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Chapter 1

General introduction and the scope of this thesis



Chapter 1

DNA DAMAGE
Cells are the building blocks of every organism and all living cells have a DNA molecule

in a double helix structure to preserve their hereditary information, the genome. In
the genome, all the necessary information to build and maintain an organism is stored
in the form of genes. Yet such an invaluable resource is not immune to damage. The
integrity of our genome is constantly threatened by endogenous and exogenous agents
which can induce a variety of DNA lesions. It has been estimated that each human cell
is confronted with approximately 100,000 lesions a day (1). These lesions can interfere
with vital cellular processes such as DNA replication and RNA transcription, causing
mutations, cell-cycle arrest or cell death in the short term and cancer development or

accelerated aging in the long term (2,3).

DNA damage can be caused by three main processes, environmental agents, byproducts
of cellular metabolism, and spontaneous DNA alterations (Figure 1) (2). Ultraviolet
(UV) light present in sunlight is one of the most common environmental DNA
damaging agents. Merely several hours of exposure to sunlight could induce up more
than 100,000 lesions of cyclobutane pyrimidine dimers and 6-4 photoproducts, the two
types of UV-induced DNA lesions, in skin cells (3,4). In addition, ionizing radiation
produced by X-ray scans cause oxidative base damage and can generate single-strand and
double-strand DNA breaks (5). Moreover, anti-tumor agents used for chemotherapy,
such as cisplatin and mitomycin C can covalently crosslink bases on complementary
DNA strands causing interstrand cross-links (6). Among the environmental agents that
most frequently induce cancer, those found in cigarette smoke could be listed, such as
polycyclic aromatic hydrocarbons that cause the formation of DNA adducts (7), these

damaging chemicals are also found in exhausting gasses and roasted meat.

Strikingly, also normal cellular metabolism generates reactive oxygen species, including
superoxide anions, hydrogen peroxide, and hydroxyl radicals, and these, in turn, can
cause DNA strand breaks and several types of oxidized DNA bases, among which
8-Oxoguanine is the most abundant (8). Spontaneous changes in DNA can happen
due to replication errors and lead to mismatching DNA bases, insertions, and deletions.
Additionally, chemical bonds in DNA structure can degenerate due to spontaneous
reactions, such as hydrolysis and alkylation under normal conditions. These can cause
loss of DNA bases resulting in abasic sites and alkylation-induced deamination resulting

in the conversion of coding bases to miscoding bases, such as cytosine to uracil (9).
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Figure 1. Common DNA damage and repair mechanisms. From top to bottom, the DNA damaging
agents (top), the induced DNA lesions (middle), and the corresponding DNA repair mechanisms (bottom)

to remove the lesions are listed. Figure adapted from Hoeijmakers (1).

DNA REPAIR

DNA damage is thus unavoidable and inherent to life but when not properly removed
strongly impede the cellular homeostasis. Moreover, in contrast to other large polymeric
biomolecules such as proteins and lipids, DNA cannot be discarded and resynthesized
upon damage, as it is a unique molecule containing all the hereditary information,
without any substitute. Fortunately, such detrimental outcomes can be prevented by the
DNA damage response, which includes DNA damage signaling, cell-cycle checkpoint,
and DNA damage tolerance pathways as well as different DNA repair mechanisms
that can repair DNA damage specifically and efhciently. In mammals, several DNA
repair mechanisms collectively remove most DNA lesions. The division of tasks among
these diverse repair pathways is mainly determined by the type of lesion, their genomic
location, and the phase of the cell cycle in which lesions are encountered. (Figure 1)
(4,10,11). Below the main mammalian DNA repair mechanisms are shortly summarized
as well as their biological impact, with a focus on nucleotide excision repair (NER), as

this is the main topic of the research described in this thesis.

Homologous Recombination and Non-homologous End Joining

DNA double-strand breaks (DSBs) happen when the backbone of the two complementary

DNA strands is broken at the same location. DSBs are induced by endogenous agents

9



Chapter 1

such as reactive oxygen species (ROS) and collapsed replication forks and exogenous
agents such as ionizing radiation and chemotherapeutic drugs. DSBs are highly toxic to
the cells and can cause cell death or chromosomal changes such as deletions, translocations
and fusions that could lead to cancer development (12). There are two main pathways
that repair DSBs: homologous recombination (HR) and non-homologous end joining
(NHEJ). HR accurately repairs DSBs by using the sister chromatid that is identical to
broken DNA as a repair template. Therefore, HR can only take place during S and G2
phases of the cell cycle, when DNA replication has taken place and sister chromatids are
present (13). In contrast, NHE] can happen anytime during the whole cell cycle as it
does not require a template. However, NHE] repairs damaged DNA in a less accurate
manner, as the main step in this process is simply joining (ligating) the two broken
DNA ends. To allow ligation, chemically modified terminal nucleotides are processed or
removed, which can cause loss or inaccurate insertion of DNA bases in the repaired site
(14). Defective DSB repair gives rise to a predisposition to breast and ovarium cancer
as well as other severe diseases, such as ataxia telangiectasia and Nijmegen breakage
syndrome which are characterized by immunodeficiency, chromosomal instability and

predisposition to lymphomas (2,4).

Interstrand cross-link repair

Interstrand cross-links (ICLs) are lesions where opposite DNA strands are crosslinked
to each other due to exposure to various endogenous metabolites (mainly aldehydes)
and exogenous agents as well as some chemotherapeutic agents. ICLs block DNA
strand separation which is necessary for vital cellular processes such as replication and
transcription (15), ICLs are thus highly cytotoxic. ICL repair is a complex procedure that
requires sequential excision of the lesion from each strand. To prevent DSB formations
by these excisions, the different steps in this process are tightly controlled to occur in
a timely and coordinated fashion, which is regulated by multiple so-called Fanconi
anemia (FA) proteins. Strikingly, in addition to these FA proteins, the collective action
of multiple DNA repair pathways, including translesion synthesis, HR, and nucleotide
excision repair is necessary (15). Defective repair of ICLs can cause a severe disease
named Fanconi Anemia (FA), which is characterized by bone marrow failure, congenital

anomalies, and a high risk for developing acute myeloid leukemia (16).

10



General introduction

Mismatch Repair

Mismatch repair (MMR) removes mismatching DNA bases that are erroneously
incorporated during replication by DNA polymerases, and small insertion or deletion
loops of a few nucleotides that are introduced by slippage during DNA replication and
recombination (2). MMR ensures the repair of these lesions by specialized mismatch-
recognizing proteins and their excision, specifically from the nascent DNA strand,
followed by the resynthesis of the excised DNA (17). Defects in MMR cause genome
wide instability and significantly increase mutations which can lead to the development

of cancer, such as hereditary non-polyposis colorectal cancer (HNPCC).

Base Excision Repair

Base excision repair (BER) removes lesions that only slightly distort the DNA helix such
as those caused by endogenous deamination, oxidation, and alkylation as well as DNA
single-strand breaks (SSBs). In BER, damaged bases are recognized and removed by a
set of different DNA glycosylases, each specific for certain types of base damages. The
removal of damaged bases from the DNA backbone generates an abasic site, also known
as an apurinic/apyrimidinic (AP) site, which is further processed by AP-endonuclease
to create a single strand nick and end-processing enzymes, to create DNA polymerase-
competent ends. The remaining gap is filled in by either short-patch repair or long-patch
repair. In short-patch repair, a single nucleotide is replaced and in long-patch repair 2-10
nucleotides are replaced (18). Defects in BER are associated with the development of

cancer and neurodegenerative disorders (19).

Nucleotide Excision Repair

Nucleotide excision repair (NER) is a highly versatile DNA repair pathway that
removes a broad range of DNA lesions, including the UV light-induced cyclobutane
pyrimidine dimers (CPDs) and 6-4 photoproducts (6-4PPs) and multiple bulky DNA
adducts, which all have in common that they locally disrupt base-pairing. These helix-
destabilizing DNA lesions are detected by one of the two NER sub-pathways that vary
in their method of damage recognition. Global genome NER (GG-NER) recognizes
lesions throughout the whole genome and transcription-coupled NER (TC-NER)
detects lesions in actively transcribed genes. After the recognition, both pathways
converge to the steps of damage verification, dual excision, gap filling DNA synthesis,
and ligation (Figure 2) (20).
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Figure 2. Nucleotide Excision Repair (NER) pathway. Schematic representation of the NER pathway.
In global genome NER (GG-NER, on the left), XPC, which is in a heterotrimeric complex with RAD23B
and centrin2, probes the entire genome and recognizes lesions with the help of UV-DDB complex. Once
XPC binds to damage, RAD23B is dissociated from the complex. Transcription-coupled NER (TC-NER,
on the right) is initiated when elongating Pol I is stalled due to lesions in actively transcribed genes. During
transcription, CSB probes Pol II whether it can forward-translocate on the DNA. When Pol II is blocked
by a lesion, CSB binds to Pol II and recruits CSA, and UVSSA recruits USP7 to stabilize CSB. Once the
lesion is recognized, TFIIH is recruited and CAK sub-complex of TFIIH is released. XPB and XPD, the
helicase subunits of TFITH, unwind the DNA around the lesion and verify the lesion together with XPA.
This is followed by the recruitment of the ERCC1/XPF and XPG endonucleases to the 5" and 3’ of the
lesion respectively and this completes the pre-incision complex assembly. Afterwards, the DNA strand
around the lesion is cut by the endonucleases in a coordinated manner and a DNA fragment of 22-30
nucleotides is released together with TFIIH and XPG. Eventually, the DNA is restored back to its original
state via gap filling synthesis by PCNA and DNA polymerase (8, € or %), and ligation by DNA ligase 1 or
XRCC1/DNA ligase 3.

Global genome NER

In GG-NER, XPC is the main DNA damage sensor (21), which is part of a
heterotrimeric complex with RAD23B and centrin2 (22,23). XPC probes the entire
genome (24) and does not directly detect the lesion but instead detects damage-induced
DNA helix distortions such as those caused by 6-4PP lesions (25). This is why GG-NER
can recognize and repair a broad range of lesions. To detect mildly helix-destabilizing
UV-induced CPD lesions, XPC requires the UV-DDB complex, formed by DDBI
and DDB2 (26,27). UV-DDB binds to UV-induced lesions, stabilizes the DNA in a
conformation in which CPD is flipped out, and thereby creating helix-destabilization
which thus facilitates CPD detection by XPC (28). UV-DDB also improves the
detection of 6-4PP lesions (29). DDB1 and DDB2 are also part of an E3-ubiquitin
ligase complex with CUL4A/B and RBX1, namely CRL4"""* (30). Upon UV damage,
XPC and DDB2, are ubiquitylated by the CRL4""®* complex with different outcomes.
DDB?2 is ubiquitylated by K48-linked chains and thereby targeted for proteasomal
degradation (31,32), while XPC gains a higher affinity to the damaged DNA i vitro
(33). Recently it was shown that DDB2 ubiquitylated by CRL4PP®2 is extracted from
damaged chromatin by VCP/p97 segragase to facilitate its proteasomal degradation
(34). Additionally, XPC was suggested to be protected from proteasomal degradation
by USP7 mediated de-ubiquitylation (35). In addition to ubiquitylation, XPC is also
modified by small ubiquitin-like modifier (SUMO) upon UV damage (36-38). This
DDB2- and XPA-dependent modification protects XPC from proteasomal degradation
(37,38). SUMOylated XPC is modified with K63-linked ubiquitin chains by the
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SUMO-targeted ubiquitin ligase RNF111 (39). Recently we showed that RNF111-
dependent XPC ubiquitylation results in the release of XPC from the damage, which
is necessary for the incorporation of the downstream NER endonucleases XPG and
ERCCI1/XPE, thereby enabling efficient repair (40).

Transcription-coupled NER
During transcription, elongating RNA polymerase II (Pol II) is stalled when it

encounters a transcription-blocking lesion (TBL). Lesion-stalling of Pol II stabilizes its
transient interaction with the TC-NER-specific SWI/SNF-like ATPase CSB (41-43). A
recent cryo-EM study of the yeast homolog of CSB, Rad26, revealed important insights
into how TC-NER can distinguish between paused and stalled Pol II (44). This study
showed that Rad26 binds upstream of Pol II and pushes it forward by translocating 3' to
5' direction, similar to the translocation activity of human CSB (45). Although Rad26
enables Pol II forward translocation over natural pause sites or less bulky lesions, it
cannot push Pol II over bulky TBLs, such as CPDs (44). This prolongs the interaction
of Rad26 with Pol II and highly likely triggers TC-NER initiation. Due to Rad26-
DNA and Rad26-Pol II interaction interfaces and core domain of Rad26 being highly
conserved between yeast and humans, a similar role for CSB in human TC-NER was
proposed (44,46,47). Once TBLs are recognized by CSB (41,44,48), CSB recruits CSA
(49) which is part of an E3-ubiquitin ligase complex with DDB1, Cul4A and Rocl
(30,50). Upon UV irradiation, this complex targets CSB for proteasomal degradation
by ubiquitylation (51). The deubiquitylating enzyme USP7 is recruited by UVSSA to
counteract this degradation and stabilize CSB (52,53), to ensure CSB can coordinate
TC-NER complex formation.

Despite all these insights, how exactly these TC-NER factors are recruited to TBLs
and form a TC-NER machinery is not known. In Chapter 4, by studying quantitative
accumulation kinetics in live cells, we showed that UVSSA accumulates at TBLs
independently of CSA and CSB. Utilizing UVSSA deletion mutants, we showed
that the DUF2043 domain is involved in the recruitment of UVSSA to TBLs and
the VHS domain is involved in the interaction of UVSSA with CSA. Using these
mutants together with quantitative interaction proteomics, we identified the H2A/H2B
chaperone FACT subunit Sptl6 to interact with UVSSA via its DUF2043 domain.
Using various imaging approaches, we demonstrated that Spt16 recruitment to TBLs

takes place in early TC-NER independently of UVSSA and facilitates damage removal
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and consecutive transcription restart. Our results uncover Spt16 as a TC-NER regulator

and reveal insights into the recruitment of TC-NER factors to TBLs.

Lesion verification

Upon damage detection, XPC in GG-NER (54,55) and UVSSA in TC-NER recruits
the general transcription factor II H (TFIIH) to the lesion by a common mechanism,
via their interaction with P62 subunit of TFIIH (56). The TFIIH multi-protein
complex is composed of ten subunits and is an important player for both transcription
and NER (57,58). The trimeric CDK-activating kinase (CAK) sub-complex of TFIIH
is required for transcription initiation but inhibitory for NER and thus dissociates after
TFIIH is recruited by XPC to the lesion (59). TFIIH contains two helicases, namely
XPB and XPD, which are essential for unwinding the DNA around the lesion (57,58).
Additionally, XPB facilitates the lesion recruitment of TFIIH via its AT Pase activity (60)
and XPD verifies the lesion with the assistance of XPA (61-63), via its 5 — 3’ unwinding
activity (64). XPA is recently described to assist conformational change of TFIIH from a
transcription active state to a NER active state by facilitating the release of the CAK sub-
complex, re-orienting XPB and XPD helicases and removing a DNA binding inhibitory
“plug” element from XPD, which enables lesion verification by XPD (65). Also, the
single-stranded binding protein RPA is recruited and it coats the undamaged strand to

protect it from endonucleases (66).

Dual incision and gap filling

The emerging NER complex licenses the recruitment of the structure-specific NER
endonucleases for the dual incision. This process is highly coordinated since it is crucial
that it takes place accurately to prevent the generation of undesirable ssDNA gaps which
could induce DNA damage signaling pathways (20). XPA recruits the ERCC1/XPF
endonuclease (67,68) and the XPG endonuclease is recruited either as a separate protein
or as a TFIIH-interacting factor (69-71). RPA positions ERCC1/XPF and XPG on
the 5" and 3’ of the lesion respectively (66) and this completes the assembly of the
pre-incision complex. ERCC1/XPF and XPG endonucleases coordinately incise the
damaged strand around the lesion. The presence of XPG is necessary for the 5 incision
by ERCC1/XPF and this leads to the 3’ incision by XPG (72). Subsequently, a DNA
fragment of a 22-30 nucleotides is released with TFIIH (73). The resulting gap is filled
by the concerted activity of PCNA, RFC, and DNA polymerase (8, € or ») (74), and
sealed by DNA ligase 1 or XRCC1/DNA ligase 3 mediated ligation (75), restoring the
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DNA back to its original state. These steps are carried out by DNA Pol ¢ and DNA
ligase 1 in replicating cells, and DNA Pol 8 or » and XRCC1/DNA ligase 3 in non-
replicating cells (74,75).

It is essential that each reaction step is tightly regulated in this multi-protein pathway,
to ensure the proper and timely transition between the consecutive reaction steps. As
explained above for GG-NER and TC-NER, post-translational modifications have been
shown to be crucial for accurately orchestrating successive NER reaction steps (20,76-
78). Additionally, transpiring in a complex chromatin environment, NER is affected by
other activities such as DNA replication (79), RNA transcription (80), or chromatin
remodeling (20,81,82). Therefore, it is highly likely that additional regulatory procedures

are required to ensure that NER can efficiently progress in this dynamic setting.

To gain a deeper understanding of the regulation of NER, we aimed to detect new NER
interactors and describe the functional relevance of these interactions. In Chapter 2
and 3, using quantitative interaction proteomics, we focused on interactors of TFIIH
since this central NER factor plays important roles in various NER stages, namely DNA
unwinding around the lesion, lesion verification and incision complex assembly (20).
Additionally, although the incised lesion-containing oligonucleotide is described to be
released together with TFIIH and XPG (73,83), the mechanism of this release is not
known. In contrast, bacterial NER is known to utilize the helicase UvrD to release
the endonuclease UvrC and the lesion-containing oligonucleotide upon incision
(84,85), which enables repair synthesis by DNA polymerase I (84,86). In Chapter 2,
using SILAC-based quantitative proteomics in combination with two different pull-
down approaches, namely native and cross-linking IP, we examined the UV-induced
TFIIH interaction network in detail. Our approach was validated by the identification
of known TFIIH interactors and interestingly our results suggest that once engaged in
NER, the TFIIH complex might harbor multiple XPD subunits. Most importantly, we
detected a novel UV-induced TFIIH interactor, HLTE

HLTF is not an unknown protein in DNA damage response. It is the closest human
orthologue of the yeast protein Rad5 which is described to be involved in post-replication
repair mechanisms (PRR), including template switching (TS) and translesion synthesis
(TLS) (87). Similar to Rad5, HLTF harbors a 3’-OH ssDNA end binding HIRAN
domain, SWI/SNF helicase domain, and a ubiquitin ligase RING domain (88-91).
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HLTF is reported to use its RING domain as a ubiquitin ligase to induce PCNA
polyubiquitylation (89,92). Its SWI/SNF helicase domain has been indicated to act
as a dsDNA translocase to reverse stalled replication forks (90) and clear DNA-bound
proteins (91). Its HIRAN domain has been described to promote its fork reversal activity
by recruiting HLTF to replication forks via its 3’-OH ssDNA end binding activity
(88,93).

In Chapter 3, we showed that HLTF is recruited to a TFIIH-containing NER
intermediate where the double incision has already taken place, but gap-filling synthesis
still has to occur. By depleting RAD18, which is necessary for the functioning of HLTF
in PRR (89,92,94), we confirmed that HLTF has a distinct role in NER. Results obtained
by an in vivo excision assay (83,95,96) and YH2AX signaling staining (97,98) suggested
that HLTF activity is necessary for the removal of the incised DNA fragment. Using a
set of HLTF domain mutants, we revealed that the RING domain is dispensable for the
role of HLTF in NER, suggesting that the HCTF-mediated PCNA modification (89,92)
is not relevant for NER. We found that the HIRAN domain is responsible for the
recruitment of HLTF to NER intermediates. In line with 3’-OH ssDNA end binding
activity of the HIRAN domain (88,93), we showed that HLTF interacts with 3>-OH
at the dsDNA/ssDNA junction bound by XPF-ERCC1. Both HIRAN and SWI/SNF
helicase domain mutants led to increased TFIIH accumulation at local UV damage
while only SWI/SNF helicase domain mutant caused an increased HLTF accumulation
at local UV damage which was completely abrogated for the HIRAN domain mutant.
Considering all these observations, we suggest that the SWI/SNF helicase domain is
responsible for enabling 3’-to-5" directional protein displacement once positioned by
HIRAN at 3’-OH site, created by XPF-ERCCI1 incision. Overall, we represent HLTF
as a new NER factor that releases the incised lesion-containing oligonucleotide and this

way facilitates gap filling, similar to UvrD in bacterial NER (84-86).

Clinical consequences of NER defects

Inherited mutations in NER genes can lead to severe and rather heterogeneous clinical
consequences, ranging from developmental defects and severe cancer predisposition to
neurodevelopmental defects and premature ageing, illustrating the clinical significance
of NER (20). It is remarkable to note that defects in a single pathway can result in
such diverse clinical outcomes. This can be explained by the fact that NER detects a
broad range of lesions via two separate sub pathways, GG-NER and TC-NER, and is
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a complex repair pathway with many players involved, some of which have additional
functions beyond NER.

Defects in GG-NER pathway
GG-NER is responsible for the detection of UV-induced lesions throughout the

entire genome. Lesions that are not repaired due to inherited defects in GG-NER
can be bypassed by translesion DNA polymerases. Although lesion bypass enables cell
survival, these polymerases are error-prone and result in genome-wide accumulation
of mutations which lead to cancer development (99). Xeroderma pigmentosum (XP)
patients with defective XPC and XPE (UV-DDB) genes have more than 1000-fold
increased susceptibility to develop UV light-induced skin cancer and an increased risk
for developing internal tumors. Additionally, they exhibit mild hypersensitivity to UV

radiation, with hypopigmentation and hyperpigmentation in their skin (100).

Defects in TC-NER pathway

As transcription is a vital mechanism for cells, defects in TC-NER can lead to serious
consequences such as premature cell death and accelerated aging (3,101). Interestingly,
there are surprising differences in the phenotype of patients with mutations in the TC-
NER proteins, UVSSA, CSA, and CSB. Mutations in UVSSA gene (52,53,102) lead to
a mild and rare disorder, namely UV-sensitive syndrome (UVS), which is characterized
by mild hypersensitivity to UV radiation, with freckling and telangiectasia (103). In
contrast, patients of Cockayne syndrome (CS), which is caused by mutations in CSA
and CSB genes, exhibit much severe clinical phenotypes such as neurological and
developmental abnormalities, and premature aging on top of the UV hypersensitivity

(104). CS patients have an average life expectancy of 12 years (105).

The strong contrast between UV®S and CS is surprising, especially considering that in
both conditions TC-NER activity (106) and transcription restart (52,107) are abrogated,
resulting in the complete absence of TC-NER mediated TBL removal. Yet, both CSA
and CSB are described to facilitate the removal of Pol II stalled on TBLs via proteasomal
degradation (108). Therefore, even if UVSSA is mutated, CSA and CSB can still remove
Pol I and this could expose TBLs to the activity of other repair pathways, such as GG-
NER (20,47). According to this hypothesis, although GG-NER would remove 6-4PPs
efficiently, it would remove CPDs very slowly, explaining the UV-sensitivity phenotype
of UV®S. Additionally, CSB is also involved in other repair pathways than TC-NER,
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including transcription-coupled BER (109-112), transcription-coupled homologous
recombination (113,114) and inter-strand crosslink repair (115,116) and therefore
defects in CSB highly likely leads to accumulation of a wider range of DNA damage,
compared to UVSSA-deficiency.

Defects in core NER pathway

When core NER pathway factors XPB, XPD, ERCC1/XPE, and XPG are defective,
GG-NER and TC-NER are both affected (117,118). Therefore patients with mutations
in these genes exhibit either classical XP features or a clinical condition known as
XP-CS complex, in which characteristics of both XP and CS syndromes are observed
(47). Additionally, mutations in TFIIH members XPB, XPD, and TTDA can lead to
trichothiodystrophy (TTD). TTD mutations hamper TFIIH activity not only in NER
but also in transcription initiation during the final differentiation phase of skin, hair, and
nail cells (119-121). As a result, TTD patients do not only exhibit typical characteristics
of CS but also scaly skin, brittle hair, and nails (122).

Photo-reactivation

In addition to NER, in most species there exists an alternative pathway to remove UV-
induced lesions by direct reversal, namely photo-reactivation (PR). This process has
been preserved throughout evolution in basically all branches of life, from bacteria
to non-placental mammals (123,124). Surprisingly, placental mammals have lost this
repair pathway and fully rely on NER for UV-lesion removal. While NER is a complex
mechanism requiring the coordinated action of at least 30 proteins (20), PR removes
the UV light induced CPD and 6-4PP lesions by direct enzymatic reversal mediated by
damage specific photolyases (PL)s using the energy of visible light.

There are two types of PLs, each responsible for the repair of one type of UV-induced
lesions, namely CPD and 6-4PP PL (125,126). These PLs recognize and bind to CPD
or 6-4PP lesions with high specificity, causing flipping out of the lesion into the active-
site of the PL and creating a high affinity enzyme-substrate complex (127,128). In the
presence of near-UV/blue light (300-500 nm), the PLs catalytically reverse the lesions
to the original bases by a photo-induced electron transfer reaction. In the case of CPD
PL, first, 2 300-500 nm photon is adsorbed by the chromophore MTHE. Second, the
excitation energy is transferred to flavin (FADH-). Third, flavin transfers an electron

to the cyclobutane ring, splitting the pyrimidine dimer and restoring the bases. Finally,
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flavin is restored back to its catalytically active form with a back electron transfer (128-
130). In the case of 6-4PP PL, PR takes place with a similar mechanism with one
important difference. Upon binding, 6-4PP PL first thermally converts the 6-4PP to
an oxetane intermediate. This resembles the cyclobutane ring and is broken by photo-

induced electron transfer (131-133). For both PLs, the entire reaction takes ~1 ns (128).

In Chapter 5, we exploited the damage recognition and binding ability of CPD and
6-4PP PLs, by tagging them with mCherry fluorescent protein. These fluorescently-
tagged PLs precisely detect UV-induced DNA damage without interfering with NER
activity. Utilizing fluorescence recovery after photo-bleaching (FRAP) (134,135), we
developed a highly sensitive new method to quantify UV-induced DNA damage and
repair kinetics in real time, in living cells. Moreover, we developed a live-cell repair
method using the 405 nm laser which enables immediate DNA damage removal in a
lesion specific manner. Overall, we present fluorescently-tagged PLs as a powerful tool
to detect, quantify, and repair UV-induced DNA damage, which could be used in living
cells to investigate the behavior of NER proteins.
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ABSTRACT

Transcription-coupled nucleotide excision repair (TC-NER) is a dedicated DNA repair
pathway that removes transcription-blocking DNA lesions (TBLs). TC-NER is initiated
by the recognition of lesion-stalled RNA Polymerase II (Pol II) by the joint action of the
TC-NER factors CSA, CSB and UVSSA. However, the exact recruitment mechanism of
these factors toward TBLs remains elusive. Here, we study the recruitment mechanism of
UVSSA using live-cell imaging and show that UVSSA accumulates at TBLs independent
of CSA and CSB. Furthermore, using UVSSA deletion mutants, we could separate the
CSA interaction function of UVSSA from its DNA damage recruitment activity, which
is mediated by the UVSSA VHS and DUF2043 domains, respectively. Quantitative
interaction proteomics showed that the Spt16 subunit of the histone chaperone FACT
interacts with UVSSA, which is mediated by the DUF2043 domain. Sptl6 is recruited
to TBLs, independently of UVSSA, to stimulate UVSSA recruitment and TC-NER-
mediated repair. Sptl6 specifically affects UVSSA, as Sptl6 depletion did not affect
CSB recruitment, highlighting that different chromatin-modulating factors regulate
different reaction steps of the highly orchestrated TC-NER pathway.
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INTRODUCTION
Eukaryotic gene transcription by RNA Polymerase I (Pol II) is crucial for proper cell

function. However, different types of DNA lesions can damage the Pol II template,
thereby severely impeding or even stalling the progression of elongating Pol II. These
transcription-blocking DNA lesions (TBLs) can originate from endogenous or exogenous
sources; for example, metabolic byproducts may induce oxidative DNA damage or UV-
light induces helix-distorting lesions such as CPDs (1-3). TBLs pose a direct problem
for cellular homeostasis due to a lack of newly synthesized RNA or to the formation of
mutant RNA molecules. In addition, prolonged stalling of Pol IT may result in collisions
with advancing replication forks and may induce R-loop formation (4). TBLs can
therefore cause genome instability, severe cellular dysfunction, premature cell death, and

senescence, which finally may result in DNA damage induced, accelerated aging (5-7).

To overcome these cytotoxic TBLs, cells are endowed with transcription-coupled
nucleotide excision repair (TC-NER). TC-NER is a dedicated branch of the nucleotide
excision repair pathway that specifically repairs TBLs in the transcribed strand of
active genes, thereby resolving lesions that stall RNA Pol II and subsequently allowing
transcription to restart (4,8). The importance of TC-NER is best shown by its causative
link with the Cockayne Syndrome (CS) and the UV-sensitivity syndrome (UV®S)
(6,9,10). CS is caused by mutations in CSA and CSB (11,12), while mutations in UVSSA
give rise to UV®S (13-15). Despite a similar deficiency in the repair of UV-induced
TBLs, the CS and UV®S phenotypes are strikingly different (6,9,10). CS is characterized
by photosensitivity, growth failure, progressive neurodevelopmental defects, and
premature aging (10,16), while UV®S has a far less severe phenotype, which is restricted

to cutaneous photosensitivity, such as freckling and pigmentation abnormalities (9).
p g pig

The recognition of lesion-stalled Pol II by Cockayne Syndrome protein B (CSB) is
assumed to be the initiating signal for TC-NER (17-19). In unperturbed conditions,
the transcription elongation factor CSB transiently interacts with elongating Pol II;
however, this interaction becomes more stable when Pol II is stalled at a TBL (18,20).
In line with this, recent cryo-EM studies of Rad26, the yeast homolog of CSB, show
that it binds DNA upstream of Pol II, where it has a key role in lesion recognition
(19). Through its ATPase activity, Rad26 facilitates forward translocation of Pol II over
naturally occurring pause sites or less bulky lesions. However, Rad26 cannot translocate

Pol IT over bulky TBLs (19). This prolonged binding of CSB to lesion-stalled Pol II
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is thought to be one of the first steps in the assembly of the TC-NER complex, as
for example shown by the CSB-dependent CSA translocation to the nuclear matrix
following UV-induced DNA damage (21). CSA forms an E3-ubiquitin ligase complex
with DDB1, Cul4A, ROCI1/Rbx1 (22,23), and is involved in the ubiquitylation and
subsequent degradation of CSB upon UV irradiation (24). The UV-induced degradation
of CSB is counteracted by the deubiquitylating enzyme USP7, which is recruited by
the TC-NER factor UV-Stimulated Scaffold Protein A (UVSSA) (13,14). Furthermore,
UVSSA plays a role in the restoration of the hypo-phosphorylated form of Pol II (Pol
[Ia) (13) and in UV-induced ubiquitin modifications of Pol II (15), but both effects
might be indirect. Recently, it was suggested that UVSSA also plays an important role
in the recruitment of the transcription factor II H (TFIIH) via a direct interaction with
P62 (15,25). TFIIH subsequently unwinds a stretch of approximately 30 nucleotides
surrounding the damage site and is, in combination with XPA and RPA, responsible for
damage verification and the orientation of the XPF/ERCC1 and XPG endonucleases,
thereby playing an important role in the DNA strand specificity. Following excision of
the damaged DNA, the resulting single-stranded gap is filled by DNA synthesis and
sealed by DNA ligases (6).

Despite significant advances, the regulation and recruitment mechanisms of TC-NER
factors to lesion-stalled Pol II is thus far not fully understood and such understanding is
required for proper comprehension of the TC-NER mechanism and its disease etiology.
For example, the exact recruitment mechanism of UVSSA remains under debate. Like
CSB, UVSSA has afhnity for Pol II in unperturbed conditions (14,18,26), and it has
been suggested that this interaction is stabilized following DNA damage (13). Although
UVSSA interacts with CSA (27), UVSSA accumulation at sites of UV-induced DNA
damage is a CSA- and CSB-independent process (14). In contrast, the UV-induced
UVSSA translocation to chromatin observed in cell fractionation assays was shown to

depend on CSA (27).

To increase our understanding of the spatiotemporal build-up of the TC-NER complex
and its molecular mechanism, we compared the accumulation kinetics of different TC-
NER factors in living cells and studied the UVSSA recruitment in TC-NER-deficient
cells in a quantitative manner. Our analysis showed that UVSSA recruitment to DNA
damage occurs in a CSA- and CSB-independent manner. In addition, UVSSA deletion
mutants showed that UVSSA binding to CSA and recruitment to TBLs are mediated
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by distinct domains; the Vps/Hrs/STAM (VHS) domain and the domain of unknown
function 2043 (DUF2043), respectively. Using these separation-of-function mutants
of UVSSA, in combination with quantitative interaction proteomics, we identified the
Spt16 subunit of the H2A/H2B chaperone FACT (facilitates chromatin transcription)
to be involved in the UVSSA recruitment. Sptl6 is recruited early in the TC-NER
reaction in a UVSSA-independent manner, thereby stimulating excision of the TBLs
and subsequent transcription restart after DNA damage removal. Our work establishes
Spt16 as an important regulator of TC-NER-mediated repair and provides new insights
into the different mechanisms involved in the recognition of lesion-stalled Pol II and

how the remodeling of chromatin fine-tunes the regulation of the different stages of

TC-NER.

MATERIALS AND METHODS
Plasmid constructs

GFP-tagged UVSSA deletion mutants of the DUF2043 and NLS domains amino acids
495-709 (ADUF), DUF2043 domain amino acids 495-605 (ADUFonly), C-terminal
NLS amino acids 645-709 (ANLS) and VHS domain amino acid 1-152 (AVHS)
domain were made by PCR amplification on pLenti CMV Hygro vector (28), containing
either full length C1-UVSSA construct or N2-UVSSA (for AVHS) construct, with
Phusion High-Fidelity DNA polymerase (M0530, New England Biosciences) using
the following primers: ADUF Forward 5°-CACCATGGTGAGCAAGGGCGAG-3’,
ADUF Reverse 5’-CTATGCTGCCAGCTTCTGGGCCTC-3, AVHS
Forward 5’ -CACCATGTTTCAAGACACGAATGCTCGGAGT-3,
AVHS Reverse 5-TTACTTGTACAGCTCGTCCAT-3’, ANLS
Forward ~ 5-CACCATGGTGAGCAAGGGCGAG-3* and ANLS  Reverse
5-GCTGTACCTGGATGAGCCGAGAT-3’. PCR products were gel purified, to
prevent contamination of later PCR reactions with template DNA and subsequently
subcloned into pPENTR™/D-TOPO® vector using pPENTR™ directional TOPO® Cloning
kit (Invitrogen). To generate the ADUFonly mutant the following primers were used to
amplify the complete GFP-UVSSA construct in pENTR4-GFP-C1 (w392-1) lacking the
DUF2043 domain: ADUFonly Forward 5’-phos-AGGGCTCGTGAGCAGCGGCG-3’
ADUFonly Reverse 5’-phos-TGCTGCCAGCTTCTGGGCCTCC-3’. The obtained
PCR fragment was used in a subsequent T4 ligation reaction to reassemble the
ADUFonly mutant in pENTR4-GFP-C1. All constructs were cloned by recombination
into the pLenti CMV Hygro destination vector (Addgene, plasmid ID: #17454) using

127




Chapter 4

the Gateway LR Clonase II Enzyme Mix (Invitrogen).

Cell line generation

Full length GFP-UVSSA (14) or UVSSA deletion mutants (GFP-UVSSA ADUE
ADUFonly, ANLS and UVSSA AVHS-GFP) expressing cell lines were generated
by lentiviral transduction of the indicated constructs. To that end, third-generation
lentiviruses were made in HEK293T cells and were used to transduce UVSS-A (TA24)
SV40-immortalized cells. Fibroblasts originating from NER patients (SV40 transformed)
were complemented with the respective deficient NER protein as described: GFP-CSB
in CS-B (CS1AN) (18), CSA-Flag-GFP in CS-A (CS3BE) (29), XPC-GFP in XP-C
(XP4PA) (30), GFP-XPA in XP-A (XP20S) (31), GFP-XPB in XP-B (XPCS2BA)
(32). Vh10 (hTert) cells stably expressing GFP-DDB2 were described before (33). The
generation of U208 cells stably expressing GFP-tagged Spt16 or SSRP1 was described
before (34), UVSS-A (TA24) cells expressing GFP-tagged Sptl6 were generated in a
similar approach. TA24 GFP-Spt16 cells were complemented with FLAG-tagged UVSSA
by lentiviral transduction. Gateway LR Clonase (Invitrogen) was used to recombine
UVSSA-Flag from pENTR4 no ccDB (686-1, Addgene, plasmid ID: #17424) (14)
to pLenti CMV Puro Dest (w118-1, Addgene, plasmid ID: #17452). The generated,
rescued cell line was subjected to a combination of selection by Puromycin (2.5 pg/ml)
for UVSSA-Flag and Hygromycin (5pg/ml) for Spt16-GFP. GFP-H2A (34) was stably
expressed in Hela cells (34) or in UV3S-A (TA24) cells by transfection using X-treme
Gene HP (Roche) according to the manufactures protocol. Cells stably expressing GFP-
H2A were selected using 0.5 mg/ml G418 and FACS sorting,.

Cell culture

TA24 (UVSS-A), CS1AN (CS-B), CS3BE (CS-A), XP4PA (XP-C), XP20S (XP-A),
XPCS2BA (XP-B), Hela, Vh10 and U20S cell lines were cultured in a 1:1 ratio of
DMEM and Ham’s F10 (Invitrogen) containing 10 % fetal calf serum (FCS, Biowest)
and antibiotics at 37 °C and 5 % CO,. For SILAC labelling, cells were cultured for 2
weeks in DMEM without lysine, arginine or leucine (AthenaES) supplemented with
antibiotics, 10 % dialyzed FCS (Invitrogen) and 105 pg/ml leucine (Sigma) and either
73 pg/ml light ['*C J-lysine and 42 pg/ml ['*C "N, ]-arginine (Sigma) or with heavy
[PCJ-lysine and [PC,"N ]-arginine (Cambridge Isotope Laboratories) at 37°C and
5% CO,.
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RNA interference

Transient siRNA-mediated knock-down was achieved using Lipofectamine
RNAIMAX  (Invitrogen)  transfection, according to the manufacturer’s
instruction. The siRNA oligonucleotides used, (Thermo Fisher Scientific) were

as follows: CTRL (D-001210-05-20) 5-UGGUUUACAUGUCGACUAA-3’,

Sptl6 (L-009517-00) 5-AGUCUAAUGUGUCCUAUAA-3’,
5’-GCAUAUACCAUCGCUGUAA-3’, 5-ACACGGAUGUGCAGUUCUA-3’,
5-GUACAGCAAUUGGCGGAAA-3’, SSRP1 (L-011783-00),
5-GCUCUGGGCCAUGGACUUA-3’, 5-GGAGUUCAACGACGUCUAU-3’,
5-CGAUGAAUAUGCUGACUCU-3, 5-AAGAAGAACUAGCCAGUAC-3’,
UVSSA (J-0243197-23-0002) 5-GCUCGUGGAUCCAGCGCUU-3’,

Napl L1 (L-017274-01-0005),  5-UAACCAUAGUUCAUCGAAAUU-3’,
5’"-GCGUAUAAUCCCAAGAUCAUU-3",
5-GUUAAGGCAUAUUGAGUUAUU-3’, 5°-GGAACGAGAUGCUAUACU-3’

Clonogenic survival assay

Cells were seeded in triplicate in 6-well plates (300 cells/well) and treated with a single
dose of the indicated UV-C dose (254 nm; Philips TUV lamp) 1 day after seeding.
After 1 week, colonies were fixed and stained in 50 % methanol, 7 % acetic acid and
0.1 % Coomassie blue and subsequently counted with the Gelcount (Oxford Optronix,
Software Version 1.1.2.0). The survival was plotted as the mean percentage of colonies
detected following the indicated UV-C dose compared to the mean number of colonies

from the non-irradiated samples.

Live-cell confocal laser-scanning microscopy

Confocal laser-scanning microscopy images were obtained with a Leica SP5 confocal
microscope using a 100x quartz objective for local UV-damage induction. Local DNA
damage infliction for kinetic studies of GFP-tagged protein accumulation was performed
using a2 266 nm UV-C (2 mW pulsed (7.8 kHz) diode pumped solid-state laser (Rapp
OptoElectronic, Hamburg) as described previously (14,35). Briefly, cells were grown on
quartz cover slips and were imaged and irradiated through a 100 x 1.2 NA Ultrafluar
quartz objective. During microscopy, cells were kept at 37 °C and 5% CO,. Images were
acquired using the LAS AF software (Leica) and the fluorescence intensity at the damage

area was recorded over time, background corrected and normalized to pre-damage
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fluorescence levels to quantify accumulation kinetics. H2A exchange on UV-C induced
DNA damage was performed as described previously (34). In short, half of the nucleus
was photobleached by a 488nm laser and local UV-C damage was subsequently induced
in the bleached area. The recovery of fluorescence, representing histone exchange, on
the UV-C damaged area and non-damaged area was quantified. Fluorescence intensities
were background corrected and the fluorescence on the UV-C damaged area was
normalised to the fluorescence for the non-damaged area. The indicated number of
cells originate from at least 2 experiments and the results were pooled and plotted as the

mean fluorescence intensity + SEM.

Immunofluorescence

Cells were grown on 24-mm coverslips and fixed using 2% paraformaldehyde
supplemented with triton X-100. Subsequently cells were permeabilized with PBS
containing 0.1% triton X-100. Coverslips were washed with PBS containing 0.15%
glycine and 0.5% BSA and incubated with primary antibody, FLAG M2 (1:1000) for
1-2h at room temperature. Cells were washed three times and two times for 10 min
with 0.1% triton X-100 and once with PBS containing 0.15% glycine and 0.5% BSA.
To visualize primary antibodies, coverslips were incubated for 1h with secondary
antibodies labelled with ALEXA fluorochrome 594 (Invitrogen). Again cells were
washed with 0.1% Triton X-100 and PBS+. Subsequently coverslips were embedded
in Dapi-containing Vectashield mounting medium (Vector Laboratories). Images were
obtained using a Zeiss LSM700 microscope equipped with a 63 x oil Plan-apochromat

1.4 NA oil immersion lens (Carl Zeiss Microimaging Inc.).

TC-NER specific Unscheduled DNA Synthesis (UDS)
The amplified UDS assay was performed as described (36). Briefly, XP186LV, XPC-

deficient cells, seeded on 24-mm coverslips 4 days prior to the experiment were transfected
with siRNA 2 days later. 1 day following transfection the medium was replaced by low-
serum containing medium (Ham’s F10 supplemented with 0.5 % FCS) to reduce the
number of cells in S-phase. For global UV-C irradiation (8 J/m?), a 254 nm germicidal
lamp (Philips) was used. Following irradiation, cells were labelled with medium (Ham’s
F10 supplemented with 0.5% dialyzed FCS) containing 5-ethynyl,2’-deoxyuridine
(EdU, 20 pM, ThermoFisher Scientific) and 2'-Deoxy-5-fluorouridine (Floxuridine,
1 uM, Sigma-Aldrich) for 7 h. Subsequently, cells were fixed in 3.6 % formaldehyde
(Sigma-Aldrich) in PBS with 0.5% Triton X-100 (Sigma-Aldrich). EAU incorporation
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was visualized using a combination of the Click-iT reaction (Invitrogen) and Tyramide
Signal Amplification (ThermoFisher Scientific). The Click-it reaction was performed
as described in the manufactures protocol using Azide-PEG3-Biotin Conjugate (20
pM in DMSO, Jena Bioscience), 1x Click-it reaction buffer (ThermoFisher Scientific),
Copper(IlT)sulphate (0.1 M), and 10x Reaction buffer additive (ThermoFisher Scientific).
The tyramide-based amplification was conducted as described in the manufactures
protocol by using the HRP-Streptavidin conjugate (500 pg/ml, ThermoFisher Scientific)
and Alexa-Fluor 488 nm labeled tyramide (ThermoFisher Scientific). Cover slips were
embedded in DAPI containing Vectashield mounting medium (VectorLaboratories)
and sealed using nail polish, and visualized using a Zeiss LSM700 microscope equipped
with a 40x oil Plan-Apochromat 40 0.6-1.3 numerical aperture (NA) oil immersion
lens (Carl Zeiss Micro imaging Inc.). TCR-UDS signal was quantified by analyzing at
least 6 fields for each condition Mean nuclear fluorescence signals were quantified using
Image] software (Version 1.48) (37). Sample analysis was performed as described (36).

The mean nuclear fluorescence signal + standard error of the mean is shown.

In vivo cross-linking and immunoprecipitation

The cross-linked immunoprecipitation procedure has been described previously (14,34).
Briefly, in vivo cross-linking was performed by adding 1 % formaldehyde to the culture
medium for 10 min at 4 °C. Cross-linked cells were scrapped and chromatin was
purified. Finally, the nuclear suspension was sonicated using the Bioruptor Sonicator
(Diagenode) with 6 cycles of 30 s on and 60 s off. For immunoprecipitations, equal
amounts of crosslinked chromatin from all samples were incubated in RIPA buffer with
30 pl GFP-Trap-A agarose bead slurry (ChromoTek), overnight at 4 °C. Beads were
collected by centrifugation, washed 5 times with RIPA buffer and GFP-tagged proteins
were de-crosslinked and eluted by incubation at 95 °C for 30 min in 2x Laemmli SDS
sample buffer. Samples were analyzed by western blot and loaded to 4-15% Mini-
PROTEAN TGX™ Precast Protein Gels (BioRad). Gels were fixed and stained by Roti-
blue (Carl Roth GmbH) according to the manufacturer’s protocol.

For native IP with Benzonase, cells were lysed in IP buffer (30 mM HEPES pH 7.5,
130mM NaCl, 1mM MgCl2, 0.5% Triton X-100 and protease inhibitor cocktail)
during for 10 min at 4°C. Subsequently, cells were sonicated using the Bioruptor
Sonicator (Diagenode) with 10 cycles of 15 s on and 45 s off, and 500 U of Benzonase

(Sigma) was added to the lysates. Following 1 h of incubation, the lysates were cleared

131




Chapter 4

by centrifugation and the supernatants were subjected to immunoprecipation with
GFP-Trap-A agarose beads overnight at 4 °C. Beads were collected by centrifugation,
washed 5 times with IP buffer and GFP-tagged proteins were eluted by incubation at 95
°C for 5 min in 2x Laemmli SDS sample buffer.

Western blot and Antibodies
Lysates were separated by SDS—PAGE and transferred to a PVDF membrane (0.45 pm).

Membranes were blocked with 5% milk in PBS for 1h at room temperature and
incubated with primary antibodies raised against GFP (Roche, 11814460001), CSA/
ERCCS8 (Abcam, ab137033), USP7 (Bethyl, A300-033A), Spt16, SSRP1 (Santa Cruz
Biotechnology, sc-28734 and sc-74536, respectively), Sptl6 (Abcam, Ab56855) or
Tubulin (Sigma Aldrich, clone B-5-1-2). Secondary antibodies coupled to IRDyes (LI-

COR) were used to visualize proteins using an Odyssey CLx infrared scanner (LiCor).

Mass spectrometry

SDS-PAGE gel lanes were cut into 2-mm slices and subjected to in-gel reduction with
dithiothreitol, alkylation with iodoacetamide and digestion with trypsin (sequencing
grade; Promega), as described previously (14). Nanoflow liquid chromatography
tandem mass spectrometry (nLC-MS/MS) was performed on an EASY-nLC coupled
to a Q Exactive mass spectrometer (Thermo) or to an Orbitrap Fusion Tribid mass
spectrometer (Thermo), both operating in positive mode. Peptide mixtures were trapped
on a ReproSil C18 reversed phase column (Dr Maisch; 1.5 cm x 100 um) at a rate of 8
pl/min. Peptides were separated on a ReproSil-C18 reversed-phase column (Dr Maisch;
15 cm x 50 um) using a linear gradient of 0—80% acetonitrile (in 0.1% formic acid) for
170 min at a rate of 200 nl/min. The elution was directly sprayed into the electrospray
ionization (ESI) source of the mass spectrometer. Spectra were acquired in continuum
mode; fragmentation of the peptides was performed in data-dependent mode by HCD
(Q Exactive) or CID (Orbitrap Fusion).

Raw mass spectrometry data were analyzed using the MaxQuant software suite (version
1.4.1.2) (38). A false discovery rate of 0.01 for proteins and peptides and a minimum
peptide length of 7 amino acids were set. The Andromeda search engine was used to
search the MS/MS spectra against the Uniprot database (taxonomy: Homo sapiens, release
June 2013). A maximum of two missed cleavages was allowed. The peptide tolerance

was set to 10 ppm and the fragment ion tolerance was set to 20 mmu for HCD spectra
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(Q Exactive) or to 0.6 Da for CID spectra (Orbitrap Fusion). The enzyme specificity
was set to “trypsin’, and cysteine carbamidomethylation was set as a fixed modification.
SILAC protein ratios were calculated as the median of all peptide ratios assigned to the
protein. In addition, a posterior error probability for each MS/MS spectrum below
or equal to 0.1 was required. In case the identified peptides of two proteins were the
same or the identified peptides of one protein included all peptides of another protein,
these proteins were combined by MaxQuant and reported as one protein group. Before

further statistical analysis, known contaminants and reverse hits were removed.

RESULTS
UVSSA accumulates independently of CSA and CSB on UV-C induced DNA

damage

To acquire more insights into the recruitment mechanism of UVSSA, we first quantified
its accumulation at sites of DNA damage and compared this to the recruitment kinetics
of the other TC-NER initiating factors, CSA and CSB. For this purpose, we used TC-
NER-deficient patient cell lines that are mutated in either CSA, CSB, or UVSSA and
are functionally complemented by the stable expression of GFP-tagged versions of the
respective full-length TC-NER factors (14,18,29) (Supplemental Figure 1A and B).
Accumulation kinetics of these TC-NER factors at sites of local UV-C laser-induced
(266 nm) DNA damage were determined using quantitative live-cell confocal imaging
(35). GFP-UVSSA and GFP-CSB recruitment at sites of locally UV-induced DNA
damage (LUD) was clearly visible and showed a similar, swift, 2-fold accumulation
(Figure 1A and B). Interestingly, despite the fact that CSA is a crucial TC-NER factor
(5) and has been shown to directly interact with both UVSSA and CSB (13,24,27)
(Figure 2C), its accumulation at sites of LUD was barely detectable (Figure 1A and
B). This might be explained by a transient binding of CSA to the TC-NER complex.
Furthermore, the almost complete absence of CSA at LUD makes it unlikely that
UVSSA recruitment to the TC-NER complex is mediated via a direct protein—protein
interaction with CSA. In line with this assumption, we have previously shown that
UVSSA accumulation can still be detected at sites of UV-C-induced DNA damage
in the absence of functional CSA and CSB (14). However, as these experiments do
not rule out that CSA or CSB might have more subtle effects on UVSSA recruitment
kinetics, e.g., reduced accumulating rates or levels, we determined the accumulation of
GFP-UVSSA in time in a quantitative manner in CSA- and CSB-deficient cells and
compared this to that in TC-NER-proficient cells (complemented UV®S-A patient cell
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Figure 1: Accumulation kinetics of TC-NER factors reveal a CSA independent UVSSA recruitment.
(A) Representative images of live cell imaging analysis of GFP-UVSSA, GFP-CSB or CSA-GEFP at the
indicated time points following local UV-C laser (266nm) induced damage (LUD) in a sub-nuclear region
(indicated by a white arrow). Scale bar: 7.5 pm. (B) Relative accumulation of the indicated GFP-tagged
TC-NER factors. GFP fluorescence intensity at LUD was quantified over time and normalised to pre-
damage intensity set at 100 at t=0 (n = 25 cells of 2 independent experiments, mean + SEM). The moment
of damage induction is indicated with a black arrow. A one-way Anova test was performed and P-values
<0.001 (***) are depicted. (C) Representative images of GFP-UVSSA accumulation at the indicated
time points at LUD (indicated by a white arrow). GFP-UVSSA is expressed to functionally complement
UVSS-A cells (TC-NER proficient cells) or GFP-UVSSA expressed in CS-A and CS-B cell lines. Scale bar:
7.5 pm. (D) Relative accumulation of GFP-UVSSA in the indicated cell lines. GFP fluorescence intensity
at LUD of was quantified over time and normalised to pre-damage intensity set at 100 at t=0 (n = 30 cells, 2

independent experiments, mean + SEM). The moment of damage induction is indicated with a black arrow.

line) (Figure 1C and D). GFP-UVSSA was recruited with the same kinetics in TC-NER-
proficient cells as in CSA- or CSB-deficient cells, indicating that UVSSA accumulation
is not influenced by CSA or CSB activities.

The VHS and DUF2043 domains of UVSSA have distinct functions and are both
required for TC-NER

To gain insight into the mechanism of UVSSA recruitment to TBLs, we tested which
domain of UVSSA is involved in this process. Therefore, we stably expressed two GFP-
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tagged UVSSA deletion mutants in UVSSA-deficient TA24 cells, in which either the
C-terminal DUF2043 domain (ADUF) or the N-terminal VHS domain (AVHS)
(15) was deleted (Figure 2A). In contrast to expression of the full-length GFP-UVSSA
(wt), cells expressing either ADUF or AVHS UVSSA mutants showed similar UV-
hypersensitivity as UVSSA-deficient cells (Figure 2B), indicating that both the DUF2043
and VHS domains are essential for TC-NER. In line with previous data that mapped
the CSA interaction domain to the N-terminus of UVSSA (27), immunoprecipitation
experiments showed that the deletion of the N-terminal VHS domain resulted in the
complete loss of CSA interaction, while this interaction remained unaffected in the
ADUF mutant (Figure 2C and Supplemental Figure 2A). Of note, the AVHS mutant
could still interact with the known UVSSA interaction partner USP7, indicating that
the AVHS mutant is at least partially functional. Like the wt UVSSA, the AVHS mutant
showed strict nuclear localization (Figure 2D). However, the ADUF mutant featured
an additional cytoplasmic localization, which may have been caused by the deletion
of the predicted C-terminal nuclear localization signal (NLS) (15). Despite its partial
cytoplasmic localization, a significant fraction of the ADUF mutant remained present in
the nucleus, in line with the retained interaction with the nuclear TC-NER factor CSA
(21) (Figure 2C). Subsequently, we quantified the recruitment kinetics of these UVSSA
mutants to DNA damage. While the AVHS mutant accumulated to the same level as
wt UVSSA, the recruitment of the ADUF mutant to sites of local DNA damage was
severely reduced (Figure 2D, E). To test whether the partial cytoplasmic localization of
the ADUF mutant influences the UVSSA accumulation at DNA lesions, we generated
two additional mutants in which either the DUF2043 domain alone (ADUFonly) or
the C-terminal-predicted NLS domain (ANLS) was removed (Supplemental Figure 2B
and C). In contrast to the ADUF mutant, the ADUFonly mutant was specially localized
to the nucleus (Supplemental Figure 2D). However, deletion of the DUF2043 domain
still severely reduced the accumulation of UVSSA at DNA damage (Supplemental
Figure 2E). Deletion of the NLS alone (ANLS) did not affect the UVSSA accumulation.
Surprisingly, this ANLS mutant was also localized mainly in the nucleus, suggesting
that the region that is deleted in the ADUF mutant, located between the DUF2043
domain and the predicted NLS sequence, is important for the nuclear localization of
UVSSA (Supplemental Figure 2B and D). Together our data show a clear separation-
of-function of the UVSSA domains; the VHS domain is crucial for CSA interaction,
while the DUF2043 domain plays an important role during the UVSSA recruitment to
DNA damage. Importantly, in line with the unaffected UVSSA accumulation in CS-A
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Figure 2: CSA interaction and recruitment to DNA damage is mediated by distinct UVSSA domains.
(A) Schematic overview of the protein domains present in UVSSA and the used UVSSA deletion mutants
that either lack the VHS domain (AVHS) or the DUF2043 domain (ADUF). NLS: nuclear localization
signal. (B) UV sensitivity of UVSS-A cells (-) and UVSS-A cells complemented with GFP-UVSSA (wt),
GFP-UVSSA ADUF (ADUF) or UVSSA AVHS-GFP (AVHS) was determined by their colony-forming
ability, following irradiation with the indicated UV-C doses. The percentage of surviving colonies is
plotted against the UV-C dose. The number of colonies counted at 0]/m? is set as 100% survival. Data
represents the experiment conducted in triplicate and error bars represent SEM. (C) Whole cell extracts
(WCE) of UVSS-A patient cells stably expressing the indicated constructs were subjected to GFP
immunoprecipitation. Western blot analysis of the immunoprecipitated proteins was performed using GFP,
CSA or USP7 antibodies. WCE: whole-cell extract, IP: Immunoprecipitate. (D) Representative images
of live cell imaging analysis of GFP-UVSSA or ADUF and AVHS mutants following local UV-C laser
(266nm) induced damage (indicated by a white arrow). Scale bar: 7.5 pm. Right panel: 4x zoomed image
to visualize accumulation at 3s post-damage induction. (E) GFP fluorescence intensity of the indicated
constructs at LUD was quantified over time and normalised to pre-damage intensity set at 100 at t=0 (n =
30 cells of 2 independent experiments, mean + SEM). A one-way Anova test was performed and P-values

<0.001 (***) are depicted. The moment of damage induction is indicated with a black arrow.
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cells, these data further show that UVSSA recruitment to TBLs is a CSA-independent

process.

Identification of UVSSA-interacting proteins

To identify proteins that are involved in recruiting UVSSA to DNA damage, we set
out to identify UVSSA-interacting proteins using SILAC-based quantitative interaction
proteomics. UVSSA-containing protein complexes were isolated using GFP-nanotrap
pulldowns (39) in UV®S-A cells stably complemented with GFP-UVSSA. UVSS-A
cells expressing free GFP were used as a control for non-specific binding proteins.
All experiments were conducted in duplicates with a label swap and only proteins
identified in both independent experiments (forward and reverse) with a log, SILAC
ratio of GFP-UVSSA/GFP above 0.6 were considered as specific UVSSA-interacting
proteins. Results were visualized by plotting the log, SILAC ratios of proteins of the two
independent experiments (Figure 3A and Supplemental Table 1). In total, 66 specific
UVSSA interactors were identified (Figure 3A, indicated in blue and orange). The
bait UVSSA was identified with the highest SILAC ratio followed by USP7, a known
UVSSA interactor (13,14,40), confirming the validity of our approach. To identify
biological processes associated with these UVSSA-interacting proteins, we performed a
Gene Ontology (GO) enrichment analysis. As expected, the biological process of DNA
repair was among the top enriched GO annotations (Figure 3B). In addition, several of
the top enriched GO terms were proteins involved in chromatin remodeling, suggesting
that UVSSA interactors are involved in this process. Chromatin remodeling has been
shown to play an important role in TC-NER (41-43), for example by enhancing the
recruitment of TC-NER factors to DNA damage (44).

To pinpoint which proteins, from the 66 identified UVSSA interactors, are involved in
the recruitment of UVSSA to DNA damage, we hypothesized that these proteins would
retain their interaction with the AVHS mutant (the mutant that can localize to DNA
damage), but might have lost binding with the ADUF mutant (the mutant that is not
recruited to damage). Therefore, we performed quantitative proteomics experiments to
map which of the identified UVSSA interactors are lost in the respective UVSSA deletion
mutants (Supplemental Table 2). We compared proteins interacting with GFP-UVSSA
(wt) to proteins interacting with GFP-UVSSA AVHS (Figure 3C) or GFP-UVSSA (wt)
to GFP-UVSSA ADUF (Figure 3D). Log, SILAC ratios around 0 indicate that proteins

are equally bound to wt UVSSA as they are bound to the respective deletion mutant,
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Figure 3: Quantitative interaction proteomics reveal UVSSA interaction partners and required
UVSSA-domains. (A) Scatter plot of log, SILAC ratios of proteins isolated by GFP-pulldown in UVSS-A
cells stably expressing either GFP-UVSSA or GFP (non-specific binding control). The experiment was
conducted in duplicate with a label swap. The log, SILAC ratios of proteins identified in the forward
experiment (GFP-UVSSA versus GFP, H/L, x-axis) are plotted against the log, SILAC ratios of proteins
identified in the reversed experiment (GFP-UVSSA versus GFP, L/H, y-axis). Proteins were classified as
specific UVSSA interactors (marked in blue) when log, SILAC ratio > 0.6 (indicated by grey dotted line)
in both replicates. (B) GO-term analysis of the 66 proteins identified as specific interactors of UVSSA. A

selection of the top 10 enriched biological process pathways is shown. GC: gene count, FDR: false discovery
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rate. (C) Scatter plot of log, SILAC ratios of proteins identified in the GFP-pulldowns of wt UVSSA versus
AVHS, only proteins that were also identified in the GFP-UVSSA versus GFP proteomics experiment are
depicted. The experiment was conducted in duplicate, including a label swap. The log, SILAC ratios of
proteins identified in the forward experiment (wt versus AVHS, H/L, x-axis) are plotted against the log,
SILAC ratio of proteins identified in the reversed experiment (wt versus AVHS, L/H, y-axis). The majority
of proteins have similar binding ability to the AVHS mutant compared to the wt (log, SILAC ratio < 0.6,
proteins marked in grey). Proteins marked in blue represent proteins whose interaction with UVSSA is
decreased in the absence of the VHS domain. (D) Scatter plot of log, SILAC ratios of proteins identified in
the GFP-pulldowns of wt UVSSA versus ADUF only proteins that were also identified in the GFP-UVSSA
versus GFP proteomics experiment are depicted. The experiment was conducted in duplicate, including a
label swap. The log, STLAC ratios of proteins identified in the forward experiment (wt versus ADUE, H/L,
x-axis) are plotted against the log, SILAC ratio of proteins identified in the reversed experiment (wt versus
ADUFE, L/H, y-axis). Proteins marked in blue have a reduced interaction with UVSSAADUF compared
to wt (proteins are marked in blue, log, SILAC ratio > 0.6, grey dotted line marks the threshold). (E)
Crosslinked nuclear extracts of UVSS-A patient cell line (TA24), stably expressing the indicated constructs
were subjected to GFP immunoprecipitation. Non-complemented UVSS-A patient cell line (-) was used as
negative binding control. WCE: whole-cell extract, IP: Immunoprecipitation. Western blot analysis of the

co-immunoprecipitated proteins was performed for GFP, Spt16, SSRP1, USP7 and CSA.

while a positive log, SILAC ratio indicates that the interaction with the tested deletion
mutant is reduced compared to that with the wt UVSSA. Remarkably, only a few
interactions were lost in the AVHS deletion mutant (Figure 3C, marked in blue), while
numerous protein interactions with UVSSA were lost in the ADUF mutant (Figure
3D). This shows, in contrast to the interaction of the VHS domain with CSA (Figure
2C), that the majority of the identified UVSSA interactors depend on the DUF2043

domain.

Of the 66 proteins identified as UVSSA interactors (Figure 3A, indicated in blue), 45
proteins were detected in all three proteomic screens. The SILAC ratio of 25 of these
proteins remained unchanged (SILAC ratio < 1.2) in the AVHS mutant, indicating that
the interactions between those proteins and UVSSA were similar for the we UVSSA
and the AVHS mutant. Since we hypothesized that proteins involved in the UVSSA
recruitment to DNA damage would bind specifically to the DUF2043 domain (Figure
3D, indicated in blue), we sorted these remaining 25 proteins with descending wt/ ADUF
SILAC ratios (Supplemental Table 2). Interestingly, both the Spt16 and SSRP1 subunits
of the histone chaperone complex FACT were identified as UVSSA interactors whose
binding was lost most upon deletion of the DUF2043 domain.

139




Chapter 4

FACT complex interaction with UVSSA is mediated by the DUF2043 domain
The H2A/H2B histone chaperone FACT is an interesting interaction partner of

UVSSA, as it was originally discovered as an essential factor for productive iz vitro Pol
IT transcription on chromatinized DNA (45) and plays essential roles in histone H2A/
H2B exchange during DNA transcription and replication (46,47). Interestingly, recent
studies have shown that FACT is involved in several DNA repair pathways (34,48-53).
More specifically, Spt16 was shown to stimulate histone H2A/H2B exchange at sites of
UV-induced DNA damage and to play an important role during the cellular response
to TBLs by facilitating efficient restart of transcription following DNA damage removal
(34). However, its exact mode of action and whether Spt16 is involved in TC-NER

remains thus far unknown.

To test whether the role of Sptl6 in transcription restart might be mediated via its
identified interaction with UVSSA, we first confirmed the interaction between the
FACT complex and UVSSA. Cross-linked immunoprecipitation experiments verified
the interaction of the FACT complex with UVSSA and, as expected, with the known
UVSSA interaction-partners CSA (27) and USP7 (13,14,40) (Figure 3E). This identified
UVSSA-Spt16 interaction is strongly reduced when immunoprecipitation experiments
are performed without cross-linking in the presence of benzonase, which degrades
DNA and RNA (Supplemental Figure 3A). This indicates that the UVSSA interacts
with Spt16 in a very transient manner, or that this interaction depends on the presence
of RNA or DNA. In line with our proteomics data, we confirmed that FACT binding
is mediated by the DUF2043 domain of UVSSA, as upon immunoprecipitation of the
ADUF mutant Spt16 and SSRP1 could not be detected, whereas the interaction was
present in the wt and AVHS mutant. Of note, the USP7 interaction with ADUF was
significantly reduced, in agreement with our proteomics data (Figure 3D). However, the
USP7 interaction was not completely lost, indicating that in addition to the DUF2043
domain, other UVSSA domains are also involved (40).

Sptl6 enables efficient UVSSA recruitment and stimulates TC-NER-mediated

damage excision

The identified UVSSA interaction with the FACT subunits SSRP1 and Spt16, together
with the previously identified role of Sptl6 in transcription restart, indicate that the
FACT complex is involved in the function of UVSSA at sites of DNA damage. To test
this, we quantified the UVSSA accumulation to sites of DNA damage in cells following
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siRNA-mediated knockdown of the FACT complex. Simultaneous knockdown of both
FACT subunits significantly reduced the accumulation of UVSSA at LUD (Figure 4A
and B). It is noteworthy that while knock down of Spt16 alone resulted in a comparable
reduction of UVSSA accumulation, depletion of its canonical binding partner SSRP1,
did not affect the accumulation of UVSSA, even though SSRP1 was efficiently depleted
following siRNA transfection (Figure 4C). It should be noted, as is commonly observed
for heterodimeric protein complexes, that siRNA-mediated knockdown of SSRP1 also
results in the reduction of Sptl6 protein levels, but not to the same extent as Spt16
knockdown itself (Supplemental Figure 3B). The remaining Spt16 protein levels after
SSRP1 depletion are apparently sufficient to allow UVSSA recruitment. Furthermore,
Spt16 knockdown also reduced the UVSSA accumulation in CSA-deficient patient cells
(Supplemental Figure 3C and D), indicating that the residual UVSSA accumulation in
TC-NER-proficient cells upon Spt16 depletion is not mediated by CSA.

To test whether Spt16 depletion specifically affects UVSSA recruitment, or whether its
absence inhibits the TC-NER complex assembly in general, we tested whether Spt16
depletion has a similar effect on CSB recruitment. In contrast to UVSSA, siRNA-
mediated depletion of FACT did not affect CSB accumulation on UV-induced DNA
damage (Figure 4D and Supplemental Figure 3E). As CSB is recruited to lesion-stalled
Pol IT (18), the absence of an effect of UVSSA on CSB recruitment suggests that the
effect of Spt16 on UVSSA accumulation is not caused by a general effect on transcription
or chromatin state. In line with this, the depletion of another H2A/H2B chaperone,
the nucleosome assembly protein 1-like 1 (NAP1L1), did not interfere with UVSSA
accumulation (Figure 4E and Supplemental Figure 3F, G), indicating that UVSSA

accumulation is not influenced by histone chaperones in general.

In accordance with the SSRP1-independent role of Spt16 in UVSSA recruitment,
Spt16 was also shown to be specifically involved in transcription restart (34). This might
suggest that the observed inhibition of transcription resumption is caused by a reduced
UVSSA recruitment to sites of DNA damage, thereby inhibiting TC-NER efficiency
and the subsequent transcription restart. To quantify TC-NER activity, we measured
unscheduled DNA synthesis (UDS) by quantifying the DNA damage-induced EdU
incorporation during gap-filling synthesis, which represents the last step of NER (36).
To specifically quantify the TC-NER-mediated UDS, this assay was performed in non-
cycling GG-NER-deficient cells (XP-C) and combined with a signal amplification step
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Figure 4: Spt16 mediates UVSSA accumulation on UV-C induced DNA damage. (A) Representative
images of live-cell imaging analysis of GFP-UVSSA expressing cells transfected with the indicated siRNAs
(CTRL is a non-targeting siRNA), following local UV-C laser (266nm) induced damage (indicated by a
white arrow). Scale bar: 7.5 um. (B) Relative GFP-UVSSA accumulation at sites of LUD in cells transfected
with the indicated siRNA. GFP fluorescence intensity at LUD was measured over time using live-cell
confocal imaging and normalised to pre-damage intensity set at 100 at t=0 (n = 30 cells of 2 independent,
pooled experiments, mean + SEM). A one-way Anova test was performed and P-values <0.001 (***) are
depicted. The moment of damage induction is indicated with a black arrow. (C) siRNA transfected cells as
used in the live-cell imaging experiments (A and B) were lysed directly after the experiment. Lysates were

analysed by Western blot with the indicated antibodies. Tubulin was used as loading control. (D) Relative
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GFP-CSB accumulation in CS-B (CS1AN) cells at sites of LUD in cells transfected with the indicated
siRNA. GFP fluorescence intensity at LUD was measured over time using live-cell confocal imaging and
normalised to pre-damage intensity set at 100 at t=0 (n > 25 cells of 2 independent experiments, mean =+
SEM). The black arrow indicated the moment of damage induction. Representative images are shown in
Supplemental Figure 1B. (E) Relative GFP-UVSSA accumulation at sites of LUD in control and NAP1L1
depleted cells. Representative images and knock down efficacy are shown in Supplemental Figure 1C and
D respectively. GFP fluorescence intensity at LUD was measured over time using live-cell confocal imaging
and normalised to pre-damage intensity set at 100 at t=0 (n > 30 cells, 2 independent experiments, mean +
SEM). The black arrow indicates the moment of damage induction. (F) XP186LV patient cells (XP-C; GG-
NER-deficient) were transfected with non-targeting control (CTRL) siRNA and siRNA against CSB and
Sptl6. Cells were irradiated with UV-C (8 J/m?) or mock-treated as indicated, and subsequently labelled
for 7 h with EdU. The efficacy of the gap-filling synthesis was assessed by measuring the fluorescently
labelled, incorporated EdU into the DNA. Amplified UDS signals were quantified (upper panel) by
confocal microscopy measurement of the total nuclear fluorescence (Alexa-Fluor 488 nm, n>170 cells for
each condition, two independent experiments, mean + SEM) and representative images (lower panel) are

shown. A two-tailed t-test was performed and P-values <0.001 (***) are depicted.

(36). In control siRNA-transfected cells, a clear UV-induced and TC-NER-specific
UDS signal was observed, which was severely reduced following CSB depletion (Figure
4F). Interestingly, also upon siRNA-mediated knockdown of Spt16, the TC-NER-
mediated UDS was significantly reduced. This indicates that Spt16 plays an important
role in TC-NER by enhancing UVSSA recruitment, thereby subsequently stimulating

transcription restart.

Spt16 function in TC-NER

Previously, we have shown that Spt16 stimulates accelerated exchange of histones
H2A/H2B at sites of UV-induced damage (34). The identified interaction of Sptl6
with UVSSA (Figure 3) together with the finding that both factors are recruited to
DNA damage sites (14,34) (Figure 4A and 5D) prompted us to test whether UVSSA
is involved in damage-induced accelerated exchange of histones H2A/H2B. Hence, we
compared the UV-induced histone H2A exchange in UVSSA-proficient and -deficient
cells. Histone exchange at DNA damage was determined in living cells by inducing
local UV-C damage in a photobleached area of cells stably expressing GFP-H2A (34).
Areas in the photobleached half of the nucleus that feature a higher histone exchange
rate are characterized by an increased local GFP-H2A fluorescence due to eviction of
photobleached GFP-H2A followed by incorporation of fluorescent (non-photobleached)
GFP-H2A (Figure 5A). Histone exchange was quantified by comparing the recovery
of GFP-H2A signal at sites of LUD with an undamaged region in the bleached part
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Figure 5: Sptl6 is recruited to DNA damage early during TC-NER and independent of UVSSA. (A)
Representative images of live-cell analysis of stable GFP-H2A expressing TC-NER proficient (HeLa cells,
top panel) or UVSS-A (TA24 cells, lower panel) cells. Left panel, unbleached cells. After photobleaching
half of the nucleus, (middle panel), local UV-damage (indicated with a white arrow) was inflicted with
an UV-C (266 nm) laser in the bleached half of the nucleus. H2A-GFP exchange was imaged over time.
Scale bar: 7.5 pm. (B) The recovery of fluorescence in damaged and undamaged areas of the photobleached
half of the nucleus is quantified in time. GFP-H2A exchange rate at LUD is depicted, normalized to the
undamaged area (n = 15 cells from 2 independent mean + SEM). (C) Relative Spt16-GFP accumulation
at sites of LUD in UVSS-A deficient and complemented cells. GFP fluorescence intensity at LUD was
measured over time using live-cell confocal imaging and was normalised to pre-damage intensity at t=0,
which was set to 100 (n = 30 cells, 2 independent experiments, mean + SEM). The moment of damage
induction is indicated with a black arrow. (D) Representative images of live-cell imaging analysis of Spt16-
GEFP expressed in either UVSS-A deficient or in UVSSA complemented (UVSSA-Flag) cells (lower panel).
The white arrow indicates areas of UV-C laser (266 nm) induced DNA damage. Scale bar: 7.5 pm. (E)
Quantification of the GFP fluorescence intensity of cells stably expressing the indicated GFP-tagged NER
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proteins, GFP-tagged Spt16 or SSRP1. Cells subjected to local UV-C laser (266nm) induced DNA damage
were imaged over time. All cells were imaged and damaged under the exact same conditions. Fluorescence at
LUD was normalised to pre-damage fluorescence at t=0, which was set to 100 (n = 20 cells, 2 independent
experiments, mean + SEM). The moment of damage induction is indicated with a black arrow. Right
graph shows zoomed graph of the indicated box, to clearly illustrate the kinetics of TC-NER factors.

Representative images are shown in Supplemental Figure 2.

of the nucleus (Figure 5B). Both in UV*S-A (TA24) and TC-NER-proficient cells
(HeLa), a comparable UV-induced H2A exchange was observed. This indicates that
the Spt16-mediated H2A exchange at sites of DNA damage is independent of UVSSA.
Together with the Spt16-dependent UVSSA accumulation, this suggests that the Spt16
recruitment acts in parallel or prior to UVSSA recruitment. To verify this, we compared
the accumulation of stably expressed GFP-Sptl6 to LUD in UV®S-A patient cells
with UV®S-A complemented cells (Figure 5C and D, Supplemental Figure 4A). No
difference could be observed in Sptl16 accumulation. Similar results were obtained in
U20S cells stably expressing Spt16-GFP in which UVSSA was depleted using siRNA
(Supplemental Figure 4B and C). The observation that Spt16 enhances the UVSSA
accumulation to TBLs (Figure 4B), but not vice-versa, indicates that the activity of
Sptl6 is needed prior to the UVSSA recruitment during TC-NER.

To test whether Spt16 is indeed a factor that is recruited at the early stages of the TC-
NER reaction, we directly compared its recruitment with the accumulation kinetics of a
panel of GFP-tagged NER factors that are active at different stages in the NER reaction
(Figure 5E and Supplemental Figure 4D). In line with previous studies (14,54), the
DNA damage-recognizing GG-NER factors XPC and DDB2 showed a swift and robust
accumulation (>6-fold change), while the core NER factors (XPA and XPB) involved in
the more downstream damage verification step of NER featured slower accumulation
kinetics with a more modest accumulation (1.5-3-fold change). The TC-NER-specific
CSB and UVSSA proteins showed a quick but very modest accumulation (-1.2-fold
change). In line with a Sptl6 recruitment upstream of UVSSA recruitment, Sptl6
showed a very rapid accumulation. Remarkably, Spt16 showed a more pronounced
accumulation (-5-fold change) than UVSSA and CSB (-1.2 fold) (Figure 5E), which
might indicate a different mode of damage recruitment for Spt16 compared to TC-NER
factors. Of note, even though not essential for UVSSA recruitment, SSRP1 showed

similar accumulation as Spt16 (34).
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Together, our data show that Spt16 functions as an early factor in the UV-DDR and
plays an important role in the recruitment of UVSSA, thereby stimulating efficient

transcription-coupled repair and subsequent transcription resumption.

DISCUSSION

Recognition of lesion-stalled Pol II is a crucial initiating step for damage removal by
TC-NER and its tight regulation is expected to be critical for correct spatiotemporal
formation of the TC-NER complex, remodeling of lesion-stalled Pol II, and for the
subsequent recruitment of downstream NER factors enabling efficient excision of
TBLs (8,55). To gain further insight into this regulation, we investigated in detail the
spatiotemporal behavior of the TC-NER initiating proteins CSA, CSB and UVSSA. We
found that in living cells, the accumulation kinetics of CSB and UVSSA were strikingly
similar, which might suggest similar modes of recruitment. Both proteins have been
reported to have affinity for Pol II in unperturbed conditions, and their interaction is
stabilized or their affinity is increased when bound to lesion-stalled Pol IT (14,18,19).
Despite their highly similar recruitment kinetics, UVSSA was recruited in a CSB-
independent manner. Conversely, while CSB accumulation is reduced in the absence
of UVSSA (13,14), this is most likely caused not by a direct effect of UVSSA on the
initial CSB recruitment but rather by the stabilization of CSB via the deubiquitylating
activity of the UVSSA binding partner USP7 (13,14). Interestingly, even though the
crucial TC-NER factor CSA has been shown to directly interact with both UVSSA
(27) and CSB (24), it could hardly be detected at sites of UV-induced DNA damage.
This absence might be explained by the fact that CSA binds transiently to the TC-NER
complex. This is in line with the general highly dynamic nature of interactions of E3
ligases with their substrates. Furthermore, this suggests that, in contrast to CSB and
UVSSA, CSA has no structural or scaffold-like function in the TC-NER complex. Of
note, the expected short residence time of CSA on TBLs makes it unlikely that CSA
is responsible for recruiting UVSSA to UV-induced DNA damage via a direct protein

interaction, as previously suggested based on cellular fractionation assays (13,27).

In this study, we precisely determined the accumulation kinetics of different TC-NER
factors in living cells and show that UVSSA accumulation is similar in TC-NER-
proficient and CSA- and CSB-deficient cells, indicating that the recruitment of UVSSA
to sites of DNA damage is not influenced by CSA or CSB. The CSA-independent
accumulation of UVSSA was further shown by the use of UVSSA deletion mutants
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lacking either the N-terminal VHS or the C-terminal DUF2043 domain. Of note,
deletion of either domain resulted in a severe UV sensitivity and a reduced transcription
resumption following irradiation (15). Interestingly, while deletion of the VHS domain
resulted in the complete loss of CSA interaction (27), this mutant was recruited to DNA
damage with exactly the same kinetics as full-length UVSSA. Conversely, deletion of
the DUF2043 domain resulted in a severe reduction of UVSSA recruitment, without
affecting the CSA interaction. These experiments show that the UVSSA recruitment at

sites of TBLs can be separated from its interaction with CSA.

A plausible explanation for the apparent contradicting results on the role of CSA
and CSB in the UVSSA recruitment (13,14,27,56) could be that the initial UVSSA
recruitment to lesion-stalled Pol II, as determined in live-cell imaging experiments, is
completely independent of CSA and CSB. However, the direct interaction between
CSA and UVSSA, or another activity of CSA, might play an important role in the
subsequent stabilization of the TC-NER complex. This complex-stabilizing function of
CSA might explain the loss of UVSSA near TBLs in the absence of CSA (13,27), as weak
or transient interactions might be lost during fractionation or immunoprecipitation
assays. The CSA-independent UVSSA accumulation during live-cell experiments is also
in line with previous studies. For example, the ATP-dependent chromatin remodeler
SWI/SNF-related matrix-associated actin-dependent regulator of chromatin subfamily
A member 5 (SMARCAS5) stimulates CSB (and presumably CSA) recruitment to UV-
induced DNA damage, but does not affect UVSSA recruitment (44). Furthermore,
while CSA is dispensable for the recruitment of TFIIH to lesion-stalled Pol II (57),
functional TFIIH is essential for the CSA translocation to damaged chromatin (58).
This data, together with the recent suggestion that UVSSA recruits TFIIH (25), supports
a model in which UVSSA is recruited prior to and independent of CSA. This model
raises an interesting question regarding the physiological function of the observed CSA—
UVSSA interaction that can be detected even in unperturbed conditions (13,15,27,29).
A specific mutation in CSA (W361C), which abolishes the interaction with UVSSA,
results in the development of UV®S (27), indicating the importance of the CSA-UVSSA
interaction for efficient TC-NER. It is tempting to speculate that the intrinsic affinity
of UVSSA for CSA might be involved in the recruitment of the CRL4“* E3 ligase
to DNA damage. Otherwise, as CSA has affinity for CSB as well (24), it may play an

important role in the stabilization or proper conformation of the TC-NER complex.
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To identify proteins involved in the recruitment of UVSSA, we performed interaction
proteomics. Among the top interacting proteins were the established UVSSA binding
partners USP7 and the DDB1 and CUL4B subunits of the CRL4“** complex (13,14,27),
showing the validity of our approach (Figure 3A). To identify factors involved in UVSSA
recruitment, we assumed that their interaction would be dependent on the DUF2043
domain, which is crucial for its localization to TBLs. Interestingly, in addition to the loss
of interaction with the FACT subunits Spt16 and SSRP1, many other interactions were
lost upon deletion of the DUF2043 domain, suggesting that this domain is a hotspot
for interactions. For example, our MS analysis shows that the DUF2043 domain is
essential for the UVSSA interaction with the U2 and U5 snRNP splicing factors SF3B1,
SF3B2, and PRPES. The interactions with these U2 and U5 snRNPs might be explained
by the affinity of UVSSA for elongating Pol II in both unperturbed or DNA damage
conditions (14). These late-stage splicing factors have been shown to be displaced from
the chromatin following TBL induction, thereby increasing R-loop formation and
activation of ATM signaling (59). The identified interaction with these splicing factors
might indicate a role for UVSSA in these transcription-coupled processes during the

DNA damage response.

In this study, we focused on the role of Spt16 in the regulation of UVSSA and TC-NER,
as we have previously identified this subunit of the H2A/H2B histone chaperone FACT
to be involved in the UV-induced H2A/H2B exchange and to stimulate transcription
restart following DNA damage (34). However, thus far, the exact mechanism of how
Spt16 regulates TC-NER remains unknown. In line with the interaction of Spt16 being
dependent on the DUF2043 domain of UVSSA, we found that Spt16 is required for the
recruitment of UVSSA to damaged DNA. The ~50% reduction of UVSSA recruitment
following SPT16 depletion, caused severe effects on the TC-NER-mediated repair,
as shown by a strong impediment of the TC-NER-specific gap-filling synthesis. This
reduced repair efficiency can explain the previously observed inhibition of transcription
restart and UV sensitivity upon Spt16 knockdown (34). However, additional effects of
Sptl6 on the transcription restart process independent of repair, as shown for Dot1L
(60), cannot be excluded. As Spt16 depletion (Figure 4B), or deletion of the DUF2043
domain (Figure 2E), does not result in a full loss of UVSSA recruitment at sites of

DNA damage, it is likely that additional mechanisms and factors are involved in the
recruitment of UVSSA.
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The effects of Spt16 on UVSSA recruitment, as well as transcription restart and UV
sensitivity (34), are independent of SSRP1, its canonical binding partner in the FACT
complex. Despite being not essential for TC-NER, SSRP1 interacts with UVSSA and
has similar accumulation kinetics at DNA damage sites as Spt16. Spt16 seems to be the
driving force of the FACT accumulation, as the SSRP1 accumulation at UV-induced
DNA damage depends on the presence of Spt16 (34). Together, this suggests that
under normal conditions, the complete FACT heterodimer is present at sites of DNA
damage, but in the absence of SSRP1, Spt16 can be recruited and function during TC-
NER independently of SSRP1. Although, thus far, it remains unknown how Spt16
and SSRP1 are exactly recruited to sites of DNA damage, Spt16 accumulation occurs
early during the repair reaction and independently of other TC-NER-initiating factors
(Figure 5C-E) (34). In addition, Spt16 and SSRP1 showed, in comparative DNA
damage accumulation experiments, a striking pattern. Similar to TC-NER factors,
FACT accumulated almost instantaneously following DNA damage infliction. However,
while CSB and UVSSA only showed a modest ~1,2-fold accumulation, FACT subunits
showed a 5-fold accumulation, almost to the same extent as the highly efficient DNA
damage-recognizing GG-NER factors DDB2 and XPC. This might suggest that Spt16
has, in addition to what is described for SSRP1 (50,53), damage-recognizing capabilities,
either by directly recognizing the lesion, or indirectly, for example by sensing damage-
induced transcription impediment. Furthermore, these differences in fold accumulation

might indicate that a multitude of Spt16 molecules are present near TBLs compared to

the TC-NER proteins CSB and UVSSA.

We found that H2A/H2B exchange at sites of DNA damage was independent of
UVSSA. This indicates that UVSSA interaction with Spt16 is not needed to induce
accelerated histone exchange at TBLs, but rather suggests that Spt16-mediated histone
exchange mediates efficient UVSSA recruitment or, alternatively, that it is important for
the stable incorporation of UVSSA in the TC-NER complex. However, this effect is not
caused by a general inhibition of histone turnover, as knockdown of NAP1L1, another
H2A/H2B chaperone, did not affect UVSSA recruitment (Figure 4E).

Although transcription and thus also TC-NER, occurs in a more open and therefore
accessible chromatin state, several chromatin-remodeling enzymes were shown to be
necessary for efficient repair and transcription restart (4,42). For example, Nap1L1

stimulates the ATP-dependent chromatin-remodeling activity of CSB (61). In addition,
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in our UVSSA interaction screen, we also identified CHD4 as a putative TC-NER-
involved chromatin remodeller (Supplemental table 1). While CHD4 has been reported
tobeinvolvedin DDR (62,63), itis currently unknown whether itis involved in TC-NER.
Thus far, the only two chromatin-modifying factors shown to influence accumulation
of TC-NER factors are Spt16, which stimulates UVSSA recruitment, and the ATP-
dependent chromatin remodeller SMARCAS, which facilitates recruitment of CSB
(44). Interestingly, both factors act at specific TC-NER reaction steps; SMARCAS does
not affect UVSSA recruitment and Spt16 is not involved in the CSB recruitment. This
suggests that the involvement of these chromatin modifiers in TC-NER is not restricted
simply to making the chromatin accessible. The need for different chromatin-modifying
enzymes for recruitment of CSB and UVSSA strengthens our observation that despite
their similar accumulation kinetics, these TC-NER-initiating factors are independently
recruited (14) to damaged chromatin. Furthermore, this suggests that both SMARCA5
and Spt16 stimulate specific changes in the chromatin, e.g., nucleosome sliding or
histone exchange, that are important during different TC-NER reaction steps. In line
with this notion, distinct functions for CSB and UVSSA during TC-NER have been
described. CSB was suggested to stimulate Pol II forward translocation, analogous to the
action of Mfd in prokaryotes (64), thereby discriminating between lesion-stalled Pol II
and other non-forward translocating Pol II complexes, e.g., Pol II stalled on naturally
occurring pause sites (19). UVSSA was shown to recruit TFIIH via a direct interaction
with P62 in a similar manner as XPC recruits TFIIH in GG-NER (65). Collectively,
these observations would suggest that SMARCAS5 is involved in remodeling lesion-
stalled Pol II, while Spt16 either recruits or allows TFIIH to properly function during
the TC-NER reaction. In summary, this study provides important new insight into
the regulation of TC-NER and, more specifically, into the assembly of the TC-NER
complex. Furthermore, these results highlight that different chromatin-modulating

factors regulate distinct steps of the highly orchestrated TC-NER pathway.
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Supplemental Figure 1.

(A) Colony survival of wt (VH10), with top panel: CS-A (CS3BE) and CS-A cells complemented with CSA-
GFP (CS3BE + CSA-GFP), middle panel: CS-B (CS1AN) and CS-B cells complemented with GFP-CSB,
lower panel: UVSS-A (TA24) and UVSS-A cells complemented with UVSSA-GFP following irradiation

with the indicated UV dose. The percentage of surviving cells, normalized to undamaged conditions is set

at 100% and is plotted against the applied UV-C (J/m?) dose. Data represent two pooled, independent

experiments + standard deviation. (B) Left panel: CSA expression in TC-NER proficient MRCS5 cells and
CSA deficient CS3BE cells with or without expression of CSA-GFP. Right panel: CSB expression in TC-
NER proficient VH10 cells and CSB deficient CS1AN cells with or without expression of GFP-CSB. H2B

staining is used as loading control.
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Supplemental Figure 2.

(A) Whole cell extracts (WCE) of UVSS-A patient cells, or UVSS-A cells stably expressing the indicated
GFP-UVSSA constructs were subjected to GFP immunoprecipitation. Western blot analysis of the
immunoprecipitated proteins was performed using GFP, CSA or USP7 antibodies. WCE: whole-cell
extract, IP: Immunoprecipitate. M: indicates protein marker. (B) Schematic overview of the protein
domains present in UVSSA and the used UVSSA deletion mutants. NLS: nuclear localization signal. (C)
Western blot analysis of the expression of the indicated GFP-UVSSA constructs in UVSS-A patient cells.
Tubulin is used as loading control. (D) Representative images of live cell imaging analysis of GFP-UVSSA
wt or the indicated mutants following local UV-C laser (266nm) induced damage (indicated by a white
arrow). Right panel: 4x zoomed image to visualize accumulation at 3s post-damage induction. (E) GFP
fluorescence intensity of the indicated constructs at LUD was quantified over time and normalised to pre-
damage intensity set at 100 at t=0 (n=18 cells of 2 independent experiments, mean + SEM). The moment

of damage induction is indicated with a black arrow.
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Supplemental Figure 3.

(A) Benzonase treated whole cell extracts (WCE) of UVSS-A patient cells, or UVSS-A cells stably expressing
GFP-UVSSA were subjected to GFP immunoprecipitation under non-crosslinked conditions. Western
blot analysis of the immunoprecipitated proteins was performed using GFP, Spt16 or USP7 antibodies.
WCE: whole-cell extract, IP: Immunoprecipitate. (B) Transfected cells with the indicated siRNAs were
lysed and analysed by Western blot with the indicated antibodies. Tubulin was used as loading control.
(C) Representative images of live-cell imaging analysis of GFP-UVSSA expressing CS-A cells (CS3BE)
transfected with the indicated siRNAs (CTRL is a non-targeting siRNA), following local UV-C laser
(266nm) induced damage (indicated by a white arrow). (D) Relative GFP-UVSSA accumulation at sites of
LUD in cells transfected with the indicated siRNA. GFP fluorescence intensity at LUD was measured over
time using live-cell confocal imaging and normalised to pre-damage intensity set at 100 at t=0 (n = 16 cells
of 2 independent, pooled experiments, mean + SEM). The moment of damage induction is indicated with
a black arrow. (E) Representative images of the accumulation of CSB in CS-B (CS1AN) cells upon local
DNA damage induction using a UV-C (266nm) laser. Cells were transfected with the indicated siRNAs
(siFACT: combination of both siSpt16 and siSSRP1. siCTRL: is a non-targeting siRNA). GFP fluorescence
intensity at LUD (indicated by a white arrow) was measured over time using live-cell confocal imaging.
Scale bar: 7.5 um. (F) Representative images of the accumulation of UVSS-A cells stably expressing GFP-
UVSSA, transfected with CTRL or Nap1L1 siRNA. GFP fluorescence intensity was measured over time
at LUD (indicated by a white arrow) using live-cell confocal imaging. Scale bar: 7.5 um. (G) Knock down
efficacy of Nap1L1 was determined by Western blotting using Nap1L1 antibody, tubulin is used as loading

control.
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Supplemental Figure 4.

(A) UVSS-A (TA24) stably expressing Spt16-GFP (top panel) or Spt16-GFP and Flag-UVSSA (bottom
panel) were subjected to immunofluorescence to determine expression of Flag-UVSSA in all cells (Alexa-
Fluor 594). Nuclei were visualized by DAPI staining. (B) Representative images of U20S cells stably
expressing Spt16-GFD, transfected with indicated siRNA’s. Spt16-GFP accumulation (indicated by a white
arrow) upon local exposure to UV-C (266nm) laser-induced DNA damage was measured by monitoring
GFP fluorescence intensity over time using live-cell confocal imaging. Scale bar: 7.5 pm. (C) Quantification
of the GFP fluorescence intensity at LUD was normalised to pre-damage fluorescence at t=0, which was
set to 100 (n = 30 cells of 2 independent experiments were pooled, mean + SEM). The moment of damage
induction is indicated with a black arrow. (D) Representative images of damage accumulation plotted in
Figure 5E. Cells stably expressing the indicated GFP-tagged proteins were followed over time after UV-C
laser (266nm) induced DNA damage (indicated by a white arrow). All cells expressing GFP tagged-NER
factors, Spt16-GFP or SSRP1-GFP were imaged and damaged under the exact same conditions. Scale bar:
7.5 um.
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ABSTRACT
UV light induces cyclobutane pyrimidine dimers (CPDs) and pyrimidine-pyrimidone

(6-4) photoproducts (6-4PPs), which can result in carcinogenesis and aging, if not
properly repaired by nucleotide excision repair (NER). Assays to determine DNA
damage load and repair rates are invaluable tools for fundamental and clinical NER
research. However, most current assays to quantify DNA damage and repair cannot
be performed in real time. To overcome this limitation, we made use of the damage
recognition characteristics of CPD and 6-4PP photolyases (PLs). Fluorescently-tagged
PLs efficiently recognize UV-induced DNA damage without blocking NER activity,
and therefore can be used as sensitive live-cell damage sensors. Importantly, FRAP-based
assays showed that PLs bind to damaged DNA in a highly sensitive and dose-dependent
manner, and can be used to quantify DNA damage load and to determine repair kinetics
in real time. Additionally, PLs can instantly reverse DNA damage by 405 nm laser-
assisted photo-reactivation during live-cell imaging, opening new possibilities to study
lesion-specific NER dynamics and cellular responses to damage removal. Our results
show that fluorescently-tagged PLs can be used as a versatile tool to sense, quantify and
repair DNA damage, to study NER kinetics and UV-induced DNA damage response

in living cells.
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INTRODUCTION

Our genome is continuously exposed to various types of DNA damage. If not repaired
correctly, DNA lesions may result in mutations, cellular senescence or cell death, which
can eventually lead to various pathological conditions including carcinogenesis and aging
[1]. To counteract these deleterious effects of DNA damage, cells have evolved a variety
of mechanisms, including several DNA repair pathways [2]. Nucleotide excision repair
(NER) is one of the most versatile DNA repair pathways, as it removes a wide variety
of DNA helix-destabilizing lesions. Prominent examples of NER substrates are the
UV-induced cyclobutane pyrimidine dimers (CPDs) and pyrimidine-pyrimidone (6-4)
photoproducts (6-4PPs). The biological importance of NER is illustrated by the severe
clinical symptoms of human disorders caused by inherited NER defects, including the

cancer-prone xeroderma pigmentosum (XP) syndrome or the premature aging disorder

Cockayne’s syndrome (CS) [3].

NER is initiated by two sub-pathways that differ in their mode of damage recognition.
Global genome NER (GG-NER) detects lesions in the entire genome, by the main
DNA damage binding protein XPC [4]. XPC recognizes DNA-helix distortions
such as induced by 6-4PP lesions, but needs the activity of the UV-DDB complex,
composed of DDB1 and DDB2, to detect mildly helix-destabilizing CPD lesions [5,
6]. Transcription-coupled NER (TC-NER) is initiated when DNA damage located in
the actively transcribed strand blocks elongating RNA polymerase II, which results in
the recruitment of the TC-NER factors CSA, CSB, and UVSSA [7, 8]. Once the DNA
lesion is recognized, general transcription factor II H (TFIIH) is recruited [9, 10] to
unwind the DNA surrounding the damage [11] and to verify the lesion together with
XPA [12, 13]. The endonucleases XPG and ERCC1/XPF subsequently remove a ~30
nucleotide long fragment of DNA around the lesion [14]. Finally, the DNA is restored
back to its original state by DNA synthesis and ligation steps [15, 16].

Recent studies have shown that NER is a tightly regulated, multistep pathway that
requires many proteins and post-translational modifications for the efficient and
accurate transition between the successive reaction steps [3, 17-19]. Additionally, as
NER takes place in the complex chromatin and nuclear environment, many factors
involved in chromatin remodeling [3, 20, 21], transcription [22], or replication [23]
influence NER activity, and most likely many other involved factors are awaiting their

discovery. Therefore, assays to quantify DNA damage and repair rates are invaluable tools
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to investigate the roles of such factors and to obtain new fundamental insights into the
molecular mechanism of NER. Moreover, assays to detect impairments or deficiencies
in NER activity have been crucial for the diagnosis of NER-deficient patients and can
be used as indicators for predispositions to mutations, the onset of cancer, or DNA

damage-induced aging [24-27].

Over the years, several assays were developed to quantitatively monitor UV-induced
DNA damage and NER-mediated repair. Traditionally NER activity is measured by
determining the rate of UV-induced DNA repair synthesis, the last step of the NER
reaction [28-30], or by determining the levels of CPDs in the DNA in time using T4
endonuclease V [31]. Over the years several other assays have been developed to monitor
upstream NER activity, including UV-damage removal [32], NER-induced incisions
[33] or quantification of excision products [34]. TC-NER is often determined indirectly
by quantifying the recovery of RNA synthesis (RRS) [35, 36], or by using host cell
reactivation assays [37]. Alternatively, TC-NER can be measured in a direct manner by
strand-specific repair assays [38], or by more recently developed single-cell assays, such
as the modified COMET-FISH procedure [39], or the TC-NER specific UDS assay
[40]. Direct detection and quantification of UV-induced DNA damage and its removal
in time can be accomplished using antibodies specifically recognizing CPD or 6-4PP
lesions in combination with immunofluorescence or ELISA procedures [32]. Although
proven to be useful in studying UV-induced DNA repair, these assays depend highly on
the quality of the antibodies and have specific limitations. For instance, antibody-based
detection of CPD or 6-4PP lesions requires DNA denaturation, to allow DNA damage
recognition by these antibodies. For example in immunofluorescence experiments, this
denaturation may interfere with co-staining of other proteins of interest. Importantly,
most of these assays require cell fixation, which makes them incompatible with live-
cell applications, and therefore can only provide endpoint measurements. To overcome
these issues, measurements of the DNA damage binding kinetics of fluorescently-tagged
NER factors can be used to evaluate repair activity in living cells [41-43]. However,
these binding kinetics do not provide a direct measurement of DNA damage quantities,
as the DNA damage-induced binding of the NER proteins is not influenced exclusively
by the DNA damage load, but can also be regulated by post-translational modifications
or chromatin remodelers [42, 44-49].

While NER is the only mechanism to repair UV-induced DNA damage in placental
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mammals, an alternative damage removal mechanism known as photo-reactivation (PR)
remained preserved through evolution in other branches of life, ranging from bacteria
to non-placental mammals, [50, 51]. In contrast to NER-mediated repair, which is a
complex mechanism that requires the activity of at least 30 proteins [3], PR is the direct
reversal of CPD or 6-4PP lesions by one single damage specific photolyase (PL). PLs
recognize the helix distortions created by CPD and 6-4PPs and bind to them through
moderately strong ionic interactions. These interactions further destabilize the distorted
DNA helix and lead to a flipping out of the DNA lesion into the active site of the PL,
forming a highly stable complex [52, 53]. In contrast to the binding of PLs to DNA
lesions, which is independent of light, the catalytic reversal of pyrimidine dimers to
the original bases requires the absorption of a photon. Catalysis by PLs is achieved
by light-initiated cycloconversion of the cyclobutane ring joining the two pyrimidines,
which encompasses first the adsorption of a 333-500 nm photon by the chromophore
MTHE second the energy transfer from the blue light photon to the Flavin cofactor
(FADH-), and third the electron transfer from FADH- to the cyclobutane ring, which
splits the pyrimidine dimer and forms a flavin radical (FADH-). The catalytic cycle is
completed when the electron is transferred back to the cofactor, restoring catalytically
active, fully reduced FADH- [53-55]. The entire reaction takes ~1 ns for both types
of PLs [53]. The repair-independent binding of PLs to CPDs or 6-4PPs and their very
fast damage removal makes PLs an attractive tool to study UV-induced damage and its
repair. However thus far, PLs have mainly been used to test the specific cellular responses
to either CPD or 6-4PP after removing the other type of lesion by PR [56-59].

Here we show, that fluorescently labelled PLs provide a versatile and sensitive tool
to locate, quantify and repair UV-induced DNA damage in real time in living cells.
Fluorescence recovery after photobleaching (FRAP)-based mobility studies of PLs allow
to quantitatively determine DNA damage load, as well as repair kinetics. Furthermore,
we show that PLs can be activated by the 405 nm laser light during live cell imaging
experiments to photo reactivate DNA damage, which facilitates studying the behavior
of NER factors and the DNA damage response upon DNA repair in living cells.

MATERIAL AND METHODS
Cell Lines and Constructs
VHI10 hTERT immortalized human fibroblasts, XP4PA SV40 immortalized XP-C
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fibroblasts and HCT116 human colon cancer cells were cultured in DMEM/F10 and
RPMI/F10 media, respectively, containing 10% FCS and 1% penicillin-streptomycin
in a humidified incubator at 37°C and 5% CO,. To generate a lentiviral 6-4PP-PL-
mCherry-3xNLS-HA expression vector, Arabidopsis thaliana 6-4PP-PL cDNA [60],
missing the first 57 nucleotides corresponding to a mitochondrial localization signal,
was first cloned into pENTR/D-TOPO vector (Invitrogen). mCherry-3xNLS-HA was
ordered as gBlocks Gene Fragment (Integrated DNA technologies) and ligated to the
C-terminal of 6-4PP-PL cDNA in the pPENTR/D-TOPO vector, using Ascl and EcoRI.
Then 6-4PP-PL-mCherry-3xNLS-HA was cloned into pLenti CMV Puro DEST using
Gateway cloning (Invitrogen). CPD-PL-mCherry [48], or 6-4PP-PL-mCherry-3xNLS-
HA expressing lentiviral vectors were used to make the corresponding lentiviruses using
the third generation system [61]. GFP-DDB2 expressing VH10 cells [44], or GFP-
XPC expressing HCT116 cells were transduced with the generated lentiviruses and cells
stably expressing CPD-PL-mCherry or 6-4PP-PL-mCherry-3xNLS-HA were selected

with puromycin.

GFP-XPC expressing HCT116 cells were generated by a CRISPR/Cas9 mediated
knock-in strategy where HCT116 cells were co-transfected with a lentiCRISPR v2
vector containing an XPC guide RNA (5-GCTCGGAAACGCGCGGCCGG-3))
targeting right after the XPC start codon and, a linearized homology-directed repair
(HDR) template. GFP-XPC DDB2/- HCT116 cells were generated by transfection
of GFP-XPC HCT116 cells with a lentiCRISPR v2 vector containing a DDB2 guide
RNA (5-TATTACGCCCCAGGAACAAG-3’). The HDR template to generate a
GFP-XPC knock-in was generated in a single PCR step using 200 bp primers. The
primers were designed in a way that 30 bp of each primer anneals to the FLAG-GFP
construct and the remaining 170 bp anneals to the human genomic XPC sequence.
Furthermore, the PAM sequence was mutated by 5 silent mutations which were
introduced in the region targeted by the XPC gRNA to prevent Cas9 cutting the
integrated HDR template. The following primers were used to generate the HDR
template: forward primer (5> CCGCAGTTTTTTAGTGGCCACGGGTATGGGGT
GGAGCTTCCTTTAGGGGCGTGACTAGGCCTCCAACGAAG
GGGCGTGGCCAAGCGCACCGCCTCGGGGCGGGG
CCGGCGTTCTAGCGCATCGCGGCCGGGTGCGTCACTCG
CGAAGTGGAATTTGCCCAGACAAGCAACATGGA
CTACAAGGACGACGATGACAAGGTG-3), reverse primer
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(5’-GCCTCTGGGCCTCCTCCGCCCACCGGCGGCGT
CTCCCGCGAAGCCCGCTGGGCCTCGCTCTCACCCTCCTCCTC
CTCCTCACGCCGGGCCTTGCTCTTGGCCTTGG
ATTTCTGGCTGCGCAGTTCGCGTCCCCGCGGCTCCCCGCCTG
CGGCTCTCTTCCGAGCGAGATGCTTGTACAGC
TCGTCCATGCCGAGAGTGAT-3"). The PCR generated template was cloned into
pCR-Blunt II-TOPO vector and then the vector was digested with EcoRI to generate
the linearized GFP-XPC construct.

Transfected HCT116 cells were selected by puromycin for 2 days and stable GFP-XPC
expressing cells were FACS sorted. Then single cell clones were picked and clones were
selected using genotyping, and western blotting to check for expression of the full-

length GFP-XPC protein and the concomitant loss of wild type XPC expression.

RNA interference

Cells were transfected with the indicated siRNAs (150 pmol) using RNAiMax (Thermo
Fisher Scientific) 48-72h prior to the experiment, according to manufacturer’s protocol.
The siRNAs were purchased from Dharmacon: control (siGENOME Non_Targeting
siRNA#5, D-001210-05) and XPF (siGENOME ERCC4 siRNA, M-019946-00).

Inflication of UV-induced DNA damage

Cells were washed with PBS, and after PBS removal the cells were exposed to UV-C light
from a 254 nm germicidal lamp (Philips). Local UV-C damage was inflicted through an

isopore membrane filter (Millipore) with a pore size of 5 pm [62].

Photo-reactivation

After PBS wash, cells were covered with a thin layer of HBSS (Thermofisher) and then
placed at a distance of 10 cm under white-light tubes (General Electric Lightning
Polylux LX F36W/840) for 10 minutes at 37°C. Mock-treated samples were covered

with aluminum foil during photo-reactivation (PR).

Western blotting

Cells were lysed in 2x sample buffer and boiled for 10 minutes at 95°C. The proteins
were subsequently separated by SDS-PAGE and transferred to PVDF membranes
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(0.45 um). Membranes were blocked with 5% BSA in PBS-T (PBS containing 0.05%
Tween 20) for 1 hour at room temperature (RT) and blotted with the following primary
antibodies: CPD-PL and 6-4PP-PL (rabbit polyclonal, 1:500) [58, 59], RFP mCherry
(rat monoclonal, 1:1000, 5F8, Chromotek), DDB2 (rabbit monoclonal, 1:1000,
EPR981, abcam), Ku70 (goat polyclonal, 1:1000, M-19, sc-1487, Santa Cruz), tubulin
(mouse monoclonal, 1:3000, B-5-1-2, sc-23948, Santa Cruz), XPC (rabbit polyclonal,
1:1000, A301-122A, Bethyl) or XPF (mouse monoclonal, 1:500, 3F2/3, sc-136153,
Santa Cruz). After five times washing with PBS-T, the membranes were blotted with
the following corresponding secondary antibodies from Sigma Aldrich: CF™ 680 Goat
anti-Rabbit IgG (1:5000) and CE™ 770 Goat anti-Mouse IgG (1:5000). The blots were
imaged with the Odyssey CLx Infrared Imaging System (LI-COR Biosciences).

Immunofluorescence

Cells were grown on 24 mm coverslips and fixed in 2% paraformaldehyde containing
PBS Triton X-100 (0.1%). After five times washing with PBS Triton X-100, the coverslips
were blocked in PBS+ (PBS containing 0.15% glycine and 0.5% BSA). A denaturation
step of 5 minutes using freshly diluted NaOH (0.07M) in PBS was performed to make
DNA lesions accessible for the CPD (mouse monoclonal, 1:1000, TDM-2, Cosmo Bio)
or 6-4PP (mouse monoclonal, 1:300, 64M2, Cosmo Bio) primary antibodies. Following
an incubation of 1-2h at RT with primary antibodies diluted in PBS+, the coverslips
were washed with PBS Triton X-100 five times and PBS+ once. Then the coverslips were
incubated with 488, 555 or 639 Alexa Fluor secondary antibody conjugates (Invitrogen)
diluted in PBS+ for 1h at RT. After the coverslips were washed again as described
above, they were embedded in Vectashield Mounting Medium with DAPI (Vector
Laboratories). The coverslips were imaged using a LSM 700 microscope equipped with a
Plan-Apochromat 40x/1.3 NA oil immersion lens (Carl Zeiss Microlmaging Inc.). The
Image] software [63] was used to quantify the CPD and 6-4PP signals in the generated
images. The DAPI signal was used to determine the nuclei and the mean fluorescence
intensities measured in the nuclei were used to plot the graphs. For CPD and 64PP
removal assay cells were globally UV irradiated with 10]J/m*and 16 10J/m? respectively,
and fixed after the indicated time points. CPD and 6-4PP staining was performed as
described above. Fluorescence levels were quantified in at least 70 cells per sample by

measuring the background-corrected overall nuclear fluorescence, which was set at

100% for Oh after UV irradiation.
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Colony survival assay

Cells were seeded in triplicate in 6-well plates (300 cells/well) and next day treated with
the indicated UV-C doses. After a week, the colonies were fixed and stained with 0.1%
Brilliant Blue R (Sigma), and counted using GelCount (Oxford Optronix Ltd.).

Live cell confocal laser-scanning microscopy

All live cell imaging experiments were performed at 37°C and 5% CO, using a Leica
SP5 laser-scanning confocal microscope with a 63x/1.4 NA HCX PL APO CS oil
immersion objective. Fluorescence recovery after photobleaching (FRAP) experiments
were performed as described previously [42], in short; a narrow strip (512 x 16 pixels
at zoom 9) along the nucleus was bleached 94 ms with 100% power of 488 nm laser
for the GFP and 42 ms with 100% power of 561 nm laser for the mCherry signal. The
signal in this strip was measured pre-bleach for 3.6 s and post-bleach for 20 s every
400 ms with 0.2% power of the 488 nm laser for GFP-XPC. FRAP of the mCherry-
tagged PLs was performed by measuring pre-bleach for 2.5 s and post-bleach for 20 s
every 100 ms with 3% power of the 561 nm laser for the mCherry signal of the PLs. To
analyze fluorescence recovery, measured fluorescence intensities were first background
corrected, then normalized to the average pre-bleach fluorescence signal which was set
at 1. Immobile fractions were calculated using the following formula: Immobile fraction
(%) =1 - ((average fluorescence intensity of UV-C irradiated cells - the first post-bleach
data point) / (average fluorescence intensity of mock-treated cells-the first post-bleach
data point)). The average fluorescence intensities are calculated over the measurements
of the last 10s. For local repair during live cell imaging experiments, the fluorescence
intensity of PL-mCherry was monitored every 2.585 s, both inside and outside the local
damage within the nucleus (at zoom 10). PR was performed by exposure of the DNA
damage to 5 frames of 5% 405 nm laser light. The power output of the 405 nm laser
was measured to be 0.063 mW at 10% laser power. Data were corrected for background
fluorescence signal outside the cell and normalized to average fluorescence signal at the

local damage before PR, which was set at 1.

RESULTS
Generation and characterization of CPD-PL and 6-4PP-PL-expressing cells

To develop a method to quantify UV-induced DNA damage and its repair kinetics
directly in living cells, we first tested whether the ability of PLs to specifically detect UV-
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induced lesions could be exploited to generate live cell damage markers by fluorescently
labeling them. For this purpose, we generated lentiviral vectors [64] expressing Potorous
tridactylis CPD-PL [58] or Arabidopsis thaliana 6-4PP-PL [65] tagged with mCherry
fluorescent protein at their C-terminus. In addition, 3 NLS sequences were added
after the mCherry-tag of the 6-4PP PL to ensure nuclear expression. These lentiviruses
were used to transduce GFP-DDB2 expressing VH10 (hTERT immortalized human
fibroblast) cells [44] to stably express either CPD PL-mCherry or 6-4PP PL-mCherry
(referred as CPD-PL or 6-4PP-PL, respectively). Western blot analysis showed that the
generated VH10 cell lines express full-length PL-mCherry fusion proteins (Figure 1A).
To be able to use these PL-mCherry proteins as UV damage markers, it is important
that PL expression does not interfere with NER-mediated repair of UV-induced
lesions. As shown by UV colony survival experiments, both CPD-PL and 6-4PP-PL-
expressing cells showed a similar UV sensitivity as wild type (WT) VH10 cells (Figure
1B), indicating that the expression of these fusion proteins does not affect endogenous
DNA repair activity. To corroborate this, we compared the kinetics of 6-4PP and CPD
removal in PL-expressing cells and WT VH10 cells (Supplementary Figure S1A and B).
This revealed that the endogenous repair of CPDs and 6-4PPs by NER was similar in
PL-expressing cells and in wild type cells, but was strongly diminished in NER deficient
XP-C cells.

The fusion to a mCherry tag allowed direct visualization of PLs and showed that both
CPD-PL and 6-4PP-PL are expressed mainly in the nucleus (left panels of Figure 1C
and D). While the CPD-PL is excluded from the nucleoli, the 6-4PP-PL was enriched
in the nucleoli (bottom panels of Figure 1C and 1D), however, the mechanism behind
this different nucleolar localization is unknown. As PLs bind CPDs and 6-4PPs light
independently, but need white light to initiate catalysis, we subsequently tested whether
the PLs were capable of binding to UV-induced DNA damage, while cells were kept
in the dark. Both CPD-PL and 6-4PP-PL accumulated at local UV damage induced
through micropore filters [62], as shown by a co-localization with the DNA damage
recognizing protein DDB2 (Figure 1C, right panel). Of note, the exogenous expression
of the PLs did not block DDB2 recruitment to sites of DNA damage. Furthermore,
both CPD-PL and 6-4PP-PL co-localized with the respective lesion-specific antibodies
(Supplementary Figure S1C). Importantly, CPD-PL and 6-4PP-PL were efficiently
recruited to locally induced DNA damage in living cells (Figure 1D, right panel),
demonstrating that PLs can be used to directly detect UV-induced CPD and 6-4PP
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Figure 1. Characterization of mCherry-tagged photolyase-expressing cells. (A) Western blot of lysates
of VHI0 cells stably expressing GFP-DDB2 (WT), or co-expressing GFP-DDB2 and either CPD-PL-
mCherry (CPD-PL, upper panel, expected size 75kDa) or 6-4PP-PL-mCherry (6-4PP-PL, lower panel,
expected size 85kDa). Blots were stained with the indicated antibodies. Relevant marker sizes are indicated
and * indicates an unspecific band. (B) UV-C sensitivity of WT or PL-expressing VH10 cells, determined
by colony-forming ability (mean + SEM). Percentage of surviving cells is plotted against the applied UV-C
dose, colony number at 0 J/m? is set at 100 %. (C and D) Representative images of W and PL-expressing
VHI10 cells. Cells were either non-irradiated (no UV, left panel) or locally irradiated with 60 J/m? UV-C
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recognizing protein DDB2 (Figure 1C, right panel). Of note, the exogenous expression

lesions in living cells, which is not possible with photo lesion-specific antibodies.

CPD-PL and 6-4PP-PL as quantitative, real-time, damage and repair markers in
living cells

Both CPD-PL and 6-4PP-PL were able to precisely detect the UV-induced DNA damage
without interfering with NER activity (Figure 1B-D, Supplementary Figures SIA and B).
Binding of repair proteins to DNA damage generally immobilizes them on chromatin,
which can be quantified by fluorescence recovery after photo-bleaching (FRAP) [43,
66]. Therefore, we performed FRAP experiments to quantitatively assess differences in
the chromatin-bound fraction of PLs in response to different UV doses. FRAP of PLs
showed that both CPD-PL and 6-4PP-PL are highly mobile in unperturbed cells (no
UV) (Figure 2A and B), indicating that PLs are not stably bound to chromatin in the
absence of DNA damage. Interestingly, both CPD-PL and 6-4PP-PL were immobilized
in a dose-dependent manner after UV irradiation (Figure 2A and B). From these FRAP
curves, we determined the immobile fractions of the PLs (Supplementary Figure S2A
and B), which revealed a linear increase for both CPD-PL and 6-4PP-PL with increasing
UV doses up to 10 J/m?. To assess whether the PL immobilization correlates with the
actual quantity of CPDs and 6-4PPs, we quantified the relative amount of CPDs and
6-4PPs induced at these UV doses by immunofluorescence using photo lesion-specific
antibodies [32] (Supplementary Figure S2C-E). Importantly, this revealed that the PL
immobilization determined by PL FRAP (Figure 2C and D, primary Y-axis) at the
indicated UV doses correlates very well with antibody-detected CPD and 6-4PP damage
loads (Figure 2C and D, secondary Y-axis). This shows that FRAP of PLs allows a direct,
relative quantification of UV-induced DNA damage in living cells. Interestingly, above
10 J/m?, hardly any increase in PL immobilization was observed. This is most likely
caused by limiting amounts of non-bound PLs at higher UV doses, in line with the
almost complete immobilization of PLs at 10J/m?* (Figure 2A and B). This may indicate
that PL expression levels influence UV-induced PL immobilization. To test this, we
compared the UV-induced PL immobilization in cells with low and high PL expression
levels. This revealed that PL expression levels determine the dynamic range of PL
mobility (Supplementary Figure S2F and G). Cells with low PL expression levels showed
an increased immobilization at lower UV doses (e.g. 1 and 3 J/m?). However, this dose-
dependent increase in immobilization levelled off around 5]J/m* (Supplementary Figure

S2F and G, left panels). In contrast, cells with high PL expression showed a reduced
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Figure 2. mCherry-tagged PLs as quantitative and real-time damage markers in living cells. (A and B)
UV dose-dependent immobilization of CPD-PL (A) and 6-4PP-PL (B). PL-expressing VH10 cells were
non-irradiated or global UV-irradiated with the indicated UV doses and were directly analyzed by FRAP.
The plotted values were normalized over the average pre-bleach signal (n=20 cells from 2 independent
experiments). (C and D) Immobile fractions of CPD-PL (C) and 6-4PP-PL (D) at the indicated UV-C
doses were plotted together with the relative quantity of CPD and 6-4PP lesions at the same UV-C doses
as determined by the mean fluorescence intensities in immunofluorescence assays using lesion-specific

antibodies.

immobilization at low UV doses, but PL immobilization continued to increase at high
damage loads (e.g. 10-20 J/m?) (Supplementary Figure S2F and G, right panels). These
experiments demonstrate the importance of using cells with similar PL expression levels

to avoid variation due to differences in the dynamic range of PL immobilization.

To test whether FRAP of PLs can also be used to study live-cell repair kinetics of CPDs
and 6-4PPs, we UV irradiated cells and determined PL immobilization in time (Figure
3, Supplementary Figure S3A and B). In line with the previous experiments, both CPD-
PL and 6-4PP-PL were strongly immobilized immediately upon UV exposure (10 J/
m?). As expected, this immobilization decreased over time, reflecting the repair of CPD
and 6-4PP lesions. While 6-4PP-PL was quickly mobilized, with a 50% reduction at
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Figure 3. mCherry-tagged PLs to monitor DNA repair in living cells . (A) CPD-PL and (B) 6-4PP-PL
expressing VH10 cells were transfected with the control (upper panel) or XPF siRNAs (siXPF) (lower panel).
The plotted PL mobilities in non-irradiated or globally UV-C irradiated (10 J/m?) cells were determined by
FRAP at the indicated time points post UV irradiation. (n = 25 cells from 2 independent experiments for

control siRNA experiment, n > 15 for siXPF).

7h post UV and an almost complete mobilization at 24h post UV, the reduction in
binding to damaged DNA by CPD-PL was much slower, in line with previously shown
differences in repair rates of CPD and 6-4PP lesions [42, 44, 67]. The mobilization
of PLs over time was almost completely blocked by siRNA-mediated depletion of
the NER factor XPF (Figure 3 lower panel, Supplementary Figure S3A and B, lower
panel and Supplementary Figure S3C), indicating that the mobilization of PLs in time
represented repair of CPD and 6-4PP by NER. These results demonstrate that FRAP
of PLs enables the real-time monitoring of DNA damage load in living cells and thus

provides a sensitive method to detect perturbations of the NER reaction in living cells.

Lesion-specific repair of UV-induced DNA damage in living cells

In addition to their use as quantitative live-cell damage markers, PLs can be used to
specifically remove either CPD or 6-4PP lesions by direct reversal of the DNA damage
using energy from near UV light (300-500 nm) [68, 69]. First, we determined optimal
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PR times for the repair of CPD and 6-4PP lesions (Figure 4A and B). PL-expressing
cells were UV-irradiated and DNA damage was photo-reactivated with white light
for the indicated times. While 5 min of PR was not enough for complete removal of
DNA damages, 10 min PR resulted in a PL mobility similar to that of non-irradiated
cells, indicative of an almost complete removal of DNA lesions (Figure 4A and B,
Supplementary Figure S4A and B). Of note, the PL mobility was not affected in cells
that were shielded from the white light during PR (UV + 10min mock).

Having determined the optimal PR conditions, we assessed the previously described
PR specificity of each PL. For this purpose, UV-induced DNA damage was photo-
reactivated and the CPD or 6-4PP lesions were detected using immunofluorescence
with specific antibodies. As expected, we observed an almost complete loss of CPDs
following PR in CPD-PL-expressing cells, while the quantity of 6-4PP lesions was not
affected (Supplementary Figure S4C). In 6-4PP-PL-expressing cells, removal of only
6-4PP lesions, but not of CPD, was observed upon PR (Supplementary Figure S4C).

After confirming that PL-expressing cells can specifically repair CPD or 6-4PP lesions,
we made use of this feature to study live-cell DNA binding kinetics of XPC, the main
damage sensor in GG-NER [4]. For this purpose, we co-expressed GFP-XPC and
CPD-PL or 6-4PP-PL in HCT116 cells (Supplementary Figure S4D, left panel), and
performed FRAP experiments to simultaneously asses the mobility of mCherry-tagged
PLs and GFP-tagged XPC (Figure 4C and D). As shown in the FRAP curves (Figure
4C and D) and the respective immobile fractions (Supplementary Figure S4E and
F), UV irradiation led to the binding of GFP-XPC to damaged DNA resulting in its
immobilization. Upon PR of each type of photo lesion, GFP-XPC immobilization was
reduced, however not to the same extent as in non-irradiated cells. This is most likely
due to the fact that XPC has afhinity for both CPD and 6-4PP lesions [4, 70, 71]. PR
of 6-4PPs and CPDs was successful as shown by the mobilization of both PLs upon
PR (Supplementary Figure S4G and H). We observed more increase in the GFP-XPC
mobilization upon PR of 6-4PPs compared to CPDs. Although XPC is able to directly
recognize 6-4PP lesions, DDB2 facilitates this recognition and is crucial for XPC to
detect CPD lesions [5, 6, 72]. This suggests that the residual damage binding of XPC,
following 6-4PP removal, represents DDB2-mediated binding to CPDs. To test this,
we performed the same FRAP experiments in DDB2-deficient cells (Supplementary
Figure S4D, right panel). In line with a stimulatory effect of DDB2 on XPC damage
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Figure 4. Lesion-specific repair of UV-induced DNA damage in living cells. (A and B) Mobility of
(A) CPD-PL and (B) 6-4PP-PL as determined by FRAP analysis. Cells were non-irradiated (no UV),
globally UV-C irradiated with 10 J/m? (UV), or globally UV-irradiated with 10 J/m” and photo-reactivated
(UV + PR) for the indicated times by exposure to white light at 37°C. Cells were directly analyzed by
FRAP after each treatment. “UV + 10min mock” cells were UV-irradiated and mock photo-reactivated
by shielding from white light during PR. (n = 20 cells from 2 independent experiments) (C and D) GFP-
XPC mobility was determined by FRAP in non-irradiated, globally UV-C irradiated (10 J/m?), or globally
UV-C irradiated (10 J/m?) and photo-reactivated (10 min PR) in CPD-PL (C) or 6-4PP-PL (D) expressing
cells. (E and F) Similarly, GFP-XPC mobility analysis was performed in DDB2 deficient cells (GFP-XPC
DDB27/-) (n = 20 cells from 2 independent experiments).

recognition, the UV-induced XPC immobilization was reduced by approximately
50% in DDB2 deficient cells (Figure 4E and F, Supplementary Figure S4E and F).
Furthermore, in the absence of DDB2, GFP-XPC immobilization fully recovered after
PR of 6-4PPs (Figure 4F and Supplementary Figure S4]), indicating that the UV-induced
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immobilization of XPC in DDB2-deficient cells is caused solely by 6-4PPs. In contrast,
PR of CPDs (Supplementary Figure S41) did not affect the XPC immobilization (Figure
4E), which confirms that XPC does not bind CPDs in DDB2-deficient cells. These
experiments illustrate firstly, that the PL-mediated removal of specific UV-induced
lesions can provide important quantitative insights into the behavior of NER factors on
specific types of DNA lesions. Secondly, the direct comparison of PL and XPC mobility
by FRAP in the same cell following the same UV exposure illustrated that fluorescently-
labelled PLs can quantify DNA damage with a bigger dynamic range than XPC, as
shown by the bigger immobile fraction of PLs (Supplementary Figure S4K). Thirdly,
the mobility of PLs was not affected by the presence or absence of DDB2, which like
PLs directly binds to DNA lesions [3] (compare Supplementary Figure S4G and I, and
Supplementary Figure S4H and J). This shows that the dynamic range of PLs as live cell

damage markers is not influenced by competitive substrate binding of PLs and DDB2.

Local repair of UV-induced DNA damage in living cells
A limitation of the PR-based DNA damage removal described above is that full PR takes

~10 minutes and needs to be performed before live-cell imaging. This interferes with the
real-time measurement of the effects of DNA damage removal on proteins of interest in
the cells. To improve our system, we set out to perform PR during live-cell imaging. As
Potorous tridactylis CPD-PL and Arabidopsis thaliana 6-4PP-PL have absorption spectra
that peak between 360 nm and 450 nm [65, 73], we tested whether it was possible to
remove UV-induced damage by activating the PLs using a 405 nm laser during live cell
imaging. CPD-PL-expressing cells were locally UV-irradiated resulting in accumulation
of CPD-PL at sites of DNA damage (Figure 5A, upper panel). These locally accumulated
CPD-PLs were subsequently exposed to different intensities of the 405 nm laser, which
almost instantaneously released the damage-accumulated PLs already at 0.5 % 405 nm
laser power (Figure 5A and B), reaching complete PR at 1 % laser power. To exclude that
the loss of fluorescence at the damage site was caused by photo bleaching of mCherry,
the 405 nm laser was also activated at a region outside the damage within the nucleus,
which did not result in any reduction in signal intensity (Supplementary Figure S5A).
To further confirm that PL exposure to the 405 nm laser induced CPD removal by PR,
we first photo-reactivated damaged DNA in a specific region (marked with the cross)
in the nucleus and then stained the cells with a CPD specific antibody (Figure 5C).
CPD lesions within the marked area were completely removed. In line with this, the

mCherry signal of CPD-PL was reduced in the 405 nm laser-exposed region. This can
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Figure 5. Local repair of UV-induced DNA damage in living cells. (A) Representative images of CPD-
PL-expressing VH10 cells before and 13 s after PR (pre-PR and post-PR, respectively) using 405 nm laser
at the indicated intensities. Arrows indicate local UV damage. Cells were locally UV-irradiated (60 J/m?),
the local DNA damage spot and a region of the exact same size outside the damage within the nucleus
were exposed after 7.8 s (indicated by arrow and PR) to the indicated intensities of 405 nm laser for 13 s.
Scale bar: 5pum. (B) Relative mCherry fluorescence signal of CPD-PL was quantified inside and outside
the DNA damage within the nucleus and normalized to pre-PR intensities at the local damage. (n = 8 cells,
mean + SEM) (C) Representative immunofluorescence images of CPD-PL-expressing VH10 cells after PR.
Global UV-irradiation (10 J/m?) of the cells was followed by photo-reactivation of the damaged DNA by
5% 405 nm laser for 13 s in a specific region (region marked with dotted line) in the nucleus and the cells
were subsequently fixed and stained with CPD antibody using immunofluorescence. (D) Representative
images of locally UV-irradiated (60 J/m?) 6-4PP-PL-expressing VH10 cells before and 13 s after PR (pre-PR
and post-PR, respectively) using 405 nm laser at the indicated intensities as described above in Figure 4A.
Arrows are indicating the local UV-C damage spots. Scale bar: 5pm. (E) Relative mCherry fluorescence
signal of 6-4PP-PL was quantified inside and outside the DNA damage within the nucleus and normalized

to pre-PR intensities at the local damage. (n = 8 cells, mean + SEM)
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be explained by its release and its subsequent binding to the areas in the nucleus where
the damage is not removed. Additionally, 6-4PP lesions could also be removed upon
PR by 6-4PP-PL, however, this required slightly higher 405 nm laser intensities (>5%)
(Figure 5D and 4E, and Supplementary Figure S5B).

Importantly, this live-cell PR is compatible with GFP imaging, as the PR-based repair is
hardly triggered by the 488 nm laser at intensities that are commonly used for imaging
GFP-tagged factors (Supplementary Figure S5C-H). Altogether, these results show that
PLs can be used to photo reactivate UV-induced DNA damage in real-time in living
cells, using the 405 nm laser. In conclusion, while the induction of DNA damage in
living cells has been an available tool for many years [74] and resulted in many important
mechanistic insights in the repair reaction, in this study, we introduce the repair of
specific UV-induced DNA damage in living as a unique tool to study the dissociation

of DNA repair factors and behavior of other cellular processes upon damage removal.

DISCUSSION

The currently available assays to investigate UV-induced DNA damage and repair have
proven to be invaluable tools to study NER factors in both fundamental and clinical
research. However, these assays cannot be performed in living cells, and are therefore
confined to endpoint measurements instead of monitoring the DNA damage quantities
in real time. Therefore, in this study, we developed a novel method using fluorescently-
tagged PLs to directly recognize and quantify UV-induced DNA damage in a highly

sensitive manner in living cells.

For this purpose, we made use of the high affinity of PLs for UV-induced DNA damage,
which was confirmed by their accumulation at locally induced UV damage (Figure 1C
and D), and their immobilization on damaged DNA during FRAP. Both CPD-PL and
6-4PP-PL showed a strong and reproducible UV dose-dependent immobilization. This
approach allowed to quantitatively monitor the relative DNA damage loads (Figure 2A-
D) and NER-mediated repair kinetics in a highly sensitive manner (Figure 3). FRAP
of PLs proved to be highly sensitive and enabled the detection of physiological relevant
damage loads as low as 1 J/m?, which are difficult to quantify with other techniques.
Furthermore, we observed alinear and relatively large dynamic range of PLimmobilization
between 0-10 J/m? UV, enabling precise quantification of the DNA damage loads. Of

note, at higher UV doses (20 J/m?) the dose-dependent immobilization was not linear
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anymore, which might be caused by limiting amounts of non-chromatin bound PLs,

in line with the almost complete immobilization of PLs at 10 J/m?* (Figure 2A and B).

In line with this, in cells with higher PL expression levels this levelling off of PL
immobilization at higher UV doses was reduced, indicating that cells with higher PL
levels are more suitable to quantify high damage loads (>5]/m?) (Supplementary Figure
S2F and G, right graphs). On the other hand, our experiments show that cells with
low PL expression levels allow a more sensitive detection of low damage loads (<5]/
m?) (Supplementary Figure S2F and G, left graphs). Together these data show that the
dynamic range of FRAP-based UV damage detection using fluorescently-tagged PLs can
be adjusted to experimental needs by choosing cells with distinct PL expression levels.
PL expression levels can easily be fine-tuned in the used lentiviral transduction system by
the choice of promoter [64]. These data furthermore show the importance of using cells
with similar PL expression levels when studying PL kinetics in different conditions. To
achieve a very homogenous expression of fluorescently-tagged PLs, thereby potentially
even increasing the precision of PL-mediated damage quantification, CRISPR/Cas9-
mediated genomic targeting of PL expression cassettes to safe harbor loci like ROSA26
or AAVSI [75] could be used.

Furthermore, mutated PLs that are still capable of binding the UV-induced DNA
damage, but are incapable of PR, might be developed, as these catalytically dead PLs
will be insensitive to unintentional day light exposure during experimental handling.
Of note, the FRAP-based PL assay is already very sensitive, as shown by the direct
comparison of the PL immobilization to that of XPC (Supplementary Figure S4K), the
main damage sensor of GG-NER [4]. XPC is one of NER factors that shows the highest
immobilization on UV-damaged DNA [42, 76, 77], however our FRAP data show that
the fluorescently labeled PLs detect damage with even higher sensitivity than XPC.

The precise correlation between PL immobilization and DNA damage load is most
likely explained by the fact that exogenously expressed PLs, which function as single
proteins, are most likely not regulated by the activity of other proteins, post-translational
modifications or other forms of regulation in mammalian cells. Especially, these types
of regulation have been shown to influence the direct correlation of the NER factor
immobilization with the DNA damage quantity [17-19, 45, 47-49, 78]. The direct
recognition of DNA damage with high affinity makes PLs ideally suited to visualize
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DNA damage in both living and fixed cells. Fluorescently-tagged PLs can therefore
be used as sensitive, lesion-specific quantitative damage markers while studying the

accumulation of other proteins at sites of local UV-induced damage [62, 74].

Of note, although the PLs have high affinity for DNA damage and are highly immobilized
on damaged DNA, they did not interfere with NER. No differences were observed in
the UV survival of parental and PL-expressing cells (Figure 1B). In line with this, PL
expression did not block the accumulation of DDB2 on local UV damages (Figure 1C)
or inhibit the NER-mediated repair, as shown by PL immobilization in time (Figure 3).
The absence of interference with the NER reaction might be explained by a transient
binding of the PLs to DNA damage, thereby allowing NER factors to access DNA
lesions. In line with this, even though a large fraction of the PLs were immobilized
following UV exposure, these PLs were not long-term immobilized on chromatin but
were rather continuously released and rebound as evidenced by the continuous increase
in the FRAP curves over time (Figure 2A and B). Overall, our data showed that the use
of fluorescently-labeled PLs is a robust and sensitive new method for the direct detection

and quantification of UV-induced DNA damage in living cells.

In addition to their use as sensitive DNA damage markers, the fluorescently-tagged PLs
can also be used to revert the UV-induced damage by PR. In this case, the fluorescent
tag could be used to monitor directly the DNA damage reversion by assessing PL
immobilization. This feature allowed us to determine the minimally required PR times
for CPD-PL and 6-4PP-PL (Figure 4A and B). Our results showed that 10-15 minutes
of PR by exposure to white light was enough for both PLs to repair almost all of the
lesions (Figure 4A and B). This minimal PR duration is much shorter than the PR times
of 1-4 h used in most previous studies performed in mammalian cells [6, 79-83]. The
lesion-specific repair by CPD-PL and 6-4PP-PLs can be used to investigate the lesion-
specific behavior of NER factors [6, 84]. These fluorescently-tagged PLs can be also
used in combination with NER factors with different fluorescent tags, to simultaneously
study the dynamic behavior of NER factor of interest while confirming the successful PR
of CPD or 6-4PP lesions by PLs in the same FRAP experiment. As a proof of principle,
we compared the GFP-XPC kinetics before and after PR, by simultaneously monitoring
PR-mediated repair by PL mobility (Figure 4E and F). This approach could be applied
to investigate the behavior of any fluorescently-tagged repair factor while monitoring

the progress of either PR-based or endogenous repair over time in living cells.
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Despite the short required PR times, white light mediated-PR is technically incompatible
with live cell imaging. To study cellular processes directly upon, or even during PR we
developed PR using a 405 nm laser as a new method to repair DNA lesions during
live-cell imaging. As the CPD-PL and 6-4PP-PL absorption spectra peak between 360
nm and 450 nm, we photo-reactivates PLs using the 405 nm laser, which is commonly
available in live cell imaging setups. Using laser pulses as short as 12.5 s, with relatively
low laser power, allowed us to efficiently photo-reactivate DNA damage in live cell
imaging experiments (Figure 5). Of note, while the 405 nm laser light can also be
used to generate DNA damage, [85, 86], the laser intensity used for efficient PR is
more than 10-fold lower than the intensities required to induce DNA damage [74]. Our
results indicated that PR is rather specific for 405 nm laser, as PLs were not efficiently
activated by the 488 nm laser at settings normally used for imaging GFP-tagged factors
(Supplementary Figure S5C-H).

Thus far, mainly association kinetics (K ) of NER factors were studied using local DNA
damage infliction during live cell imaging [74]. This has been a powerful tool to study the
accumulation kinetics and recruitment order of fluorescently-tagged NER factors and
has revealed crucial information about molecular mechanism and interdependencies of
NER factors [41, 87]. Thus far the dissociation kinetics (K ;) of NER factors following
DNA repair were more difficult to address, as the endogenous NER-mediated repair is
expected to happen in a stochastic manner over time. Interestingly, our 405 nm laser-
assisted live-cell repair method enables to almost instantaneously remove DNA damage.
This approach can be used to gain important insights into the release of NER factors,
repair times and stability of NER intermediates. In addition, as the PLs are lesion-
specific, these parameters could be specifically attributed to CPD or 6-4PP lesions. PR
activity of the CPD and 6-4PP-PLs can also be used simultaneously to repair the vast
majority of UV-induced lesions directly. This allows testing whether specific cellular
effects are caused by the DNA damage itself, or by other types of damages generated by
UV exposure, such as membrane, protein, or RNA damage [88-90]. Additionally, 405
nm laser-mediated PR can be used to instantly repair sub-nuclear regions, which could
be used to determine the contribution of DNA damage (i cis) or signaling pathways

(in trans) to transcription inhibition, replication stress, or other cellular effects following

UV damage [91-93].

In conclusion, here we describe how fluorescently-labeled PLs can be used as highly
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sensitive UV-induced DNA damage markers to quantitatively determine damage load
and repair in real-time, in living cells. Moreover, the instant repair of DNA damage
by activating PLs during live cell imaging opens new possibilities to assess the cellular
effects following damage removal. In addition, lentiviral expression is highly efficient to
stably express PLs in a broad range of cell lines. Overall, the methods described here are
a valuable extension of the current toolbox to study factors involved in the UV-induced
DNA damage response, and will contribute to a better understanding of the molecular

mechanism of NER in living cells.
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Supplementary Figure 1.

(A and B) The kinetics of endogenous DNA damage removal by NER was determined by quantifying
the levels of 6-4PPs in time after 16 J/m? (A) and CPDs in time after 10 J/m? (B) by immunofluorescence
using 6-4PP and CPD specific antibodies. VH10 wild type cells (WT), VH10 cells expressing CPD-PL
or 6-4PP-PL, and NER-compromised (XP-C) XP4PA cells were UV-irradiated and allowed to repair for

the indicated time points. Relative fluorescence directly after UV exposure was set at 100% and average

CPD-PL

6-4PP-PL

fluorescence intensities were plotted in time (n>150 cells of 2 independent experiments +/- SEM). (C)
Representative immunofluorescence images of GFP-DDB2 expressing VH10 cells that were transduced
with either CPD-PL (upper panel) or 6-4PP-PL (lower panel). Cells were non-irradiated or locally UV-C
irradiated (60 J/m?), directly fixed and stained with CPD or 6-4PP antibodies as indicated. Arrows indicate
local UV damages. Scale bar: 7.5 pm.
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Supplementary Figure 2.

(A and B) Immobile fractions of CPD-PL (A) and 6-4PP-PL (B) expressing VH10 cells in non-irradiated
or globally UV-C irradiated at the indicated UV doses as determined by FRAP analyses shown in Figure
2A and 2B. Immobile fractions are calculated using the following formula: Immobile fraction (%) =
1 - ((average fluorescence intensity of UV-irradiated cells - the first post-bleach data point) / (average
fluorescence intensity of non-irradiated cells-the first post-bleach data point)). The average fluorescence
intensities are calculated over the measurements of the last 10s. (n = 20 cells from 2 independent
experiments, mean + SEM). (C) Representative immunofluorescence images of non-irradiated (no UV)
or globally UV-irradiated VH10 cells with the indicated UV doses, directly fixed and stained with CPD
or 6-4PP antibodies as indicated. Scale bar: 25 pm. (D) CPD or (E) 6-4PP lesions (Supplementary Figure
S3C) were quantified by determining the mean relative fluorescence intensities in immunofluorescence
assays using lesion-specific antibodies. (n > 50 cells, mean + SEM). UV-treated conditions were background
corrected by subtracting the mean fluorescence intensity of the non-irradiated condition. (F and G) UV
dose-dependent immobilization of CPD-PL (F) and 6-4PP-PL (G) expressing VH10 cells with low (left
panel) or high (right panel) PL expression levels. Non-irradiated or globally UV-irradiated cells were
analyzed directly after irradiation with the indicated UV doses. Relative fluorescence intensity (RFI) values

were normalized to the average pre-bleach signal (n=20 cells from 2 independent experiments).

200



Fluorescently-labelled CPD and 6-4PP photolyases

CPD-PL 6-4PP-PL
no UV no UV
48h 24h
-1 xPF
£3 24h £3 7h
g5 | 16n g% [3sh v
o o
2| 8h ol 1h Tubulin
—-—
Oh Oh
0 50 100 0 50
Immobile fraction (%) Immobile fraction (%) SICTRL  siXPF
CPD-PL siXPF s SR
6-4PP-PL siXPF " | xpF
no UV el A
16h H no UV
=2 i =2 .
=5 £ .
£ 3 E 2| oh
= 2] 0Oh H (=% 1 T |
i ' ' 0 50 100
0 50 100 .
. 3 Immobile fraction (%)
Immobile fraction (%)
Supplementary Figure 3.

(A and B) Immobile fractions of CPD-PL (A) and 6-4PP-PL (B) in VH10 cells, which were transfected
with control (upper panel) or XPF (lower panel) siRNAs, were determined by FRAP analyses shown in
Figure 3E and 3F. (n > 15 cells from 2 independent experiments, mean + SEM). (C) siRNA-mediated XPF
knockdown was assessed by immunoblotting VH10 lysates with XPF antibody, tubulin staining was used

as loading control.
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Supplementary Figure 4.

(A and B) Immobile fractions of non-irradiated, globally UV-irradiated (10 J/m?), or globally UV-irradiated
(10 J/m?) and photo-reactivated CPD-PL (A) and 6-4PP-PL (B) as determined by the FRAP analyses
depicted in Figure 3A and 3B. (C) Representative immunofluorescence images of CPD-PL or 6-4PP-PL-
expressing VH10 cells using 6-4PP or CPD lesion specific antibodies as indicated. Cells were non-irradiated,
globally UV-irradiated (10 J/m?), or globally UV-irradiated (10 J/m?) and photo-reactivated (10 min PR),
directly fixed and stained using immunofluorescence. Scale bar: 25 um. (D) Upper panel; Expression of the
full-length GFP-XPC protein and the concomitant loss of wild type (WT) XPC expression was confirmed
by western blotting the lysates from WT and GFP-XPC knock-in HCT116 cell lines with an XPC
antibody. Ku70 staining was used as loading control. * indicates an unspecific band. Lower Panel; CRISPR/
Cas9-mediated DDB2 knock-out in GFP-XPC HCT116 cells was confirmed by western blotting with
a DDB2 antibody. (E and F) Immobile fractions of non-irradiated, globally UV-irradiated (10 J/m?), or
globally UV irradiated (10 J/m?) and photo-reactivated (10 min) CPD-PL (E) and 6-4PP-PL (F) expressing
GFP-XPC or GFP-XPC DDB27/- (DDB27/-) HCT116 cells determined in the FRAP analyses depicted in
Figure 3C-E (G and H) FRAP analyses of PL-mCherry in non-irradiated, globally UV-irradiated (10 J/
m?), or globally UV-irradiated (10 J/m?) and photo-reactivated (10 min) CPD-PL (G) and 6-4PP-PL (H)
expressing GFP-XPC HCT116 cells. (I and J) FRAP analyses of PL-mCherry in non-irradiated, globally
UV-irradiated (10 J/m?), or globally UV-irradiated (10 J/m?*) and photo-reactivated (10 min) CPD-PL
(I) and 6-4PP-PL (J) expressing GFP-XPC DDB27/- HCT116 cells (n > 20 cells from 2 independent
experiments, mean + SEM). (K) Direct comparison of immobile fractions of CPD-PL, 6- 4PP-PL and
GFP-XPC in non-irradiated or globally UV-irradiated (XX J/m?*) cells (n = 20 cells from 2 independent

experiments, mean + SEM).
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Supplementary Figure 5.

(A and B) Relative mCherry fluorescence signal of CPD-PL (A) and 6-4PPPL (B) in a non-damaged
nuclear region following PR normalized to pre-PR intensities at the local damage (n = 8 cells, mean + SEM).
Cells were locally UV-irradiated (60 J/m?), then a non-damaged nuclear region was exposed after 7.5 sec
(indicated by arrow and PR) to the indicated intensities of 405 nm laser for 13 s. (n = 8 cells, mean + SEM).
(C and D) Representative images of CPD-PL (C) and 6-4PP-PL (D) expressing VH10 cells before and 13
s after PR using 488 nm laser at the indicated intensity. Arrows indicate local UV damages. Scale bar: 5 um.
(E, E G and H) Cells were locally UV irradiated (60 J/m?), the local DNA damage spot and a region of
the exact same size outside the damage within the nucleus were exposed after 7.5 s (indicated by arrow and
PR) to the indicated intensities of 488 nm laser for 13 s. Relative fluorescence signal normalized to pre-PR
intensities at the local damage of the mCherry-tagged PLs was quantified inside (E and F) and outside (G
and H) the DNA damage within the nucleus. (n = 8 cells, mean + SEM).

205




206



Appendix

Summary
Samenvatting
Curriculum vitae
List of publications

PhD Portfolio
Acknowledgements

227



Appendix

THESIS SUMMARY

All the information required to generate and sustain an organism is stored in the
genome. However, this precious source of genetic information is not damage resistant as
its integrity is continuously challenged by endogenous and exogenous factors which can
cause a range of structurally different DNA lesions. The three main culprits responsible
for inducing DNA damage are cellular metabolism byproducts, spontaneous DNA
alterations, and environmental agents. In this thesis, we focus on DNA damage induced
by one of the most abundant environmental DNA damaging agents, ultraviolet (UV)
light found in sunlight. Only a few hours of skin exposure to sunlight could lead to
> 100,000 lesions of cyclobutane pyrimidine dimers (CPDs) and 6-4 photoproducts
(6-4PPs), the two most abundant UV-induced DNA lesions, in each skin cell. These
lesions can impede essential cellular mechanisms such as DNA replication and RNA
transcription, initially leading to mutations, cellular malfunction, or even cell death,
which could eventually result in the onset of cancer or accelerated aging. Fortunately,
these adverse consequences could be averted by highly efficient DNA repair pathways.
UV-light induced DNA damage is efficiently removed by nucleotide excision repair
(NER) which eradicates a broad array of DNA helix-destabilizing lesions. If left
unrepaired due to inactivating mutations in NER genes, these lesions could lead to
severe human disorders, like the cancer-prone disease xeroderma pigmentosum (XP) or
the premature aging disorder Cockayne’s syndrome (CS), reflecting the significance of
NER.

NER is a complex repair pathway entailing at least 30 proteins in successive reaction
stages of damage recognition, verification, excision, and gap-filling repair synthesis, as
described in detail in Chapter 1. For such a complex, multi-protein reaction to function
efficiently, both the sequential NER factor recruitment and their timely release to
allow the loading of the consecutive NER factors are essential. For this, it is necessary
that tightly regulated lesion handover mechanisms exist between NER proteins at
each consequent repair step. Moreover, since NER functions in a dynamic chromatin
environment, NER is also influenced by other activities such as DNA replication, RNA
transcription, or chromatin remodeling, which collectively escalate the complexity of
NER pathway regulation. Although our understanding of the NER mechanism has
greatly expanded since its discovery more than fifty years ago, our current knowledge is
still limited about its dynamic regulation in time and space, specifically that of lesion

handover between successive steps.
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In Chapter 2, we set out to identify novel NER regulators to obtain a better understanding
of NER regulation. For this, we focused on the interactors of general transcription factor
IT H (TFIIH), as TFIIH is a central NER player with various roles in multiple reaction
steps—i.e., unwinding DNA around the lesion, verifying the lesion, helping the building
of the incision complex and being released together with the incised lesion-containing
oligonucleotide. TFIIH contains ten subunits, which form the core TFIIH complex
and the CAK sub-complex, and was originally identified as an essential transcription
initiation factor. We studied endogenous TFIIH complexes using cells derived from a
knock-in mouse model that expresses YFP-tagged XPB, a core TFIIH subunit, from its
endogenous gene locus. Utilizing SILAC-based quantitative mass spectrometry (MS) in
combination with two immunoprecipitation (IP) approaches, native and cross-linking
IP, we successfully purified TFIIH protein complexes and investigated UV damage-
induced changes in the TFIIH interaction network in detail. We validated our approach
by confirming by MS the presence of known UV-induced TFIIH interactors; ERCC1,
XPE XPG, and XPA. Most interestingly, we identified a new UV-induced interaction
partner of TFIIH, the helicase-like transcription factor (HLTF).

HLTF is the closest human orthologue of the yeast Rad5 protein that functions in
the post-replication repair pathways (PRR) template switching (TS) and translesion
synthesis (TLS). Yet, HLTF has never been described to function in NER before. This
is why, in Chapter 3, we investigated the functional relevance of the uncovered TFIIH-
HLTF interaction for the NER reaction. Our results show that HLTF is recruited to the
TFIIH-containing NER-intermediate after double incision and before repair synthesis.
The use of non-replicating cells or depletion of Rad18, which is required for HLTF’s
full activity during PRR, confirmed that our observations are independent of the role
of HLTF in PRR. Our results acquired using an iz vivo excision assay and staining for
YH2AX-mediated signaling suggest that HLTF is responsible for the release of the excised
DNA damage containing oligonucleotide. HLTF possesses multiple domains—i.e., a
ubiquitin ligase RING domain, a dsDNA translocase SWI/SNF helicase domain, and
a 3™-OH ssDNA end binding HIRAN domain. By using specific HLTF mutants that
inactivate either of these domains, we uncovered that the RING domain is not required
for NER, suggesting that the role of HLTF in PRR to ubiquitylate PCNA is not relevant
for NER. Interestingly, our data indicate that the HIRAN domain is required to recruit
HLTF to NER complexes by enabling HLTF to interact with 3’-OH at the dsDNA/
ssDNA junction generated by XPF-ERCCI1, in line with its 3’-OH ssDNA end binding
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ability. The SWI/SNF helicase domain appeared to be important for the eviction of
the excised damage-containing short stretch of DNA, together with associated incision
complex members. A similar mechanism is already described in bacterial NER in which
the helicase UvrD releases the endonuclease UvrC and incised DNA fragment, and in
this way enabling repair synthesis by DNA polymerase I. In line with this, we observed
severely impaired unscheduled DNA synthesis, which measures repair synthesis, upon
HLTF depletion. Overall, similar to UvrD in bacterial NER, our study presents HLTF
as a novel NER factor which removes the incised lesion-containing DNA fragment

likely together with associated incision complex members to enable repair synthesis.

In NER, DNA lesions located throughout the whole genome are recognized by the
global genome NER (GG-NER) specific damage recognition factors. Transcription-
coupled NER (TC-NER) is triggered by transcription-blocking DNA lesions (TBLs)
in actively transcribed genes, in which the TC-NER factors CSA, CSB, and UVSSA are
recruited to lesion-stalled RNA Pol II to allow further processing by core-NER factors.
Currently, it is not completely known how these TC-NER factors are recruited to TBLs
and build up the TC-NER machinery. To gain more insight into this mechanism, in
Chapter 4, we studied the accumulation kinetics of TC-NER factors in living cells. We
demonstrated that the recruitment of UVSSA to TBLs is independent of CSA and CSB
and we made use of specific UVSSA domain mutants to further dissect the role of this
protein in TC-NER. Our results show that both the C-terminal DUF2043 domain and
the N-terminal VHS domain are necessary for TC-NER, with the former being required
for UVSSA recruitment to TBLs and the latter being required for UVSSA interaction
with CSA. Utilizing these UVSSA mutants in combination with quantitative interaction
proteomics, we observed that UVSSA interacts with both subunits of the H2A/
H2B chaperone FACT complex, Spt16 and SSRP1, through its DUF2043 domain.
Interestingly, although SSRP1 depletion had no effect, Spt16 depletion reduced UVSSA
accumulation but had no effect on CSB accumulation. These observations suggest that
Spt16 specifically facilitates UVSSA recruitment to TBLs. Moreover, Spt16 depletion
resulted in a significant reduction of the TC-NER-mediated UDS, suggesting that by
mediating UVSSA recruitment, Sptl6 enhances TC-NER repair. Overall, we reveal
Spt16 as a TC-NER regulator and provide important insights into the TC-NER factor

recruitment to TBLs.
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Although NER is the sole pathway to eradicate UV-induced DNA damage in placental
mammals, another repair mechanism, namely photo-reactivation (PR), has been
evolutionarily conserved in all branches of life, from bacteria to non-placental mammals.
Whereas NER is a complex repair pathway involving at least 30 proteins, PR requires
only one damage-specific protein for each of the CPD and 6-4PP lesions, namely CPD
and 6-4PP photolyases (PLs), which catalytically reverse the damaged DNA to the
original DNA within ~1 ns utilizing the energy absorbed from visible light. This swift
damage removal and lesion specificity of the PLs make them attractive tools to investigate
UV-induced damage and repair. In Chapter 5, we made use of these characteristics of
PLs to quantify UV-induced DNA damage and repair, by tagging the CPD and 6-4PP
PLs with mCherry fluorescent protein. Using these PLs in fluorescence recovery after
photo-bleaching (FRAP) assays, we established a new method that enables quantifying
UV-induced DNA damage and repair kinetics in a highly sensitive and dose-dependent
manner, in real-time, in living cells. Additionally, we established a new method that
enables immediate reversal of UV-induced DNA damage in a lesion-specific manner in
living cells in a subnuclear region, utilizing 405 nm laser-mediated photo-reactivation
of the PLs. This method could be used to examine lesion-specific NER dynamics and
cellular responses upon damage removal. Altogether, our results show that fluorescently-
tagged PLs can be utilized as a powerful tool to detect, quantify and repair UV-induced
DNA damage, in order to investigate NER kinetics and UV-induced DNA damage

response in living cells.
In Chapter 6, we discuss our main findings, focus on remaining issues, and provide an

outlook over the possible future directions in the field of UV-induced DNA damage and

repair within the context of the research questions addressed in this thesis.
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SAMENVATTING

Alle informatie die nodig is om een organisme te vormen en onderhouden is opgeslagen
in het genoom. Deze waardevolle bron van genetische informatie is echter niet
resistent tegen schade, omdat deze continu blootgesteld wordt aan zowel endogene en
exogene factoren, welke een legio aan structureel verschillende DNA-schades kunnen
veroorzaken. De drie voornaamste bronnen van DNA-schade zijn bijproducten van het
cellulaire metabolisme, spontane DNA-veranderingen en invloeden van uit het milieu.
In dit proefschrift ligt de focus op DNA-schade geinduceerd door ultraviolette (UV)
straling vanuit zonlicht, één van de meest voorkomende DNA-schades. Slechts een
paar uur blootstelling van de huid aan zonlicht kan al leiden tot meer dan 100.000
laesies per huidcel. De twee meest voorkomende UV-geinduceerde DNA laesies zijn
cyclobutaan pyrimidine dimeren (CPDs) en 6-4 photoproducten (6-4PPs). Deze DNA-
beschadigingen kunnen essentiéle cellulaire mechanismen, zoals DNA-replicatie en
RNA-transcriptie verstoren, welke kunnen leiden tot mutaties, cellulaire disfunctie of
zelfs celdood. Dit kan uiteindelijk resulteren in kanker of versnelde veroudering. Deze
nadelige gevolgen worden gelukkig tegengegaan door zeer efficiénte DNA-reparatie
mechanismen. Zo wordt DNA-schade geinduceerd door UV-licht bijvoorbeeld efficiént
verwijderd door nucleotide excisie reparatie (NER). Dit DNA-reparatie proces kan een
breed spectrum van DNA helix-destabiliserende laesies repareren. Wanneer deze laesies
niet gerepareerd worden, bijvoorbeeld door inactiverende mutaties in één van de NER-
genen, dan kan dit leiden tot ernstige erfelijke aandoeningen, zoals de kankergevoelige
ziekte xeroderma pigmentosum (XP) of Cockayne’s syndrome (CS) waarvan de patiénten
gekarakteriseerd worden door vroegtijdige veroudering. De ernstige symptomen van

deze DNA-reparatie syndromen illustreren het belang van een goed functionerend NER.

NER is een complexe reparatieroute waarbij minstens 30 verschillende eiwitten
betrokken zijn, die in verschillende opeenvolgende reactiestappen functioneren,
namelijk schadeherkenning, verificatie, excisie en DNA-reparatie synthese. Deze
stappen worden in detail in Hoofdstuk 1 beschreven. Om een dergelijke reparatieroute
efficiént te laten functioneren is het essentieel dat zowel de rekrutering van NER
factoren als het op tijd loslaten hiervan goed gecodrdineerd verloopt. Daarom is het van
belang dat er een gecontroleerd mechanisme bestaat die de verschillende NER-eiwitten
bij de opeenvolgende reparatie stappen aan de laesie laat binden. Omdat NER in een
dynamische chromatine-omgeving functioneert, wordt NER ook beinvloedt door andere

processen die in chromatine plaatsvinden, zoals DNA-replicatie, RNA-transcriptie en
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remodeleren van chromatine. Hoewel onze kennis over het NER-mechanisme flink is
toegenomen sinds de ontdekking hiervan, meer dan vijftig jaar geleden, is onze kennis
over de dynamische regulatie in tijd en ruimte, specifick die van de laesie doorgave

tussen opeenvolgende reactiestappen nog steeds beperkt.

In Hoofdstuk 2 zijn we opzock gegaan naar nieuwe NER regulerende eiwitten om zo
het NER-mechanisme beter te begrijpen. Hiervoor hebben we ons geconcentreerd op
eiwitten die binden aan het basale transcriptie factor II H (TFIIH) complex, omdat
TFIIH een multifunctionele rol speelt binnen verschillende NER stappen. TFIIH is
belangrijk voor het ontwinden van DNA rondom de laesie, speelt een belangrijke rol bij
de opbouw van het incisie-complex en wordt tenslotte samen met de laesie-bevattende
oligonucleotide verwijdert na de dubbele incisie. TFIIH, origineel geidentificeerd
als essentié€le transcriptie initiatie factor, bevat tien eiwitten welke de kern van het
TFIIH-complex en het CAK sub-complex vormen. Wij hebben endogene TFIIH-
complexen bestudeerd, waarbij we cellen hebben gebruike die afkomstig zijn uit een
knock-in muizenmodel, welke een YFP-gemarkeerde versie van XPB, een TFIIH eiwit,
tot expressie brengt van zijn endogene genomische locus. Door gebruik te maken van
kwantitatieve massaspectrometrie (MS) in combinatie met zowel een native en een cross-
linking immunoprecipitatie (IP) methode hebben we succesvol TFIIH eiwit complexen
gezuiverd en vervolgens de UV schade-geinduceerde veranderingen in het TFIIH
interactienetwerk in detail onderzocht. De aanwezigheid van bekende UV-geinduceerde
TFIIH interactie-eiwitten zoals ERCC1, XPF, XPG en XPA laat zien dat onze methodes
succesvol zijn. De meest interessante vinding echter, was de identificatie van een nieuwe

UV-geinduceerde interactie partner van TFIIH, de helicase-like transcriptiefactor

(HLTF).

HLTF is de humane ortholoog van het gist eiwit Rad5 dat een rol speelt in de post-
replicatie processen (PRR): template switching (TS) en translaesie synthese (TLS). Van
HLTF is echter nooit eerder een rol in NER beschreven. In Hoofdstuk 3 hebben we
om deze reden de rol van de TFIIH-HLTF interactie tijdens de NER reactie onderzocht.
Onze resultaten laten zien dat HLTF gerekruteerd wordt door het TFIIH-bevattende
NER-intermediair na dubbele incisie, maar vé6r de reparatiesynthese. Het gebruik van
niet-replicerende cellen of depletie van Rad18, welke nodig is voor HLTF’s rol in PRR,
bevestigde dat onze observatie losstaat van de rol van HLTF in PRR. Onze resultaten

laten zien dat HLTF verantwoordelijk is voor het actief verwijderen van de uitgeknipte
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DNA-schade-bevattende oligonucleotiden. HLTF bevat meerdere domeinen; een
ubiquitine ligase (RING) domein, een dsDNA translocase (SWI/SNF-helicase)
domein en een 3’-OH ssDNA einde bindend HIRAN domein. Door specifiecke HLCTF-
mutanten te gebruiken hebben we ontdekt dat het RING domein niet nodig is voor
NER, wat suggereert dat de HLCTF-gemedieerde PCNA ubiquitylatie niet relevant is
voor het NER proces. Onze data geeft, interessant genoeg, aan dat het HIRAN domein
nodig is om HLTF te rekruteren naar NER complexen, waarschijnlijk doordat HLTF
bindt aan de 3’~-OH groep van ssDNA na incisie door XPF-ERCC1. Na zijn rekrutering
naar het NER complex, is het SWI/SNF-helicase domein van HLTF essentieel voor de
verwijdering van het schade bevattende stukje DNA na dubbele incisie. Een soortgelijk
mechanisme is eerder beschreven in bacterieel NER, waarin de helicase UvrD het door
UvrC ingeknipte DNA fragment verwijdert, waardoor DNA reparatie synthese door
DNA polymerase I kan plaatsvinden. Samengevat hebben we HLTF geidentificeerd als
nieuwe NER factor, die actief het stuk DNA met schade na dubbele incisie verwijdert
samen met eiwitten van het gebonden incisie complex zodat de laatste NER-stap, de

DNA-synthese, kan plaatsvinden.

In globaal genoom NER (GG-NER) worden DNA laesies in het gehele genoom herkent
door specifieke schade herkenningsfactoren. Transcriptie-gekoppeld NER (TC-NER)
vindt alleen plaats in de getranscribeerde DNA streng van actieve genen. TC-NER
wordt geinduceerd door de TC-NER factoren CSA, CSB en UVSSA die gerekruteerd
worden naar RNA Polymerase II dat is vast gelopen op de DNA-schade. Na de schade
herkenning is het verdere verloop van GG-NER en TC-NER hetzelfde. Er is nog veel
onbekend hoe deze TC-NER factoren gerekruteerd worden naar DNA-schade en hoe
ze vervolgens het TC-NER complex opbouwen. Om meer inzichten in dit mechanisme
te verkrijgen hebben we in Hoofdstuk 4 de schade rekruterings-kinetiek van TC-NER
factoren in levende cellen bestudeerd. We hebben aangetoond dat de schade rekrutering
van UVSSA onathankelijk is van CSA en CSB. Vervolgens hebben we gebruik gemaakte
van specifiecke UVSSA-mutanten om de rol van dit eiwit in TC-NER verder te
onderzoeken. Onze resultaten laten zien dat zowel het C-terminale DUF2043 domein,
als het N-terminale VHS domein nodig zijn voor TC-NER, waarbij de eerstgenoemde
nodig is voor UVSSA rekrutering naar schade, terwijl het VHS domein nodig is voor
de UVSSA interactie met CSA. Door gebruik te maken van deze UVSSA-mutanten in
combinatie met kwantitatieve interactie proteomics, hebben we laten zien dat UVSSA
bindt aan de Spt16 en SSRP1 eiwitten van het H2A/H2B-chaperone FACT complex,
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via het DUF2043 domein. Na depletie van Spt16 vonden we dat de UVSSA binding aan
DNA schade sterk gereduceerd wordt, maar dat dit geen effect had op CSB ophoping.
Verrassend was de vinding dat SSRP1 depletie geen effect had op de UVSSA-rekrutering
naar DNA-schade. Deze observaties suggereren dat Spt16 specifick UVSSA-rekrutering
naar DNA-schade faciliteert. In overeenstemming met deze observatie, vonden we dat
Sptl6 depletie leidt tot een significante reductie van TC-NER-gemedieerde DNA-
synthese. Dit suggereert dat Sptl6 TC-NER stimuleert door UVSSA naar RNA

polymerases te rekruteren die vast gelopen zijn op een DNA schade.

NER is het enige reparatie proces dat UV-geinduceerde DNA schade kan verwijderen in
zoogdiercellen. Echter in alle andere takken van het leven, van bacterién tot zoogdieren
zonder placenta, is er een evolutionair geconserveerd ander reparatiemechanisme,
namelijk photo-reactivatie (PR). Terwijl NER een complexe reparatieroute is waar
tenminste 30 eiwitten bij betrokken zijn, bestaat PR slechts uit één schade-specifick
eiwit, de zogenaamde photolyases, om of CPDs, of 6-4PPs te repareren. Deze CPD en
6-4PP photolyases (PLs) katalyseren het terugbrengen van de photo-dimeren naar de
originele losse nucleotiden van het DNA, in slechts ~1 ns. Bij dit proces wordt de energie
van geabsorbeerd licht gebruikt. Deze snelle schade verwijdering en laesiespecificiteit
van de PLs maken deze eiwitten aantrekkelijke gereedschappen om UV-geinduceerde
schade en reparatie te onderzoeken. In Hoofdstuk 5 hebben we van deze eigenschappen
gebruik gemaakt om UV-geinduceerde DNA-schade en reparatie te kwantificeren.
Hiervoor hebben we de CPD en 6-4PP PLs gemarkeerd met het mCherry fluorescente
eiwit. Door deze fluorescente PLs te gebruiken in de zogenaamde fluorescence recovery
after photo-bleaching (FRAP) meetmethode, hebben we een nieuwe methode opgezet
om met een hoge gevoeligheid de kinetieck van UV-geinduceerde DNA-schade en
reparatie te kwantificeren, in levende cellen. Verder hebben we een nieuwe methode
ontwikkeld om direct UV-geinduceerde schade te repareren in een klein gedeelte van de
celkern in levende cellen door gebruik te maken van een 405 nm laser om zo de PLs te
(photo)activeren. Deze methode zou gebruikt kunnen worden om de laesie-specificke
NER-dynamick te onderzoeken en om cellulaire reacties na verwijdering van schade te
bestuderen. Onze resultaten laten zien dat fluorescent-gelabelde PLs gebruikt kunnen
worden als krachtige methode om UV-geinduceerde DNA-schade te detecteren, te
kwantificeren en te repareren, zodat zowel de NER-kinetiek als de respons van levende

cellen op UV-geinduceerde DNA-schade onderzocht kan worden.
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In Hoofdstuk 6 bediscussiéren we onze belangrijkste bevindingen, met nadruk op de
belangrijkste openstaande vragen binnen het NER-veld en blikken we vooruit op de
mogelijke toekomstige richtingen in het veld van UV-geinduceerde DNA-schade en

reparatie binnen het kader van de onderzoeksvragen die in dit proefschrift geadresseerd
zijn.
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