C). In
agreement with our previous data, we observed a signi cant reduction of XPC ubiquityl-
ation in both knockdown cell lines. Moreover, we expressed H'SUbiquitin in control,
RING1B, and ZRF1 knockdown cell
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Figure 5. ZRF1 interacts with XPC during UV-mediated DNA repair. (A) ZRF1 speci cally binds to XPC.
Control and FLAGZRF1-expressing cells were irra- diated with UV light. After immunoprecipitation with
FLAG-M2-agarose, the puri ed material was subjected to Western blotting and blots were incubated
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with the indicated antibodies. Inputs correspond to 4%. (B) Endogenous immunopreciptiations with ZRF1
antibodies. Precipitates were subjected to Western blotting, and blots were incubated with the indicated
antibodies. Inputs correspond to 3%. (C) ZRF1 localization to DNA damage sites is dependent on XPC.
Control broblasts and XPC patient broblasts expressing both mCherry-ZRF1 and DDB2-GFP were UV
irradiated (100 J/m2) through a micropore membrane. Thirty minutes after irradiation, cells were preextracted
and xed. DNA damage sites were visualized by DDB2-GFP. (D) ZRF1 enriches at chromatin after UV
irradiation in a XPC-dependent manner. Chromatin association assays with control broblasts (GM16248)
and XPC patient broblasts (GM15983) after UV irradiation. De—cross-linked material of the respective time
points was subjected to Western blotting and probed with the indicated antibodies. The relative H2A-
ubiquitin and ZRF1 abundance was calculated. Values are given as mean £ SEM (n = 3). (E) H2A
ubiquitylation is not al- tered in XPA patient broblasts. Chromatin association assays with control broblasts
(GM15876) and XPA broblasts (GM04312) after UV irradiation. De—cross-linked material of the respective
time points was subjected to Western blotting and probed with the indicated antibodies.

Relative intensities of H2A-ubiquitin/H2A, ZRF1 and RING1B abundance were measured. VValues are given
as mean + SEM (n = 3). (F) Epistasis analysis of ZRF1 and XPC. The relative colony formation potential of
control or ZRF1 knockdown cell lines treated with control (Control; ZRF1) or XPC siRNA (XPC;
ZRF1+XPC) was analyzed at different UV doses. Gene knockdown was con rmed by Western blots (not
depicted). Values are given as mean £ SEM (n = 3). ubiquitylation and ZRF1 recruitment. Chromatin
association assays of UV irradiated HEK293T cells treated with siRNAs (control, CUL4B). De—cross- linked
material of the respective time points was subjected to Western blotting and probed with the indicated
antibodies. The relative H2A-ubiquitin and ZRF1 abundance was calculated. Values are given as mean +
SEM (n = 3). (G) Tethering of ZRF1 to chromatin depends on DDB2 during NER. Chromatin asso- ciation
assays in control broblasts (GM15876) and XPE (DDB2) broblasts (GM01389) after UV irradiation. De—
cross-linked material of the respective time points was subjected to Western blotting and probed with the
indicated antibodies. The relative RING1B and ZRF1 abundance was calculated. VValues are given as mean +
SEM (n = 3).

lines (Fig. 8 D). After UV irradiation of cells, we performed NiNTA pull-down experiments
under denaturing conditions to enrich for ubiquitylated proteins. We observed strong ubiqui-
tylation of XPC only in control cells, whereas XPC ubiqui- tylation levels in ZRF1 and
RING1B knockdown cells were reduced. Collectively these experiments suggest that ZRF1
likely regulates XPC ubiquitylation by facilitating the as- sembly of the UV-DDB-CUL4A
complex. RING1B in turn provides a tethering platform for ZRF1, thereby indirectly af-
fecting the remodeling process.

Based on our results, we propose that H2A ubiquitylation by the UV-RING1B complex is
catalyzed early during damage recognition (Fig. 8 E). Our data illustrate for the rst time how
E3 ligase complexes are remodeled at the DNA lesion site. The pre- sented results suggest
that ZRF1 acts as a switch protein that re- models E3 ligases at or close to the DNA damage
site (Fig. 8 E).
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Figure 6. ZRF1 and RING1B contribute to GG-NER. (A) RING1B and ZRF1 knockdown broblasts are
defective in UDS after UV irradiation. UDS was measured by EdU incorporation after UV treatment in MRC5
broblasts with shRNA-mediated knockdown of the indicated proteins. XPA broblasts were used as a positive
control. Values are given as mean + SEM. Data were acquired from three independent experiments (150—-300
nuclei per sample). (B) RING1B and ZRF1 knockdown broblasts are defective in the removal of CPDs. The
CPD removal was analyzed in MRC5 broblasts after knockdown of the indicated proteins in MRC5 broblasts
and in XPA broblasts. Cells were irradiated with 10 JJm2and xed immediately or 24 or 48 h after irradiation
and stained with CPD antibodies. The relative uorescence intensity was determined. Values are given as mean
+ SEM. Data were acquired from three independent experiments (100-200 nuclei per sample). (C) MRC5
broblasts were treated with lentiviral particles containing the respective sShRNA. Knock- down of the proteins
levels was analyzed 48h after infection by Western blotting and incubation with the indicated antibodies. (D)
C. elegans knockout mutants for ZRF1 (dnj-11) and RING1B (spat-3) show increased sensitivity toward UV
irradiation. Late-L4 larval wild-type worms and the indicated mutants were irradiated with UV light at
different doses, and the relative viability was determined by comparing hatched versus dead embryos
(unhatched eggs). Values are given as mean = SEM (n = 3). (E) C. elegans knockout mutants for dnj-11 and
for spat-3 show only weak developmental arrest upon somatic UV irradiation. L1 larval worms were
irradiated with UV light at different doses.

Relative larval-stage stalling was determined after 60 h by using a large particle ow cytometer (BioSorter
platform; Union Biometrica), assaying at least 1,000 worms per condition
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DISCUSSION

Monoubiquitylation of histone H2A is a hallmark of various DNA repair pathways.
Nevertheless, it is still a matter of de- bate how and when different E3 ligases contribute to
H2A ubiquitylation during the DNA damage response. Here, we have examined selected E3
ligases involved in UV-induced DNA damage repair. Our data point to RING1B as the main
E3 ligase involved in H2A ubiquitylation at lysine 119 early during damage recognition in
NER. Depletion of RNF168 or abrogation of UV-DDB-CULA4A E3 ligase function did not
cause any signi cant changes in H2A ubiquitylation after UV irradiation. The UV-DDB-
CUL4A E3 complex was previously shown to catalyze ubiquitylation of histone H2A
(Kapetanaki et al., 2006). Our data show that the UV— DDB-CUL4A E3 ligase complex
functions downstream of ZRF1, suggesting that it might ubiquitylate histone H2A at a later
stage in the NER pathway (Fig. 7 D). Hence, we propose that the timing of E3 ligase action
is an important feature of NER and other DNA repair pathways. In the same vein, it was
demonstrated that RNF8-mediated H2A ubiquitylation is a relatively late event during NER
(Marteijn et al., 2009). Our data extend this obser- vation, proposing that E3 ligases operate
successively during the DNA damage response. In addition, E3 ligases target differ- ent
lysines of histone H2A, adding another layer of complexity. For instance, at DSBs, RNF168
catalyzes the ubiquitylation of lysines 13 and 15 (Mailand et al., 2007; Mattiroli et al., 2012),
whereas RING1B targets lysine 119 of histone H2A in both DSB repair and NER (Ui et al.,
2015).

However, understanding the concerted action and the substrate speci city of E3 ligases in
DNA repair needs further investigation.
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Figure 7. ZRF1 facilitates the assembly of the UV-DDB-CULA4A E3 ligase complex. (A) ZRF1 displaces
RING1B from chromatin during NER. Chromatin association assays of control and ZRF1 knockdown
HEK?293T cell lines after UV irradiation. De—cross-linked material of the respective time points was sub-
jected to Western blotting and probed with the indicated antibodies. The relative H2A ubiquitin and RING1B
abundance was calculated. Values are given as mean + SEM (n = 3). (B) ZRF1 regulates chromatin
association of CUL4A and CUL4B. Chromatin association assays of control and ZRF1 knockdown
HEK293T cell lines after UV irradiation. De—cross-linked material of the respective time points was
subjected to Western blotting and probed with the indi- cated antibodies. The relative CUL4B and CUL4A
abundance was calculated. Values are given as mean + SEM (n = 3). (C) ZRF1 regulates CUL4A associa-
tion with H2AX containing nucleosomes. Control cells and ZRF1 knockdown cells expressing FLAGH2AX
were irradiated with UV. After immunoprecipitation with FLAG-M2-agarose,
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the puri ed material was subjected to Western blotting and blots were incubated with the indicated antibodies.
Inputs correspond to 3%. (D) Knockdown of ZRF1 modulates CUL4A association with DDB2. Control cells
and ZRF1 knockdown cells expressing FLAGDDB2 were irradiated with UV light. After immunoprecipitation
with FLAG-M2-agarose, the puri ed material was subjected to Western blotting and blots were incubated
with the indicated antibodies. Inputs correspond to 3%. (E) Assembly of the UV-DDB-CULA4A E3 ligase is
facilitated by ZRF1. Control cells and ZRF1 knockdown HEK?293T cells expressing HARBX1 were irradiated
with UV light. After immunoprecipitation with HA-speci ¢ antibodies the precipitated material was sub-
jected to Western blotting, and blots were incubated with the indicated antibodies. Inputs correspond to 5%.
(F) ZRF1 competes with CUL4B and RING1B for DDB2 binding in vitro. GFP and GFP-DDB2 immobilized
on beads were incubated with equimolar amounts of puri ed DDB1, CUL4B, and RING1B and increasing
amounts of ZRF1. ZRF1 levels were doubled stepwise reaching an eightfold molar excess of ZRF1 over the
other components (relative molarity ZRF1: DDB1-CUL4B-RING1B; lane 3, 1:1; lane 4, 2:1; lane 5, 4:1;
lane 6, 8:1). Precipitated material was subjected to Western blotting and blots were blots were incubated with
the indicated antibodies. Inputs correspond to 5%.

RING1B and H2A ubiquitylation have been implicated in UV-mediated DNA damage repair
about a decade ago (Bergink et al., 2006). However, the molecular mechanism of RING1B
function still remained unclear. RING1B controls the basal levels of the highly abundant
H2A-ubiquitin mark (Matsui etal., 1979; Wang et al., 2004). Thus, it might affect the nuclear
pool of free ubiquitin and thereby indirectly ubiquitin signaling during DNA repair
(Dantuma et al., 2006). Additionally, it was reported that knockdown of RING1B decreases
nuclear ubiquitin levels and thus indirectly reduces histone ubiquitylation at damaged chro-
matin (Bergink et al., 2006). Our data refute these ideas, as we observe no global changes in
the levels of ubiquitylated proteins in RING1B knockdown cells (Fig. S1, G and H). Thus,
we rule out an indirect effect of RING1B knockdown, implying a DNA damage-speci ¢ role
of RING1B in H2A ubiquitylation. In particular, we provide evidence that RING1B
constitutes a DNA damage—speci ¢ E3 ligase, as it is speci cally recruited to DNA lesion
sites induced by irradiation with a 405- nm laser (Fig. S1, D—F). This observation is also in
agreement with a recent study demonstrating that RING1B is recruited to DSBs to promote
local gene silencing (Ui et al., 2015). In light of these ndings, we addressed how RING1B
interacts with the NER pathway, which is an essential DNA repair pathway implicated in
repair of UV-mediated DNA damage. Previously, RING1B had been shown to mediate
ubiquitylation of histones H2A and H2AX at DSBs together with its PRC1 binding partner,
BMI-1 (Pan et al., 2011; Ui et al., 2015). After UV irradiation, RING1B seems to catalyze
H2A ubiquitylation at lysine 119 independent of BMI-1, contrasting its function in DSB
repair and during gene silencing. Our data indicate that RING1B binds to the DNA damage
rec- ognition factor DDB2. Importantly, DDB2 determines whether RING1B is recruited to
chromatin after UV irradiation, sug- gesting that DDB2 tethers RING1B to the damage site.
DDB2 and RING1B represent subunits of a novel E3 ligase complex (UV-RING1B). In this
complex, RING1B directly interacts with CUL4B (Fig. S3, E-1), which is in agreement with
the common modular composition of cullin-RING E3 ligases (Petroski and Deshaies, 2005).
The UV-RING1B complex is reminiscent of the well-described UV-DDB- CUL4A
complex consisting of DDB1, DDB2, CUL4A, and RBX1 (Groisman et al., 2003). Our study
suggests that DDB1-DDB2 might act as a platform that can either
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accommodate CUL4B-RING1B or CUL4A- RBX1 modules, respectively. We have
demonstrated that the UV-RING1B complex dramatically enhances ubiquitylation of
histone H2A in vitro and in vivo. Hence, RING1B mediated monoubiquitylation at lysine
119 in DNA repair is performed by either the PRC1 complex or the UV-RING1B complex.

Because ZRF1 is one of the few known readers of H2A ubiquitin, we hypothesized that it
would play a similar role in UV-mediated DNA repair as in cellular differentiation (Richly
et al., 2010). In accordance, we observed that binding of ZRF1 to chromatin after UV
irradiation depends both on presence of RING1B and its ability to bind H2A ubiquitin. More
importantly, ZRF1 localizes to XPA and XPC foci after local irra- diation and knockdown
of ZRF1 compromises DNA repair as seen by UDS and removal of CPD, describing ZRF1
as a new player in UV-mediated DNA repair. Drug-mediated inhibition of the RING1B
activity signi cantly reduced ZRF1 colocaliza- tion with XPC, supporting a role for H2A
ubiquitin in tethering ZRF1 to the damage site. On the other hand, UV irradiation— triggered
recruitment of ZRF1 to chromatin depends on XPC. This close interplay between ZRF1 and
XPC is further re ected by the interaction of both proteins and the epistasis analysis
performed with either human cells or C. elegans, supporting a role for ZRF1 in GG-NER. In
light of these ndings, we specu- late that XPC is probably involved in ZRF1’s recruitment
to the DNA damage site, whereas the H2A-ubiquitin mark is poten- tially needed to stably
tether ZRF1 to chromatin. Most impor- tantly, ZRF1 mediates the remodeling of E3 ligase
complexes at DNA damage sites (Fig. 7 D). Upon recruitment to chroma- tin, ZRF1 causes
the exchange of the cullin-E3 ligase module, whereas DDB1 and DDB2 most probably
remain bound to the lesion site. This observation does not exclude that UV-CUL4A
complexes are generated independent of ZRF1. Still, our data re ect one plausible succession
of events that take place at dam- aged chromatin. This function of ZRF1 is reminiscent of
the Cand1l protein, which promotes the exchange of subunits from cullin-RING complexes
(Pierce et al., 2013). We propose that ZRF1 acts in concert with other remodeling complexes
or chap- erones at chromatin. In fact, ZRF1 was shown to cooperate with the HSP70
chaperone network during protein quality control (Qiu et al., 2006; Jaiswal et al., 2011). It
remains to be tested whether ZRF1 cooperates with the HSP70 system, Cand1, or chromatin
remodeling complexes during NER.
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Figure 8. ZRF1 regulates XPC ubiquitylation. (A) ZRF1 facilitates XPC ubiquitylation after UV
irradiation. Whole-cell extracts of control and ZRF1 knockdown HEK293T cells from the stated time points
were subjected to Western blotting and probed with the indicated anti- bodies. (B) Role of RING1B and
ZRF1 in XPC ubiquitylation. Control cells and RING1B and ZRF1 knockdown HEK293T cells expressing

HAuUbiquitin were irradiated with UV light. After immunoprecipitation with HA-speci ¢ an- tibody, the
precipitated material was subjected to Western blotting and blots were incubated with the indicated
antibodies. Inputs corre- spond to 5%. (C) Control cells and RING1B and ZRF1 knockdown HEK293T cells

express- ing HAXPC and HISubiquitin were irradiated with UV light. After immunoprecipitation with HA-
speci ¢ antibody, the precipitated material was subjected to Western blotting and blots were incubated with
the indicated antibodies. Inputs correspond to 5%. (D) Control cells and RING1B and ZRF1 knockdown
HEK293T cells expressing HISUbiquitin were irradiated with UV and harvested 1 h after UV exposure.
Ubiquitylated proteins were puri ed by NiNTA agarose under denaturing conditions, and Western blots of
the puri ed material were in- cubated with the indicated antibodies. (E) The UV-RING1B complex and ZRF1
cooperate during NER. DNA lesions (yellow star) are rec- ognized by the UV-RING1B complex (DDB1-
DDB2-CUL4B-RING1B), which catalyzes ubiquitylation of histone H2A (gray sphere). ZRF1 is recruited
to the lesion site by XPC and tethers to the
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H2A-ubiquitin mark. ZRF1 causes the assembly of the UV-DDB-CUL4A complex, which subsequently
catalyzes ubiquitylation of XPC. incubated with the indicated antibodies. Inputs correspond to 10%. (G)
ZRF1 does not compete with CUL4A and RBX1 for binding to DDB1-DDB2. GFP and GFP-DDB2
immobilized on beads were incubated with equimolar amounts of puri ed DDB1, CUL4A and RBX1 and
increasing amounts of ZRF1. ZRF1 levels were doubled stepwise reaching an eightfold molar excess of ZRF1
(relative molarity ZRF1: DDB1-CUL4A-RBX1; lane 3, 1:1; lane 4, 2:1; lane 5, 4:1; lane 6, 8:1). Precipitated
material was subjected to Western blotting and blots were incubated with the indicated antibodies. Inputs
correspond to 10%. (H) ZRF1 mediates the formation of the UV-DDB-CUL4A complex in vitro. GFP and
GFP-DDB2 were coupled to beads and incubated with CUL4B, DDB1 and RING1B. After washing, GFP
and GFP-DDB2 (UV-RING1B complex) beads were incubated with an estimated vefold excess of puri ed
CUL4A and RBX1 (lanes 1-3) over the retained UV—RING1B complex. Simultaneously, ZRF1 (lanes 1 and
3) or GST (lane 2) was added to the incubations in equim- olar amounts. The precipitated material was
subjected to Western blotting and blots were incubated with the indicated antibodies. Inputs correspond to
5%.

Materials and Methods

Cell lines and transfections

HEK293T and HEK?293 cells were cultured in DMEM supple- mented with 10% FBS at 37°C
and 5% CO,. HelLa Kyoto cells sta- bly expressing cherry-PCNA were cultured in DMEM
supplemented with 10% FCS and 1 pM/ml gentamycin and 2.5 pg/ml blastici- din. MRC5
(AG05965), normal skin broblasts (GM15876), XPE (GM01389), XPE (GM02415), XPC-
complemented (GM16248), XPC (GM15983), XPA-complemented (GM15876), and XPA
(GMO04312 and GM00710) broblasts were purchased from Coriell Cell Repositories and cultured
in DMEM, supplemented with 15% FBS. To generate cells stably expressing "A°RING1B,
HEK?293 cells were transfected with a pPCMV-2b-RING1B-FLAG plasmid and selected with G148
for 14 d. The expression of FASRING1B was veri ed by Western blot.

Transfection of HEK293T cells was either performed by the calcium phosphate coprecipitation
method as described previously (Richly et al., 2010) or by Lipofectamine (Invitrogen)
transfection. In- formation on the plasmids used is provided in Table S2.

UV irradiation and drug treatment

Cells were irradiated with 10 J/m2UV-C using a CL-1000 UV cross- linker (UVP) unless stated
otherwise. PRT4165 (Abcam) was used at a concentration of 50 uM as described in Ismail et al.
(2013).

Gene inactivation by sShRNA/siRNA

HEK293T-shControl, HEK293T-shZRF1, and HEK293T-shRING1B were described previously
and generated by transduction of HEK293T cells with retrovirus vector, containing shRNA against
ZRF1 or RING1B (Richly et al., 2010). Gene knockdown in MRC5 broblasts was performed by
introduction of MISSION pLKO.1-shRNA plas- mids (Sigma-Aldrich) targeting the respective
gene using third gen- eration lentivirus system. Plasmids contained the following
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sequences (Sigma-Aldrich): control (TRC1/1.5), ZRF1 (TRCN0000254058), RING1B
(TRCNO0000033697), DDB2 (TRCN0000083995), and XPC (TRCN0000307193).

The siRNA transfections were performed using Lipofect- amine 2000 according to the
manufacturer’s instructions (Invitro- gen). The following siRNAs were used in this study: control
(SIC001; Sigma-Aldrich), CUL4A (esiRNA EHUO011891; Sigma-Aldrich), RNF168 (SMARTpool
D-011-22-(01-04); GE Healthcare), DDB2 (SASI_Hs01_00101645,

SASI_Hs01_00101647; Sigma-Aldrich), BMI-1 (esiRNA EHU004421; Sigma-Aldrich), CUL4B
(esiRNA EHU064911; Sigma-Aldrich), XPC (SASI_Hs01_ 00086530, SASI_

Chromatin association assays

HEK293T cells (unless stated otherwise) were irradiated with UV and cross-linked by
formaldehyde at the indicated time points after UV irra- diation. Assays were essentially
performed as published (Richly et al., 2010). In brief, cell pellets were resuspended in buffer A
(100 mM Tris, pH 7.5, 5 mM MgCl,, 60 mM KCI, 125 mM NaCl, 300 mM sucrose, 1% NP-40,
and 0.5 mM DTT) and kept on ice for 10 min. After cen- trifuging nuclei pellet was lysed in a
hypotonic solution (3mM EDTA, 0.2 mM EGTA, and 1 mM DTT) twice. The chromatin-
containing pellet was solubilized in 2x Laemmli buffer, sonicated, and boiled to reverse cross-
linking. Information on antibodies used for Western blots is provided in Table S4. All experiments
were repeated at least three times. Band intensities from Western blots were measured as stated in
the gure legends using ImageJ or ImageLab (Bio-Rad) software.

Immunoprecipitations and af nity puri cations

Cells were treated with UV and harvested 1 h after exposure unless stated otherwise. Cells were
resuspended in buffer A (10 mM Hepes, pH 7.9, 1.5 mM MgCl,, 10 mM KCl and 0.5 mM DTT, 1
mM PMSF, and protease inhibitors; Roche) and homogenized by 10 strokes in a Dounce
homogenizer with a B-type pestle. After centrifugation, nuclei were resuspended in lysis buffer (20
mM Hepes, 150 mM NaCl, 2.5 mM EGTA, 2 mM EDTA, 0.1% Triton X-100, 0.5 mM DTT,

1 mM PMSF, and protease inhibitors; Roche) and soni ed using a Diagenode Bioruptor for 20 min
on the high setting. To verify soni cation ef - ciency, DNA from the extracts analyzed by agarose
gel electrophore- sis. Only samples containing DNA of 300 bp or smaller were used in the
experiments. Protein extracts were then subjected to centrifugation (21,000 g, 4°C, 15 min), and
the supernatant was incubated with anti- bodies overnight at 4°C. After incubation with protein A
agarose beads for 2 h at 4°C, the immune complexes were washed extensively in lysis buffer and
material retained on the beads was subjected to Western blotting. Information on antibodies used
for immunoprecipitations and Western blots is provided in Table S4.

Af nity puri cations using FLAG-M2 agarose beads (Sigma- Aldrich) and Anti-HA Agarose beads
(Sigma-Aldrich) were per- formed using the protocol stated for immunoprecipitations. Puri ca- tions
involving the STREP tag were performed with STREP-Tactin beads (Iba LifeSciences) and
Desthiobiotin (Sigma-Aldrich) accord- ing to the manufacturer’s instructions. Puri cations involving
the GFP tag were performed with GFP-Trap agarose beads (Chromo- Tek) according to the
manufacturer’s instructions. For puri cation of the proteins used in the in vitro experiments (Fig. S3
E: FLAGSTREPCULAB, FLA°DDB1, FACRING1B, FHACZRF1, FLASZRF1, PARBX1, and
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HACUL4A), the proteins were washed extensively on the beads with lysis buffer containing 1 M
NaCl before elution with FLAG or HA peptide (Sigma-Aldrich).

In vitro ubiquitylation assays

In vitro ubiquitylation reactions were performed with 3 pg puri ed histone H2A (New England
Biolabs, Inc.) or 5 ug recombinant nucle- osomes (Active Motif), 200 ng puri ed HIS-UBA1 (E1),
20 ng pu- ri ed GST-UBC5H (E2), 150 ng puri ed UV-RING1B (E3), or 150 ng GST (control) in
UBAB buffer (25 mM Tris/HCI, pH 7.5, 50 mM NaCl, and 10 mM MgCl,) supplemented with 20
mM ATP, 1.5 mg/ml ubiquitin, 10 mM DTT, and 1 U creatine phosphokinase. Reactions were kept
at 37°C for the indicated times and subsequently sub- jected to Western blotting.

Purification of recombinant proteins

Proteins were puri ed as suggested by GE Healthcare (GST-tagged pro- teins) or QIAGEN (His-
tagged proteins) after inducing BL21 bacterial strains transformed with the respective plasmids at

an OD = 0.5 with 0.2 mM isopropyl-B-D-thiogalactoside for 4 h at 37°C or at 20°C for 14 h. The
following recombinant proteins were purchased: H2A (New England Biolabs), Ubiquitin (Boston
Biochem), nucleosomes (Active Motif), GST-RBX1 (Novus Biologicals), and RAD23A (Abcam).

GST pull-downs

Puri ed GST—proteins were bound in equimolar amounts to glutathi- one beads (Amersham) in
binding buffer (20 mM Tris, pH 7.4, 150 mM NacCl, and 0.1% Triton X-100). Loaded beads were
washed in the same buffer and used for incubation with puri ed proteins for 2 h at 4°C. After
extensive washing in binding buffer, the retained material was subjected to Western blotting.

Purification of ubiquitin conjugates from cells

Cells expressing HIS-tagged ubiquitin were lysed in lysis buffer (8 M urea, 100 mM NaH,PO,,
and 10 mM Tris, pH 8.0) 1 h after UV irra- diation. Ubiquitylated proteins were retained on
NiNTA agarose after washing with wash buffer (8 M urea, 100 mM NaH,PO,, 10 mM Tris, pH
6.3, 300 mM NaCl, and 0.1% Triton X-100) and detected by West- ern blotting using the indicated
antibodies.

Fractionation of cell extracts

HEK293T cells were harvested by trypsinization and the cell pellet was divided in two equal parts.
One part was resuspended in Laemmli buf- fer and sonicated (whole-cell extract), and the other was
washed twice with PBS and resuspended in buffer A (10 mM Hepes, pH 7.9, 10 mM KCI, 1.5 mM
MgCl,, 0.34 M sucrose, 10% glycerol, 1 mM DTT, pro- tease inhibitors, and 0.1% Triton X-100)
and cells were incubated for 8 min on ice. Subsequently, cells were spun down (4°C, 1,300 g, 5
min). The supernatant (cytoplasmic fraction) was collected, precipitated with TCA, and
resuspended in Laemmli buffer. Nuclei were washed twice with buffer A, resuspended in Laemmli
buffer, and sonicated. Whole- cell extract, cytoplasmic, and nuclear fractions were subjected to
West- ern blotting as indicated.
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Mass spectrometry analysis

Mass spectrometry sample preparation, measurement and database search were performed as
described previously (Bluhm et al., 2016). Gradient lengths of 45 or 105 min were chosen
depending on the im- munoprecipitated material obtained. Raw les were processed with MaxQuant
(version 1.5.2.8) and searched against the Homo sapiens UniProt database (February 25, 2012)
using the Andromeda search en- gine integrated into MaxQuant and default settings were applied.
Pro- teins with at least two peptides, one of them unique, count as identi ed.

Fluorescence microscopy

Experiments were performed with MRC5 broblasts and patient- derived broblasts. Cells were
transfected with mCherry-ZRF1 and GFP-DDB2 expressing plasmids. Cells were exposed to
localized UV damage (100 J/m?) using a micropore membrane with 5-um pore size as described
previously (Katsumi et al., 2001). Preextraction was per- formed with CSK supplemented with
0.2% Triton X-100 at 30 min after UV and then xed in 4% PFA. Cells were stained with XPA
(Novus Biologicals) or XPC (Cell Signaling Technology) antibodies overnight at 4°C. After
washing, coverslips were incubated with Alexa Fluor 488 uorophore—conjugated secondary
antibodies (Thermo Fisher Scienti ¢) and mounted in Vectashield with DAPI. Images were
acquired with the LAS AF software (Leica Biosystems) using a TCS SP5 confocal microscope

(Leica Biosystems) with a 63x/1.4 oil-immersion objective. For colocalization studies, ~100
lesions were counted per condition.

Imaging and microirradiation experiments

For microirradiation, HelLa-Kyoto Cherry-PCNA cells were grown on cover slide dishes and
transfected with the indicated constructs using polyethylenimine. Imaging and microirradiation
experiments were performed using an UltraVIEW VoX spinning-disc confocal system
(PerkinElmer) in a closed live-cell microscopy chamber (ACU; Perkin- Elmer) at 37°C with 5%
CO,and 60% humidity, mounted on a Nikon TI microscope (Nikon). Images were taken with a CFI
Apochromat 60x/1.45 NA oil immersion objective. GFP and Cherry or mRFP were imaged with
488 and 561 nm laser excitation and 527 + 55 and 612 £ 70 nm (full width at half maximum)
emission lters, respectively. For microirradiation, a preselected spot (I um diameter) within the
nucleus was microirradiated for 1,200 ms with the 405-nm laser resulting in 1 mJ. Before and after
microirradiation, confocal image series of one midnucleus z section were recorded in 2-s intervals.
For evaluation of the accumulation kinetics between 4 and 12 cells were analyzed. Im- ages were
rst corrected for cell movement (ImageJ plugin StackReg and transformation mode Rigid body),
and mean intensity of the irradi- ated region was divided by mean intensity of the whole nucleus
(both corrected for background) using ImageJ software.

Maximal accumula- tion represents the highest ratio from each experiment.

e3 ligase complex remodeling at DNA damage sites » Gracheva et al. 197
Microscopy on skin biopsy specimens

Human skin sections were taken from material biopsied from patients who had given their written
consent and were provided by R. Greinert and B. Volkmer (Dermatology Center Buxtehude,
Buxtehude, Ger- many). Biopsy specimens were taken from either the cheek (UV ex- posed) or
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groin (not exposed), and 7-um cryosections were prepared after freezing in liquid nitrogen. The
sections were mounted on glass slides and xed in 100% MeOH and 100% acetone for 10 min, each

at —20°C. For immunostaining, the sections were rehydrated in PBS, and antigen retrieval was
performed at 80°C in sodium citrate buffer (10 mM sodium citrate, pH 6.0) overnight. Then the
sections were blocked in 4% BSA in PBS for 30 min before the rst antibody was applied in 1%
BSA, 0.1% Triton X-100 in PBS (ZRF1; self-made), H2A ubiquitin (Cell Signaling Technology),
RING1B (self-made; all diluted 1:100), and mouse DDB2 (1:20; Abcam). For CPD detection, DNA
was additionally denatured for 3 min in 0.1 N NaOH/70% ethanol after the antigen retrieval followed
by dehydration in 70%, 90%, and 100% ethanol. The CPD antibody (Kamiya) was used at a dilution
of 1:100. Primary antibodies were incubated for 3 h at room temperature, followed by three washes
in PBS. Secondary antibodies (anti-mouse IgG Alexa Fluor 488; Invitrogen; and anti-rabbit 1gG-
Cy3 and anti— rabbit 1gG TexasRed; Jackson ImmunoResearch Laboratories, Inc.) were added at
1:500 for 1 h at room temperature. Sections were then washed three times in PBS and stained with
10 uM DAPI for 10 min before being mounted in Vectashield. Skin sections were imaged using an
Axiovert 200 (ZEISS) equipped with a 40x Planneo uar 1.3 NA ob- jective lens and single channels
were recorded with a black and white Axicam mRM (ZEISS). Quanti cation of signals on the single-
cell level was performed using ImageJ. After selecting random nuclei in the DAPI channel, the mean
and integrated intensities of the red and green channels were measured. All intensities are
normalized to the DNA content of the corresponding nucleus. At least 200 nuclei were analyzed in
at least three sections.

Colony formation assay

HEK293T control and knockdown cell lines were transfected with the respective siRNAs with
Lipofectamine (Invitrogen) according to the manufacturer’s protocol. Details on the respective
transfections are given in the gure legends. Cells were plated on tissue culture plates at a density
of 1,000 cells per plate 24 h after transfection. Cells were irradiated with the indicated UV dose 48
h after transfection. Colonies were counted 7 d after irradiation. Numbers of colonies formed after
UV irradiation were normalized against the non-UV—treated control.

UDS

UDS experiments were performed as described previously (Jia et al., 2015). In brief, MRC5
broblasts were transduced with lentiviral par- ticles expressing the respective shRNAs. XPA
broblasts were used as a positive control. After viral transduction, the cells were serum starved for
24 h, irradiated with UV light (20 J/m?), and incubated with 10 uM EdU (Thermo Fisher Scienti ¢)
for 2 h. Alexa Fluor 555 azide (Thermo Fisher Scienti ¢) was conjugated to EdU using the Click-
reaction. The coverslips were mounted in Vectashield with DAPI. Images were acquired with the
LAS AF software (Leica Bio- systems) using a AF-7000 wide eld microscope (Leica Biosystems)
with a 63x/1.4 oil immersion objective and an ORCA CCD camera (Hamamatsu). Images were
analyzed using ImageJ. DAPI was used to de ne nuclei, and EdU intensity within nuclei was
measured after background subtraction. A total of 150-300 nuclei were analyzed per sample. Mean

intensities of +UV and —UV conditions for all cells were calculated and used to estimate the DNA
repair occurring in the particular sample.

Removal of CPDs
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MRCS broblasts were transduced with lentiviral particles express- ing the respective ShRNAs. XPA
broblasts were used as a positive control. 24 h after viral transduction, cells were replated on cover-
slips, exposed to UV light, and xed at the indicated time points. Cells were stained with CPD
antibody (Cosmo Bio) using the man- ufacturer’s protocol, followed by incubation with Alexa Fluor
488 uorophore—conjugated secondary antibodies (Thermo Fisher Sci- enti c). The cells were
mounted in Vectashield with DAPI, and im- ages were acquired with the LAS AF software (Leica
Biosystems) using an AF-7000 wide eld microscope (Leica Biosystems) with a 63%/1.4 oil-
immersion objective and an ORCA CCD camera (Ham- amatsu Photonics). Images were analyzed
using ImageJ. DAPI was used to de ne nuclei, and CPD intensity within nuclei was mea- sured after
background subtraction. 100-200 nuclei were analyzed per sample. Mean intensities of +UV and

—UV conditions for all cells were calculated and used to estimate the DNA repair occurring in the
particular sample.

C. elegans culture

Nematodes were cultured on agar plates at 20°C according to standard procedures. Strains were
provided by the Caenorhabditis Genetics Cen- ter, which is funded by National Institutes of Health
Of ce of Research Infrastructure Programs (P40 OD010440). The following strains were used:
wild type (N2 Bristol), VC31l/spat-3 (gk22; WBGene00020496), DL74/mig-32 (n4275;
WBGene00008684), VC1642/dnj-11 (gk1025; WBGene00001029), RB885/xpc-1(ok734;
WBGene00022296), RB1801/csh-1(0k2335; WBGene00000803), and RB864/xpa-1 (0k698;
WBGene00006963). Mutant strains were outcrossed at least three times to the wild-type strain
(N2).

Measuring DNA damage response in the C. elegans germline

The L4 survival assay was performed as described previously (Craig et al., 2012). In brief, late-
L4 larval hermaphrodites were ir- radiated with different doses of UV light. The damage
sensitivity of the meiotic pachytene cells of the germline was measured by de- termining the
survival of embryos produced between 24 and 30 h after L4-stage irradiation.

Measuring DNA damage response in the C. elegans soma via developmental arrest The L1 development
arrest assay was performed as described previ- ously (Craig et al., 2012). In brief, L1-stage worms
were synchronized via starvation and irradiated with different doses of UV light. Relative larval-
stage stalling was determined after 60 h, when control worms were fully fertile.

Larval-stage scoring was done using a large-particle ow cytometer (BioSorter platform; Union
Biometrica).

RNA. via feeding

Worms were fed at L1 larval stage with Escherichia coli feeding clones (HT115), which express
dsRNAI targeted against a gene of interest. In brief a single colony of a clone was grown overnight
in LB contain- ing 100 pg/ml ampicillin (37°C, 200 rpm). Subsequently the clone was induced for
1 h by adding 4 mM IPTG to the LB media. The induced bacteria then was spun down at room
temperature and resuspended in nematode growth medium with 4 mM IPTG. L1 larval worms were
directly grown in this medium at 20°C until they reached late L4 stage or early adulthood (50-60
h).
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Online supplemental material

Fig. S1 shows the function of RING1B in H2A ubiquitylation during UV-triggered DNA repair
and recruitment of RING1B to UV-mediated
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DNA damage sites. Fig. S2 shows the BMI-1 independent interaction of RING1B-DDB2. RING1B,
H2A ubiquitin, and DDB2 staining in human skin sections and H2A ubiquitin accumulation after
UV irradiation in GMO02415 broblasts. Fig. S3 shows interactions of UV— RING1B subunits and
competition of RING1B and RBX-1 for binding to CUL4B. Fig. S4 shows a quanti cation of ZRF1
localization to DNA damage sites and its dependency on H2A ubiquitin. Fig. S5 shows the ZRF1
and XPC interplay and effect on UV sensitivity assays in C. elegans.

Table S1 shows a data summary of developmental arrest assay in mutant strains. Table S2 lists
plasmids used in this study. Table S3 lists the sShRNA and siRNA sequences used for this study.
Table S4 lists antibodies used in this study. Table S5 provides peptide numbers and protein names
for all proteins identi ed in the mass spectrometry analysis after sequential immunoprecipitations
with FLAG and RING1B antibodies. Table S6 provides peptide numbers and protein names for
all proteins identi ed in the mass spectrometry analysis of puri ed UV— RING1B complex. Online
supplemental material is available at http://www.jcb.org/cgi/content/full/jcb.201506099/DC1.
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