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Abstract

Abstract

The nucleotide excision repair (NER) pathway is a central DNA repair mechanism to repair a
variety of bulky DNA lesions. Accumulation of these types of damage all over the genome
results in the development of a cancer prone mutator phenotype, as it can be seen in patients
with the autosomal recessive disease xeroderma pigmentosum, and their high frequency of
ultraviolet induced skin tumors. It is known that decreased NER level are a risk factor for
several cancer entities. Several components of the NER pathway already serve as biomarkers
for cancer risk and treatment success. The endonucleases XPF/ERCC1 and XPG are the core
components of the incision complex of NER. XPF/ERCC1 is also involved in the repair of
DNA interstrand crosslinks (ICL). Due to the essential roles of this complex, patient cells
retain at least one full-length allele and residual repair capabilities, rendering them unsuitable

for XPF variant analyses.

In the course of this thesis, the CRISPR/Cas9 technology was established in the laboratory
and applied to generate an XPF knockout in a fetal lung fibroblast cell line (MRC5Vi cells),
to analyze the unknown functional relevance of physiologically occurring, spontaneous XPF
mMRNA splice variants. Furthermore, functional roles of XPF point mutants in NER and ICL

repair were investigated.

The successfully generated XPF knockout cells were markedly sensitive to UVC, cisplatin,
and PUVA (psoralen activated by UVA) and had reduced repair capabilities for NER and ICL
repair as assessed by reporter gene assays. Using the knockout cells it was shown that human
XPF is predominately involved in homologous recombination repair but dispensable for non-
homologous end-joining. Notably, while ERCC1 was stably expressed in the cytosol, it was
not detectable in the nucleus without its heterodimeric partner XPF, implicating the necessity
of functional XPF to retain ERCCL1 in the nucleus. Overexpression of wildtype XPF reversed
these effects. Functional analyses revealed two XPF splice variants with residual repair
capabilities (XPF-201 and XPF-003) in NER, as well as ICL repair. XPF-201 lacks the first
12 amino acids of the protein, while XPF-003 is severely C-terminally truncated.
Interestingly, another variant, XPF-202, which differs to XPF-003 in the first 12 amino acids
only, had no repair capability whatsoever, suggesting an important role of this protein region.
It might be involved in interacting with other proteins of the DNA repair machinery.

Splice variants of XPF and XPG, already characterized during my master thesis, were
identified to exert dominant negative effects on NER, when stably overexpressed in wildtype

cells. Additionally, the newly generated KO cells represent a highly promising tool for

XIl



Abstract

mechanistic studies. In this cellular background without XPF expression, point mutants
showed different catalytic activities compared to reconstituted in vitro systems, which are
limited by the artificial combination of recombinant proteins, or patient cell lines retaining at

least one full-length allele.

Finally, it was shown that the XPF and XPG splice variants varied in their inter-individual
expression in healthy donors, as well as in various tissues. Together with their residual repair
capability, dominant-negative effects, and different expression levels, functionally relevant
spontaneous splice variants of XPF and XPG present promising prognostic marker candidates
for individual cancer risk, disease outcome, and therapeutic success. Association studies and

translational research within clinical trials will have to confirm this assumption in the future.
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Introduction

1 Introduction

The genetic information necessary for growth, development, functioning, and reproduction of
all known living organisms, except RNA viruses, is coded in the deoxyribonucleic acid
(DNA). According to a central dogma, DNA is transcribed into messenger RNA (MRNA),
and mRNA is then translated into proteins (protein biosynthesis), which fulfill all sorts of
different functions in the cell (Crick, 1970). A living organism is constantly exposed to
different exogenous and endogenous DNA damaging agents that can alter the genomic
sequence, causing impairment of protein function, resulting in accumulation of defective
proteins, and finally leading to a mutator phenotype (reviewed in Bertram, 2000). On the one
hand, this is an evolutionary engine, but on the other hand can cause carcinogenesis in case of

mutated tumor suppressor genes (Goh et al., 2011; Hoeijmakers, 2009; Hollstein et al., 1991).

1.1 UV irradiation and the skin

Electromagnetic radiation with a range from 100-400nm, UV light, is a commonly known,
very potent mutagen, and can be subdivided into UVA, UVB and UVC (reviewed in Seebode
etal., 2016).

1.1.1 Penetration

UVC irradiation (100-280nm) comprises the shortest wavelength, but the highest energy and
lies in the absorption maximum of DNA (245nm). Anyhow, the largest portion of UVC
irradiation is blocked by the ozone-containing stratosphere and would be absorbed by the
corneal barrier of the skin (stratum corneum) if it would reach the earth’s surface. UVB
(280-315nm) and UVA (315-400nm) irradiation are able to penetrate the atmosphere and
cause damage to the DNA (Rastogi et al., 2010). UVA irradiation is commonly known to be
the factor that influences skin aging as it reaches deeper layers of the skin, the dermis, where
elastic and collagen fibers are located, whereas UVB can only penetrate into the deepest
layers of the epidermis (stratum basale) (see Figure 1).
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Figure 1: Penetration depth and effects of UV irradiation

The left panel shows a histological cut of human skin (hematoxylin eosin staining, x40), while the right panel
shows a schematic view of the penetration depth of UV and visible light through the skin. UVC irradiation
(100-280nm) is blocked by the stratosphere and does not reach the earth’s surface. UVB irradiation (280-315nm)
penetrates into the stratum basale and can directly be absorbed by the DNA leading to the generation of bulky
DNA lesions (6-4PPs and CPDs). UVA irradiation (315-400nm) reaches the dermis mainly causing the
formation of reactive oxygen species, which then result in strand breaks, abasic sites, oxidative damage or base
modifications. Illustration by Dr. rer. nat. Christina Seebode.

1.1.2 UV induced DNA lesions

While UVA only causes indirect DNA damage through the creation of free radicals, UVB and
UVC directly lead to DNA lesions by crosslinking of adjacent pyrimidine bases and the
formation of bulky adducts. This results in two lesions of different types, the cyclobutane
pyrimidine dimers (CPDs) or 6,4- pyrimidine pyrimydone photoproducts (6-4PPs) (Lippke et
al., 1981; Mitchell & Nairn, 1989) (see Figure 2). CPDs make up 75% of the lesions and
contain a four membered ring arising from the coupling of the C=C double bonds of
pyrimidines, while 6-4PPs (25%) lead to a crosslink of Cg of one pyrimidine and C4 of the
other pyrimidine resulting in a stronger distortion of the DNA backbone (Vink & Roza, 2001;
Yokoyama et al., 2012). 6-4PPs are more rapidly repaired in the cell (within six hours) than
CPDs that still persist after 12 hours (50%) (Kobayashi et al., 2001). Therefore, CPDs are the
major source of lasting UV-induced mutations (You et al., 2001).
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Figure 2: UV-induced DNA lesions

UVB irradiation can directly be absorbed by the DNA and leads to the formation of DNA photoproducts.
Adjacent pyrimidine bases (thymidines (T) and cytosines (C)) are crosslinked and form CPDs and 6-4PPs with a
ratio of 3:1 (from (Seebode et al., 2016)).

In the course of replication, one possibility for cells to cope with these DNA damages, are
translesion polymerases, if the damage has not been repaired before the cell enters the S-phase
of the cell cycle. A typical UV signature mutation is the Cto T or CC to TT transition that has
been found in TP53 genes of squamous cell carcinomas (SCCs) (Brash et al., 1991). These
signature mutations follow the A-rule, meaning that the translesion polymerase n, which lacks
a proof-reading function, complements the crosslinked pyrimidine bases with two adenines on
the opposite strand (reviewed in Matsumura & Ananthaswamy, 2002). That is why

evolutionary other pathways developed to repair DNA damage (see 1.2).

1.1.3 The multistep carcinogenesis model

As described by Hanahan and Weinberg, the accumulation of mutations is one of the
hallmarks of cancer (reviewed in Hanahan & Weinberg, 2000). In the multistep
carcinogenesis process, a key step is the mutational activation of oncogenes or inhibition of
tumor suppressor genes, resulting in the loss of cell cycle control and apoptosis while leading

to uncontrolled cell proliferation (reviewed in Soehnge et al., 1997).

Different molecular mechanisms are involved in skin cancer development. Among other
effects, UVB irradiation can promote cell proliferation through the MAPK (mitogen-activated
protein kinase) pathway, via activating mutations of the RAS oncogene (reviewed in
Melnikova & Ananthaswamy, 2005). Furthermore, activation of the sonic hedgehog (SHH)
pathway components PTCH1 and SMO is a key feature of basal cell carcinoma (BCCs)
driving cell proliferation and tumor growth (reviewed in Athar et al., 2014; Emmert et al.,

2014). UV signature mutations occurring in early stages of oncogenic transformations in the
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skin can also be found in the TP53 gene in SCCs and BCCs, resulting in a defective p53
protein, which is known to be the “guardian of the genome” (Ehrhart et al., 2003; Inciarte et
al., 1976). The p53 protein is involved in multiple cellular processes and fulfills various
functions amongst which are the activation of cell cycle checkpoints, DNA repair, and
initiation of apoptosis (Fridman & Lowe, 2003; Greenblatt et al., 2003; Oren, 1999). The
CDKN2A gene encodes for two strong tumor suppressors involved in cell cycle regulation.
p16INK4A prevents phosphorylation of the retinoblastoma (RB) protein by CDK4/CDKG6 and
therefore progression from G;- to S-phase, while p14ARF stabilizes the cellular p53 level,
thereby preventing oncogenic cell transformations (Emmert et al., 2014; Saridaki et al., 2003;
Sharpless & Chin, 2003).

Xeroderma pigmentosum (XP) patients, who have a high predisposition for skin cancer
development, present a unique model disease to analyze the effects of unrepaired DNA
lesions in skin carcinogenesis and accelerated skin cancer development (reviewed in Daya-
Grosjean, 2008) (see 1.3.1).

1.2 DNA repair

As previously mentioned, UV light was of great importance during the earliest steps of
evolution as the ability of DNA to absorb UV light led to the development of long chain RNA
molecules generating more complex organisms (Mulkidjanian et al., 2012). Therefore, UV
induced mutations can be seen as an evolutionary engine in the development and progression
of life. However, forced by evolutionary pressure, at some point all living organisms
developed a complex network of DNA repair pathways to alleviate harmful effects of DNA
damage and maintain genome integrity, the DNA damage response (DDR) (reviewed in
Giglia-Mari et al., 2011).

1.2.1 DNA damage response (DDR)

The DDR is a complex network of cellular pathways that sense, signal and repair DNA
lesions through activating cell cycle checkpoints and DNA repair pathways in response to
DNA damage by surveillance proteins that monitor DNA integrity. The DDR consists of a
phosphorylation cascade that is initiated by stalled replication forks or polymerases (reviewed
in Giglia-Mari et al., 2011).

The protein kinases ATM (P13K-like kinases ataxia-telangiectasia mutated) and ATR (ataxia-

telangiectasia and Rad3-related), which are recruited and activated by double strand breaks
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(DSBs) and replication protein A (RPA)-coated single stranded DNA (ssDNA), are key
components of the DDR-signaling cascade in mammalian cells (reviewed in Bartek & Lukas,
2007; Cimprich & Cortez, 2008; Shiloh, 2003). Subsequently, ATM and ATR phosphorylate
the target protein kinases CHK1 and CHK2 and together reduce cyclin-dependent kinase
(CDK) activity by various mechanisms, e.g. activation of p53 and p21 resulting in G4/S and
G2/M cell cycle arrest (reviewed in Kastan & Bartek, 2004; Riley et al., 2008). Thereby, the
time for DNA repair before replication and mitosis is prolonged. Furthermore, ATM and ATR
also increase DNA repair protein activity by transcriptional or post-transcriptional
modifications like phosphorylation, acetylation, ubiquitylation, or sumoylation (reviewed in
Huen & Chen, 2008). If the damage cannot be removed, continuous activation of the DDR
response triggers cell death via apoptosis or cellular senescence to prevent tumor formation
(Campisi & d'Adda di Fagagna, 2007; Halazonetis et al., 2008).

The nucleotide excision repair (NER), a special case of the DDR response, is a particularly
important mechanism in the removal of mutations resulting from UV-induced DNA damage
(see 1.2.2).

1.2.2 DNA repair mechanisms

Cells have developed a number of repair mechanisms to ensure genome integrity and cope
with different sorts of DNA damage. This thesis mainly focusses on the repair of UV-induced
DNA lesions, interstrand crosslinks, and DNA DSBs (reviewed in Lombard et al., 2005).

1.2.2.1 Nucleotide excision repair (NER)

In bacteria pyrimidine dimers formed by UV irradiation are reversed using a special light-
dependent process, called photoreactivation. A photolyase binds to the pyrimidine dimer and
catalyzes a second photochemical reaction using visible light breaking the cyclobutane ring
and reforming the two adjacent thymidylates (reviewed in Thoma, 1999).

Prokaryotic NER only involves three proteins, UvrA, UvrB and UvrC, which carry out the
complete process of damage recognition and excision. At the beginning, there is an energy-
independent distortion recognition factor (UvrA), followed by energy-dependent recognition
of DNA damage using a DNA helicase (UvrB). This helicase creates an open preincision
complex and subsequently an oligonucleotide is released by dual incision (Kisker et al., 2013;
Sancar & Rupp, 1983). The new DNA strand is synthesized and sealed by DNA polymerase
I1. A direct reversal process performed by photolyases is present in prokaryotic organisms as

well (reviewed in Zhang et al., 2013a). Photolyases can be found in prokaryotes, eukaryotes
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and archaea, but are not present in higher mammals like humans. Hence, other highly
conserved DNA repair processes developed among both prokaryotes and eukaryotes.

The eukaryotic NER is one of the most versatile repair systems as it can recognize various
different types of lesions, e.g. UV-induced lesions or intrastrand crosslinks and involves
numerous factors (>30) (reviewed in Truglio et al., 2006). The DNA damage is sensed
through a distortion present in the DNA structure (bulky lesions). Thus, different lesions can
all be repaired by a common set of enzymes. It is increasingly evident that the overall strategy
for NER in eukaryotes has many similarities to the process initiated by the UvrABC nuclease

in prokaryotes.

On the molecular level, the repair cascade is made up of several subsequent steps: lesion
sensing, opening of a denaturation bubble, incision of the damaged strand, displacement of
the lesion-containing oligonucleotide, gap filling (re-synthesis according to the
complementary strand) and closing ligation of a nick (reviewed in Nouspikel, 2009; Scharer,
2013) (see Figure 3). The damage recognition step is divided into two subpathways:
transcription coupled repair (TCR) and global genome repair (GGR). TCR only works on
actively transcribed genes (Mellon et al., 1987), while the GGR removes DNA lesions
throughout the whole genome (Bohr et al., 1985).

XPC preferably binds to DNA backbone distorting structures and its binding activity can
further be stimulated by HR23B and Centrin2 (Krasikova et al., 2012). 6-4 PPs, lead to a
strong distortion of the DNA backbone and can directly be recognized by the XPC-HR23B-
Cen2 complex (Araki et al., 2001). Additionally, HR23B protects XPC from proteolytic
degradation. The formation of an XPC-HR23B complex with DNA is enhanced by the single
strand DNA (ssDNA) binding protein RPA (Krasikova et al., 2008). As CPDs only slightly
distort the DNA backbone, they are poorly recognized by XPC, although their removal
depends on XPC recognition (Sugasawa et al., 1998). To further increase XPC’s affinity to
the damaged DNA it can be polyubiquitinated and depends on the UV-DDB-ubiquitin ligase
complex consisting of DDB1 and DDB2 (UV-damaged-DNA-binding protein 2 = XPE)
(Sugasawa et al., 2005). In addition, damage recognition is facilitated by a stronger distortion
of the DNA backbone due to binding of UV-DDB (Fujiwara et al., 1999). A stalled RNA
polymerase 1l itself is the damage recognition factor in TCR independent of XPC. Together
with the Cockayne syndrome (CS) proteins, CSA and CSB, it initiates the repair (Mu &
Sancar, 1997).



Introduction

During GGR as well as TCR, the basal transcription factor TFIIH is recruited via direct
interaction with XPC-HR23B or by XPA, respectively (Park et al., 1995; Riedl et al., 2003).
TFIH consists of the CAK (CDK7; Cyclin H and MATL1) and core complex (XPD, XPB,
p62, p52, p44, p34 and p8/TTDA) (see Figure 3). XPG is thought to be the eleventh subunit
of TFIIH, while XPD connects the two subcomplexes (Chen et al., 2003) (reviewed in Compe
& Egly, 2012; Egly & Coin, 2011). TFIIH performs the opening of a denaturation bubble (24-
30 nucleotides (nts)) around the lesion. In NER the ATPase activity of XPB and the helicase
activity of XPD are needed for the opening of the denaturation bubble (Coin et al., 2007).
TFIIH is supported by XPA and RPA, two factors that have a high affinity for ssDNA, in
displacing the XPC complex (Overmeer et al., 2011). Furthermore, RPA also assists TFIIH to
open the DNA helix around the damage and protects the undamaged strand opposite the
lesion (de Laat et al., 1998b; Lee et al., 2003). Together with XPA it is important for

verifying the lesion and damage demarcation (reviewed in Fadda, 2016).

After anchoring TFIIH to the site of DNA damage by XPA and RPA, the two endonucleases
XPF/ERCC1 (5”) and XPG (3’) are recruited. TFIIH is responsible for XPG recruitment via
its pleckstrin homology/phosphotyrosine-binding (PH/PTB) domain of subunit p62 (Dunand-
Sauthier et al., 2005; Gervais et al., 2004), while XPF/ERCCL is recruited to the damage site
through a direct interaction between the central domain of ERCC1 and XPA (Orelli et al.,
2010). XPF/ERCCL is a heterodimeric endonuclease complex that cleaves upstream of the
lesion, whereas XPG cleaves downstream (Mu et al., 1996; O'Donovan et al., 1994). Strand
incision and repair synthesis of NER are highly coordinated with several subsequent steps.
5’ incision by XPF/ERCC1 is necessary and sufficient for the initiation of repair synthesis as
it generates a free 3° OH group and a branched flap structure with a free 5° end. On the other
hand, 3’ incision by XPG is not necessarily needed to initiate polymerization by DNA
polymerase & or ¢ (Staresincic et al., 2009). Actually, efficient 3’ incision requires the
presence and catalytic activity of XPF/ERCC1 (Tapias et al., 2004). Hence, 5’ incision has to

precede the 3’ incision. Regardless, 3’ incision is needed for completion of repair synthesis.

Depending on the lesion, the excised fragment is about 24-32nts in length (Evans et al.,
1997b). After displacement of the lesion-spanning oligonucleotide the gap is accurately filled
by either of the replicative polymerases 9, €, or k according to the undamaged complementary
strand (Ogi et al., 2010). The nick is then closed by ligase | and Il together with XRCC1
(Moser et al., 2007).
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Figure 3: Schematic overview of the NER pathway

(A) Global genome repair: 6-4PPs lead to a strong DNA distortion and are directly recognized by the XPC-
HR23B-Centrin2 complex (green), while CPDs can only be identified by XPC together with the DDB complex
(DDB1, XPE) (B). (C) Lesion affinity of XPC and DDB is increased by ubiquitylation. (I) and (J). In TCR,
repair is initiated by a stalling of the RNA polymerase Il at the site of a lesion on the transcribed strand as well as
interaction with CSA, CSB, and XAB2. (D) The basal transcription factor TFIIH, harbouring ATPase XPB and
helicase XPD, is responsible for unwinding the dsDNA around the lesion. In case of TCR, RNAPII is replaced
by TFIIH, XPA, and RPA. (E) XPC is replaced by XPA and RPA, while TFIIH is recruited. (F) The two
endonucleases XPF/ERCC1 (5”) and XPG (3’) are recruited and incise the damaged DNA strand. (G) After
recruitment of PCNA the gap is filled by DNA polymerase 9, €, or k. (H) Ligase I or Il seal the nick between
the newly synthesized and free 5° phosphate at the XPG restriction site. (K) The ten/eleven-subunit complex
TFIIH is composed of a core associated to the CAK through the XPD subunit (purple). The core (rose) is made
up of XPB, p62, p52, p44, p34, and p8/TTDA, while the CAK (blue) contains Cdk7, Cyclin H, and MAT1. XPG
is proposed to present the eleventh subunit and is a component of TFIIH. Illustration by Dr. rer. nat. Christina
Seebode, adapted from (Egly & Coin, 2011; Nouspikel, 2009).

1.2.2.2 Interstrand Crosslink Repair
DNA interstrand crosslinks (ICLs) can be caused by various endogenous metabolites,

environmental exposures, and cancer chemotherapeutic agents with at least two reactive

chemical groups (reviewed in Clauson et al., 2013). Thereby, two nts of opposite DNA
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strands can be covalently bound preventing strand separation during replication or
transcription by blocking the replication fork or RNA polymerase. This results in highly
cytotoxic ICLs and until now repair pathways are not completely defined. In principle,
damage recognition can either be replication-bound (blocked replication fork) or non-
replication bound (blocked RNA polymerase). The basic mechanism is shown in a schematic
overview below (see Figure 4) (Bhagwat et al., 2009; Kottemann & Smogorzewska, 2013;
Moldovan & D'Andrea, 2009; Niedernhofer et al., 2004; Sengerova et al., 2011). After
damage recognition, the endonucleases XPF/ERCC1 and Mus81/Emel are thought to cut the
lesion-containing (parental) strand, thereby unhooking one daughter duplex from the damage,
forming a DNA DSB. Subsequently, translesion synthesis by error-prone damage-tolerating
polymerases takes place. Afterwards, the NER pathway, especially the excision complex
consisting of XPF/ERCCL1 and XPG repairs the overhanging strand. During S-phase the sister
chromatid is synthesized via homologous recombination (HR). Especially the exact
mechanisms of non-replication-bound repair, which is mainly coordinated by NER proteins,
needs to be further investigated and a lot of open questions, still remain. For example there is
an ongoing discussion whether XPF/ERCCL1 is the only required endonuclease for ICL repair
(Fisher et al., 2008; Kuraoka et al., 2000) or whether other proteins are needed for processing
of intermediate states of ICL repair, e.g. other endo- or exonucleases (Clauson et al., 2013;
Giannattasio et al., 2010; Zhang & Walter, 2014).
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Figure 4: Schematic overview of interstand crosslink repair (ICL)

The interstrand crosslink (ICL) of two DNA strands is repaired by a multistep process, coordinated by the
Fanconi anemia complex (not shown) by a yet unclear mechanism. An ICL can either by detected in a replication
bound (stalled replication fork) or replication-independent context (stalled RNA polymerase). (A) The
endonucleases XPF/ERCC1 and Mus81/Emel are thought to cut the lesion-containing strand, thereby unhooking
the damage. (B) A translesion polymerase is recruited and fills the resulting gap around the ICL (TLS =
translesion synthesis). (C) The overhanging ICL is repaired by the NER excision complex consisting of the
XPF/ERCC1 and XPG endonucleases. (D) During S-phase the sister chromatid is synthesized via homologous
recombination (HR). As the endonuclease XPF/ERCCL is involved in two steps of ICL repair it is of special
importance (A and C). Illustration by Dr. rer. nat. Christina Seebode, adapted from (Moldovan & D'Andrea,
2009).

1.2.2.3 DNA double strand repair pathways

This thesis focusses on the endonucleases XPF/ERCC1 and XPG, which have originally been
detected in NER. Mutations in ERCC1 or XPF can cause very severe phenotypes as well in
humans as in mice, which cannot solely be explained by defects in NER or ICL repair often
showing accelerated aging. Orthologs of XPF/ERCC1 like DMERCC1-MEI9 in Drosophila
melanogaster or Radl-Rad10 in Saccharomyces cerevisiae have been implicated in DSB
repair (Baker et al., 1978; Fishman-Lobell & Haber, 1992; lvanov & Haber, 1995) due to
their ability to remove non-homologous 3’ single-stranded flaps (Al-Minawi et al., 2008;
Niedernhofer et al., 2001; Sargent et al., 1997). Furthermore, different studies reported about

the moderate sensitivity of XPF/ERCC1 deficient mammalian cells to DSB inducing agents
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and ionizing radiation, suggesting an important function of XPF/ERCCL1 in one or more sub-
pathways of DSB repair (Ahmad et al., 2008; Mogi & Oh, 2006; Murray et al., 1996; Wood
etal., 1983).

There are two major pathways of DSB repair in eukaryotes: the correct HR mediated repair
(HRR) and the error-prone nonhomologous end joining (NHEJ) (Brugmans et al., 2007). As
HRR recovers lost sequence information from a sister chromatid it can only take place during
S or G, phases of the cell cycle. During NHEJ, two broken ends are connected by ligation, not
restricting it to proliferating cells (reviewed in Karran, 2000). In HRR, the XPF/ERCC1
heterodimeric complex is thought to function through the error-prone single-strand annealing
(SSA) sub-pathway, gene conversion, and homologous gene targeting in yeast and mammals
(Adair et al., 2000; Fishman-Lobell & Haber, 1992; Ivanov & Haber, 1995; Niedernhofer et
al., 2001; Sargent et al., 2000), while for NHEJ the complex is only involved in the Rad52-
and Ku70/Ku86-independent microhomology-mediated end-joining (MMEJ) sub-pathway
(Ahmad et al., 2008; Bennardo et al., 2008; Ma et al., 2003; McVey & Lee, 2008; Yan et al.,
2007). Unfortunately, these studies primarily focus on mice, yeast, and hamster cells, and
until now human XPF/ERCC1 has only been assumed to be involved.

1.3 DNA repair deficiency disorders

Mutations in components of the different DNA repair pathways can result in various clinical
entities and diseases. A rare genetic disorder arising from defects in one of the NER
components is XP (reviewed in Kraemer et al., 1987). There is no prevalence for ethnic

groups and it appears all over the world.

1.3.1 Xeroderma pigmentosum

In 1874, Hebra and Kaposi were the first to describe XP as patients with “parchment skin”
(Hebra & Kaposi, 1874). XP is a rare autosomal recessive disorder that affects the repair of
DNA damage caused by UV light (see Figure 3). Worldwide the prevalence of XP is very low
and varies in different regions (North America/Northern Europe 1:1.000.000, North
Africa/Middle East 1:50.000, Japan 1:22.000) (Ben Rekaya et al., 2009; Hirai et al., 2006;
Kleijer et al., 2008; Kraemer & Slor, 1985; Messaoud et al., 2010; Soufir et al., 2010). The
DNA repair mechanism impaired in this disease is the NER, affecting the genes XPA to XPG
or the translesion polymerase 1 (reviewed in Lehmann et al., 2011).
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XP patients exhibit high sun sensitivity and freckling from birth on leading to a strongly
increased risk for skin cancers (reviewed in Kraemer et al.,, 1987) (see Figure 5).
Development of non-melanoma skin cancer (NMSC) is 10.000-fold increased and occurs at a
median age of nine years compared to 67 years in the general population (Bradford et al.,
2011). Tumors are preferentially located at sun-exposed areas (face, head, neck, or the back of
the hands). The median age for melanoma is 22 years in contrast to 55 in the general
population and the risk is 2.000-fold increased. Melanoma preferentially occur on the
extremities (Kraemer et al., 1994). XP is an interesting model disease for fast-forward skin
carcinogenesis as well as accelerated aging. In the healthy population, skin cancer is rare
before the age of 20. Typically, melanomas develop between the age of 30-50, while non-
melanoma skin cancer is most prominent in elderly people (reviewed in de Vries & Coebergh,
2004; Madan et al., 2010). Therefore, studies of XP patients provide a molecular foundation
to demonstrate the UV induced origin of mutations of cancer suppressing genes in NMSCs as
well as melanoma (Couve-Privat et al., 2004; Giglia et al., 1998; Wang et al., 2009a).

Interestingly, XP cells show normal killing after exposure to X-rays, while they are
hypersensitive to UV irradiation. X irradiation is also used as a therapy for tumors in XP
patients (DiGiovanna et al., 1998; Giannelli et al., 1981), suggesting that the repair of x-ray

induced damage is independent from NER.

Kraemer et al. could show that experiments fusing different strains of XP patient fibroblasts
lead to a higher DNA repair rate than of either strain’s unfused cells, indicating
complementary corrections in the fused cells. Thereby, they identified five complementation
groups, meaning that there are at least five mutation causing genes decreasing DNA repair
among these fibroblast strains (Kraemer et al., 1975a; Kraemer et al., 1975b). To date, seven
XP complementation groups, XP-A to XP-G as well as a variant form (defect in translesion

polymerase 1) were identified.
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Figure 5: Picture of two XP patients with typical clinical features

(A) This patient shows the typical freckling in sunexposed areas together with a severe sun burn of the face and
several non-melanoma skin cancers of the face (nose, lips, cheek). (B) This picture shows the same patient a few
years later. Due to tumor resection he has lost his nose, shows scarring of the face, and new precancerous
lesions. (C) This female patient has also lost her nose due to an invasive tumor, (D) but additionally also shows
melanoma skin cancer in sunexposed areas, like the arms.

Among the different complementation groups there is a large difference in frequency with
XP-C and XP-A being the most prominent ones, and XP-B being quite rare. Furthermore,
they differ in the severity of the symptoms like the number of skin cancers or neurological
involvement (see Table 1). The general belief has been that heterozygous carriers of XP show
no clinical symptoms and have a normal DNA repair capability. Anyhow, XP heterozygous
mice have a higher susceptibility for skin and internal organ cancers (Cheo et al., 2000),
which also suggests an effect in humans. A clinical study (NCT00046189) addressing this

issue is currently going on at the National Institute of Health (NIH).
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Table 1: XP complementation groups

The table shows the frequency of the different XP complementation groups and gives information on skin cancer
number, neurological involvement, repair capability, the defective gene and chromosomal location (from
(Lehmann et al., 2014a)).

Comple- Frequency Skin Neurological Cellular repair Defective Gene Chromosome
mentation (%) cancer involvement capability
Group
XPA 30 ++ +++ <10% XPA 9q22.3
XPB 0.5 + + 3~7% XPB/ERCC3 2921
XPC 27 ++ + 10~20% XPC 3p25
XPD 15 ++ +H+ 25~50% XPD/ERCC2 19q13.2-q13.3
XPE 1 + - 40~50% XPE-DDB2 11pl2-p11
XPF 2 + - 10~20% XPF/ERCCC4 16p13.3
XPG 1 + ++ <5%; 25% XPG/ERCC5 13g33
Variant 235 + - 100% Pol H 6p21.1-p12

1.3.2 Other associated disorders

Mutations in the CSB/ERCC6 and CSA/ERCCS8 genes encoding proteins involved in the TCR
DNA repair pathway can cause another rare autosomal recessive congenital disorder,
Cockayne syndrome (CS) (reviewed in Cleaver et al., 2009). The disease was first described
in 1936 by Edward Cockayne (Cockayne, 1936) and has an incidence of less than one case
per 250.000 live births in Northern Europe. In 65% of the cases the mutations lie in CSB,
while CSA is affected in 35% of the cases (reviewed in Laugel, 1993). Clinical hallmarks of
the disease are microcephaly and growth failure, photosensitivity, hearing loss, cataracts,

retinal dystrophy, developmental delay, and premature aging (Hoeijmakers, 2009).

Cerebrooculofacioskeletal (COFS) syndrome represents the prenatal extreme form of CS and
is clinically characterized by microcephaly, cataract and/or microphthalmia, arthrogryposis,
severe psychomotor developmental delay, height-weight growth delay and facial
dysmorphism (prominent metopic suture, micrognathism) (Pena & Shokeir, 1974).
Additionally, cutaneous photosensitivity, peripheral neuropathy, sensorineural hearing loss
and pigmentary retinopathy can be observed. Mutations can mainly be found in the
CSB/ERCCS6 gene; however, one case has been linked to the ERCCL1 gene (Faridounnia et al.,
2015; Jaakkola et al., 2010). To date, fewer than 20 cases have been confirmed.

Another extremely rare disease is the XPF-ERCC1 (XFE) progeroid syndrome (Niedernhofer

et al., 2006). The patient presented with dwarfism, cachexia, and microcephaly, sun-
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sensitivity, learning disabilities, hearing loss, and visual impairment. The progeroid features
of accelerated aging led to an early death at the age of 16.

1.3.3 Genotype-phenotype-correlation

The genotype-phenotype correlation of DNA repair deficiency disorder patients is highly
complex. Patients can show combined symptoms of different diseases, e.g. XP and CS. These
patients exhibit XP symptoms like photosensitivity and increased risk for cutaneous
malignancies in combination with CS symptoms like neurologic abnormalities (Emmert et al.,
2006; Kraemer et al., 2007; Lehmann et al., 2014a), and belong to XP complementation
groups B, D, F, or G. All these genes encode for proteins important for interactions with
TFIIH (see Figure 3). Currently, it is believed that a transcription defect may be the reason for
neurologic impairment (reviewed in van Gool et al., 1997). Furthermore, oxidative processes
involving mitochondria caused by the generation of free radicals could be the basis of

neurodegeneration in XP patients (reviewed in Bohr et al., 2002; Jeppesen et al., 2011).

Figure 6 shows the complex genotype-phenotype interactions of the mutations in the different
XP genes (A-G plus the variant form), CSA and CSB as well as TTD-A (part of the TFIIH
complex) and TTDN1 (unknown function). COFS syndrome, XFE, Fanconi anemia (FA), and
trichothiodystrophy (TTD) can also derive from defects in NER proteins. For example, XP-G
patients can be subdivided into three categories showing either typical XP symptoms, XP with
late onset CS symptoms, or XP with severe CS symptoms. Patients who express at least one
full-length allele of XPG can be found in the XP only group. On the other hand, XP-G
patients with late-onset CS symptoms show several different types of mutations; however, all
of these patients either express a mutant full-length protein or splice variants (in the following
also referred to as isoforms) with residual functions in NER or the ability to interact with
TFIIH (reviewed in Scharer, 2008).

Likewise, different mutations in the XPF gene can result in distinct clinical outcomes: either
cancer, as in XP, or progeroid symptoms, as in XFE syndrome. This may be explained by
effects of the mutation on NER as well as ICL repair, thereby primarily resulting in cell death
and senescence in response to DNA damage, leaving fewer possibilities for accelerated
carcinogenesis but enhanced aging. Classic XP-F patients that mainly show mild symptoms
only suffer from a defect in NER causing less cell death, but allowing mutation accumulation

and consequently cancer (Niedernhofer et al., 2006).
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Figure 6: 12 clinical entities and 14 molecular defects show the complex genotype-
phenotype correlation of DNA repair deficiency disorders

Different mutations in various genetic regions of DNA repair proteins can lead to 12 different clinical entities. In
turn, mutations in different genes can cause the same clinical entity. TTD = trichothiodystrophy, COFS =
cerebro-oculo-facial-skeletal syndrome, UV’S = UV sensitive syndrome. lllustration by Dr. rer. nat. Christina
Seebode, modified from (Schubert & Emmert, 2016).

1.4 Multiple functions of the XPG and XPF/ERCC1 endonucleases

The specialty of the two endonucleases XPG and XPF/ERCC1 is not only founded in their
coordinated interplay during the dual incision step of NER, but also in the fact that they have
many other functions besides excision during NER. For example, XPG as well as XPF are
involved in basal transcription via interaction with TFIIH (Ito et al., 2007; Le May et al.,
2012), and also in ICL repair (reviewed in Clauson et al., 2013). As shown in XPF/ERCC1 -
deficient patient cells, neither the components of the FA signaling pathway, nor components
of homologous recombination (HR) can be recruited (Bhagwat et al., 2009). Furthermore,
genome-wide association studies of single nucleotide polymorphisms (SNPs) and protein
expression analysis implicate the XPF and XPG genes as potential marker for skin cancer risk
as well as for disease outcome (Li et al., 2013a). This thesis focuses on spontaneous mMRNA
splice variants of the XPG and XPF/ERCC1 endonucleases.
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141 XPG

The human gene encoding for xeroderma pigmentosum group G was identified as ERCC5
(Cleaver et al., 1999; Maclnnes & Mudgett, 1990). The XPG gene is located on chromosome
13032.3-933.1 and encodes for a 136kDa protein, organized into 15 exons and 14 introns. So
far, several spontaneous MRNA splice variants, due to alternative splicing, have been
identified in the healthy population, whose amounts vary in different tissues (Emmert et al.,
2001).

The XPG endonuclease is involved in multiple processes from DNA repair to basal
transcription due to its interplay with TFIIH. XPG’s function during NER is highly conserved
among different species. The yeast homolog of human XPG, Rad2, displays an evolutionary

conserved endonuclease activity (Habraken et al., 1993).

XPG belongs to the FEN 1 (flap endonuclease 1) protein family of structure-specific
endonucleases and harbors two highly conserved nuclease domains (Scherly et al., 1993).
Members of the FEN 1 family cleave a variety of substrates containing ss/dsDNA junctions
including 5° single-stranded overhangs and bubble structures. The XPG protein sequence
shows two conserved N and | nuclease regions that XPG shares with other nucleases, e.g.
Rad2. Furthermore, XPG has unique domains that are responsible for its specific functions
during NER. The spacer region (about 600 amino acids (aa)) includes a conserved, highly
acidic patch and separates the N and | region (see Figure 7). In the ternary structure, after
protein folding, these two regions come close together and form the active center for XPG’s
endonuclease function. The spacer is also partly involved in the interaction with other
proteins, e.g. TFIIH and RPA (Dunand-Sauthier et al., 2005; Thorel et al., 2004). The C-
terminal region, beyond the I region is engaged in protein-protein interactions, e.g. with
TFIIH, while the PIP-box motif mediates interaction with PCNA (Gary et al., 1997). Two
distinct interaction patches between XPG and TFIIH suggest a strong functional interaction.
Furthermore, the C-terminus contains two strong nuclear localization signals (NLSs) (Knauf
etal., 1996).
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Figure 7: Schematic overview of XPG and its domains

The N and | domains (light blue-green) form the catalytic center of the XPG endonuclease. They are separated
by a spacer region in the primary sequence, but come close together in the ternary structure after protein folding.
The PIP-box motif (PCNA binding motif) (orange) and nuclear localization signals (NLS-A N-terminal, NLS-B
and NLS-C) (green) are located at the C-terminal region. Interaction regions with TFIIH (XPB, XPD), RPA and
PCNA are indicated by black bars. The D1 and D2 boxes are conserved in higher eukaryotes (grey). Modified
from (Scharer, 2008).

XPG plays a key role during GGR as well as TCR, by displaying a structural endonuclease
activity. On the one hand, XPG performs the 3’ downstream cut and on the other hand its
presence is necessary for the binding of the endonuclease XPF/ERCC1 and its previous 5’ cut
(Staresincic et al., 2009). Furthermore, it stabilizes TFIIH by forming a complex with TFIIH,
XPA and RPA leading to a constitutive recruitment of XPF to NER complexes (lto et al.,
2007; Wakasugi et al., 1997). XPG can only reveal its catalytic function once XPF-ERCC1
has made the 5° incision, as the 3’ incision is triggered by a conformational change of the

damaged structure (Hohl et al., 2003; Staresincic et al., 2009).

Indicated by a complex genotype-phenotype relationship in patients with defects in XPG,
resulting in different clinical entities like XP, CS and XP/CS, XPG might have important
roles outside of NER. Besides its role during NER, XPG is also involved in basal
transcription via its interaction with TFIIH. The architecture of TFIIH was found to be highly
dependent on interaction with XPG (see Figure 3K), therefore impaired interaction due to
mutations in XPG could result in dissociation of CAK and core, suggesting an XPG function
independent of the nuclease activity (Arab et al., 2010; Ito et al., 2007) (see Figure 3K).
Moreover, XPG as well as XPF are present at the promoter and terminator forming loop
structures that are demethylated and DNA is relaxed by small cuts produced by these

endonucleases (Le May et al., 2012).

Additionally, XPG as well as other NER factors are involved in the repair of oxidative DNA
damage like ROS that lead to damages like 8-oxo-guanine, a non-bulky lesion, or bulky
lesions like 8,5’-cyclopurine-2’-deoxynucleoside (Slupphaug et al., 2003). These lesions are
primarily repaired by the short patch base excision repair (BER) (reviewed in Berquist &

Wilson, 2012). Interestingly, NER seems to provide a backup repair mechanism for BER as
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XPG is involved in TCR of oxidative lesions via interaction with TFIIH (Klungland et al.,
1999) stimulating the initial step of BER (Melis et al., 2013). Additionally, XPG is not only
involved in transcription, but has also been reported to interact with the replisome (Gilljam et

al., 2012) and to be involved in chromatin organization (Le May et al., 2012).

142 XPF/ERCC1

The human XPF (ERCC4) gene (OMIM: 278760) encodes for a 916 aa protein that is part of
the heterodimer XPF/ERCCL1 cleaving 5° of UV induced lesions with the chromosomal
location 16p13.2-p13.1 (Brookman et al., 1996; Sijbers et al., 1996a). The ERCC1 gene
(OMIM: 126380) encodes for a 297 aa protein and is located on chromosome 19g13.32
(Sijbers et al., 1996b). These two proteins are paralogs probably arisen by gene duplication of
the conserved Helix-hairpin-Helix (HhH,) protein-interaction and nuclease domains (Gaillard
& Wood, 2001). Interestingly, also for XPF and ERCCL1 several spontaneously occurring
physiological mMRNA splice variants have been postulated (www.ensembl.org (Friboulet et
al., 2013; Gerhard et al., 2004; Matlin et al., 2005)).

In eukaryotes, the XPF/ERCC1 heterodimeric protein complex is evolutionary conserved.
Orthologs comprise Rad1/Rad10 in Saccharomyces cerevisiae, Xpf/erccl in mice, and Mei-
9/Erccl in Drosophila (Baker et al., 1978; Fishman-Lobell & Haber, 1992; reviewed in de
Buendia, 1998). These nucleases belong to a family of structure specific nucleases also
including MUS81/Emel and SLX4-SLX1, which are related through structural similarities
(Hanada et al., 2006; reviewed in Heyer, 2004). Even XPF and ERCC1 show sequence
similarities with each other in their HhH, domains (Gaillard & Wood, 2001). This domain is
involved in dimerization as well as DNA binding (de Laat et al., 1998a) (Doherty et al., 1996;
Suetal., 2012).

XPF and ERCC1 function together as a heterodimer, where the catalytic activity lies in the
XPF subunit, while ERCC1 presents the DNA binding unit. The nuclease specifically cuts
junctions between ss/dsDNA, where the single strand departs 5’ to 3’ from the junction
(Bessho et al., 1997; de Laat et al., 1998a; Evans et al., 1997b). The endonuclease complex
XPF/ERCC1 has a core function in NER, but also plays a key role in ICL repair (De Silva et
al., 2002), in which context it is also involved in HR at DNA replication forks (Al-Minawi et
al., 2009). Furthermore, there have been extensive studies on the complex functions of
XPF/ERCCL1 -besides NER and ICL repair- for example to assess its role in sub-pathways of
homology-directed double strand repair via SSA, gene conversion, and homologous gene
targeting (Adair et al., 2000; Niedernhofer et al., 2001; Sargent et al., 1997).
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For XPF there is an even more complex genotype-phenotype correlation than for XPG.
Defects in XPF have been associated with several disorders including XP, XP/CS complex
phenotype, CS, FA, and XFE (see Figure 7 and Figure 9) (Ahmad et al., 2010; Bogliolo et al.,
2013; Hayakawa et al., 1981; Kashiyama et al., 2013; Niedernhofer et al., 2006; Schubert et
al., 2014). This highlights the importance of the XPF protein in different cellular pathways
and may extend beyond DNA repair. Defects in ERCC1 have been associated with XP, CS,
and even the severe COFS syndrome (see Figure 9) (Jaspers et al., 2007; Kashiyama et al.,
2013).

XPF/ERCCL1 is also involved in the removal of reactive oxygen species (ROS), which
explains why XPF/ERCC1 deficient patients often display an accelerated aging phenotype
through damage accumulation (Fisher et al., 2011b).

XFE p.Phe231Leu
p.Arg153Pro mutation hotspot XP p-Arg799Trp XP/CS
454 . ..608
112 636 656 813837 916 1 96 214220 297
M " . | Ve N e
XPF  w= SF2 helicase-like domain HhH, ERCC1 = central ® HhH,
) — — 12720
A 1 e 486 495 905 —
f 837 916 93 120
p.Pro85 p.Cys236Arg ERCC1 XPA
RPA XPICS

Figure 8: Schematic overview of XPF/ERCCL1 and their domains

The colored bars depict functional protein domains (e.g. nuclease domain, Helix-hairpin-Helix (HhH,) motif).
Green lines present putative NLS. The grey arrows indicate mutations leading to different disease entities, as
well as a mutation hotspot (dotted line), while black arrows and lines highlight essential residues and protein
interaction domains. Pink asterisk mark the essential residues for the interaction between XPF and ERCCL.
Ilustration by Dr. rer. nat. Christina Seebode, modified from (de Laat et al., 1998c; Fisher et al., 2011a; Li et al.,
1995; McNeil & Melton, 2012; van Duin et al., 1986).

Indeed, XPF as well as XPG have been implicated in different other cellular processes. They
are involved in transcription, even without genotoxic stress, by gene regulation through
chromatin looping and triggering DNA methylation. While XPG induces DNA breaks and
demethylation around the promoter region to catalyze the recruitment of the transcriptional
repressor CTCF to promote gene looping, XPF only functions in stabilizing the structures (Le
May et al., 2012). Moreover, XPF/ERCC1 also seems to be involved in telomere maintenance
through the interaction with TRF2 and cleaving of 3’ overhangs of uncapped telomeres. This
makes the complex a critical factor for genome stability (Munoz et al., 2005; Wan et al.,
2013; Wu et al., 2008; Zhu et al., 2003).
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1.4.3 XP-G and XP-F patients

In order to study DNA repair, patient cell lines with defective components of repair pathways
can be of great help to understand the function of these proteins, the basic mechanism and the
influence of protein variants, e.g. splice variants. For the rare complementation group G less
than 30 patients have been reported so far (Europe, Japan, North- and South America)
(Lehmann et al., 2014b; Schafer et al., 2013; Soltys et al., 2013). The patient XP20BE
belongs to the XP-G complementation group and showed clinical features of the XP/CS
complex phenotype. The symptoms included sun sensitivity, microcephaly,
hyperpigmentation, and mental impairment. The patient died at the age of six years
(Moriwaki et al., 1996). He inherited a mutation from his father in exon one of the XPG gene
that resulted in a premature termination codon. Furthermore, the maternal allele produces an
unstable or poorly expressed mRNA. Moreover, the cDNA contained an mRNA species with
a large splicing defect that encompassed a deletion from exon one to exon fourteen (Okinaka
et al., 1997). Therefore, the largest XP20BE allele leads to synthesis of an extremely
shortened protein (only 138 aa) and presents a usable model cell line to study variants of the

XPG endonuclease.

So far, a key limitation to study the functions of the XPF/ERCC1 complex has been the lack
of an appropriate human XPF- or ERCC1-defective cell line. Up until now, patient cell lines
were utilized to study the function of these proteins. However, due to the essential role of
these genes, all mutations characterized in patients so far retained at least one full-length
allele with residual functional capabilities (see Figure 9) (Schubert et al., 2014). Most XP-F
patients show relatively mild symptoms of photosensitivity with occasional neurological
abnormalities and there are only a few severely affected patients (Niedernhofer et al., 2006).
Therefore, a suitable host cell line with a complete knockout is of great interest to investigate

the multiple roles of the XPF/ERCCL1 complex in different repair pathways.
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Figure 9: Schematic view of XPF/ERCC1 and mutations associated with DNA repair
defective disorders

Mutations in the genes coding for XPF or ERCCL1 can lead to different clinical entities. Black font = XP, blue
font = COFS, red font = CS, or XP/CS complex phenotype, green font = XFE. From (Kashiyama et al., 2013)

1.5 Genome editing techniques

The demand for targeted, fast, and customizable gene knockout has rapidly grown over the
last decade. The molecular basis for gene editing relies on the cellular repair mechanisms of
DSBs. These lesions can be repaired by HRR or NHEJ as mentioned above (Takata et al.,
1998) (see 1.2.2.3). HRR is an error-free process, but the cell depends on a template strand
and therefore it only takes place in S, G,, or M phase of the cell cycle (reviewed in Szostak et
al., 1983). DSBs are re-ligated through the NHEJ pathway in the absence of a repair template,
resulting in insertion/deletion mutations leading to frameshift mutations and premature stop
codons (Deltcheva et al., 2011). For genome editing it is critical to introduce a directed DSB
in the target gene. Recently, notable attention has been paid to genome editing tools like zinc-
finger nucleases (ZFNs), meganucleases or bacterial transcription activator-like type Il
effector nucleases (TALENS). Those techniques have been used for targeted gene knockout
(KO) in multiple fields (Wood et al., 2011).

1.5.1 TALEN, Zinc finger and meganucleases

ZFNs or TALENSs function through tethering of endonuclease catalytic domains to modular
DNA-binding proteins to induce targeted DSBs at specific genomic loci (Wood et al., 2011).
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ZFNs are artificial restriction enzymes in which a zinc-finger DNA-binding domain is fused
to a DNA-cleavage domain (Kim et al., 1996). In order to cleave DNA, the cleavage domain
has to dimerize and thus one pair of ZFNs is required to target non-palindromic DNA sites
(Bitinaite et al., 1998).

TAL effectors are naturally occurring proteins from Xanthomonas, a plant bacterial pathogen.
The central targeting domain contains a series of 33—-35 aa repeats each recognizing a single
base pair (bp). Specificity is determined by two hypervariable aa, the repeat-variable
diresidues (RVDs) (Deng et al., 2012; Mak et al., 2012). Modular TALE repeats are linked
together to recognize contiguous DNA sequences, similar to ZFNs. In contrast to ZFN
proteins, no re-engineering of the linkage between repeats is necessary to construct long
arrays of TALEs with the ability to basically target single sites in the genome. DNA binding
domains can be coupled to various effectors, most importantly including cleaving domains of
nucleases like Fokl to induce targeted DSBs (Cermak et al., 2011; reviewed in (Gaj et al.,
2013). On the other hand, meganuclease technology utilizes naturally occurring homing
endonucleases, e.g. I-Crel and I-Scel enzymes, to re-engineer their DNA-binding specificity
to target novel sequences (reviewed in Chevalier & Stoddard, 2001).

Meganuclease and TALEN based gene editing approaches have already been used in
preclinical trials for XP gene therapy. For example, Dupuy et al. (Dupuy et al., 2013) applied
engineered meganuclease and TALEN to perform a targeted correction of an XPC mutation in
a patient cell line (XP4PA). After successful XPC gene correction, the full-length XPC
protein was re-expressed resulting in full recovery of WT UV resistance and functional repair

capabilities in the patient cell line.

15.2 CRISPR/Cas9

Notwithstanding, the above mentioned techniques are often inefficient, time consuming,
laborious, and expensive (Wei et al., 2013). The Clustered Regularly Interspaced Short
Palindromic Repeats (CRISPR)/ CRISPR associated (Cas) nuclease 9 system is adapted from
the adaptive bacterial immune system of Streptococcus pyogenes that evolved in bacteria to
defend against invading plasmids and viruses. In this setting, a nuclease is guided by small
RNAs to highly efficiently target specific DNA sequences (Cong et al., 2013; Li et al.,
2013Db). In the CRISPR/Cas9 strategy, a DSB is induced by Cas9 cleavage and the target
locus is typically repaired by the error-prone NHEJ or the error-free HRR. In the absence of a

repair template, the NHEJ pathway re-ligates DSBs, resulting in insertion/deletion mutations
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and therefore in frameshift mutations and premature stop codons as mentioned above
(Deltcheva et al., 2011) (see 1.2.2.3).

In the natural context, invading DNA from viruses or plasmids is cut into small fragments and
incorporated into the CRISPR locus amidst a series of short repeats (around 20 bps). When
the loci are transcribed, and transcripts are processed, small RNAs (crRNA — CRISPR RNA)
are generated guiding the Cas9 effector endonuclease together with a tracrRNA to target
invading DNA based on sequence complementarity. Upon another encounter, the Cas9
complexed with a crRNA and separate tracrRNA then cleaves the foreign DNA containing
the 20 nt crRNA complementary sequence adjacent to the PAM sequence. (Barrangou et al.,
2007; Jinek et al., 2012) (see Figure 10).
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Figure 10: Schematic overview of the CRISPR/Cas9 system of Streptococcus pyogenes

Foreign invading DNA (A) is incorporated into the bacterial genome at the CRISPR loci during the acquisition
phase (B). The CRISPR loci is transcribed, and processed into crRNA during crRNA biogenesis (C). If the cell
is challenged with the same foreign invading DNA again, the Cas9 endonuclease complexed with a crRNA and
separate tracrRNA cleaves foreign DNA containing a 20 nt crRNA complementary sequence adjacent to the
PAM sequence (D). Illustration by Dr. rer. nat. Christina Seebode.

For genome editing, synthetic guide RNAs have been simplified by fusing together the
crRNA and tracrRNA of the CRISPR/Cas9 system (Jinek et al., 2012). This system can be
applied to all tissues and cell types containing the mentioned DSB repair pathways. The
advantage of the CRISPR/Cas9 system over ZFNs and TALENS lies in the markedly easier
design, high specificity, efficiency, and applicability for high-throughput and multiplexed
gene editing in a variety of cell types and organisms bringing the CRISPR/Cas9 technology to
the fore of the genome editing field (reviewed in Boettcher & McManus, 2015).
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1.5.3 Limitations and precautions

Special attention has to be paid to nuclease off-target activity, which can be predicted by
several online tools (Hsu et al., 2013; Pellagatti et al., 2015). However, a precise prediction of
off-target sites due to tolerable mismatches, epigenomic effects, DNA methylation and
chromatin structure is not possible yet. However, off-target mutations are less common in
CRISPR/Cas9 systems compared to ZFNs, TALENS, and meganucleases analyzed by whole-
genome sequencing studies (Suzuki et al., 2014; Veres et al., 2014). In regard to cleavage
efficiency, it has to be mentioned that ZFNs show relatively weak cleavage of chromosomal
DNA, in comparison to 100% cleavage efficiency of TALENSs in mammalian cell lines (Kim
et al., 2010). Concededly, mismatched dimer formation of TALENS can cause high mutation
rates (Kim et al., 2013). Interestingly, ZFNs are nearly equally effective in creating both
deletions and insertions, while TALENS preferably induce deletions (Cornu et al., 2008).

1.6 Alternative mRNA Splicing

In prokaryotes the process of splicing cannot be observed, as their genes are not organized
into exons and introns. Consequently, many bacteria contain polycistronic mMRNA, meaning
one mMRNA that encodes for several proteins (reviewed in Kozak, 1983). In eukaryotic cells,
all classes of RNA are co- or post-transcriptionally processed including mRNA splicing,
5’ capping, and 3’ polyadenylation. All these processes occur in the nucleus before the
MRNA is transported into the cytoplasm for protein biosynthesis (reviewed in Bentley, 2002).
Pre-mRNA splicing is defined as the joining together of exons while removing the introns and
is an essential part of eukaryotic gene expression as it presents a regulatory tool of the cell to
produce multiple mMRNA molecules from a single gene. The process of alternative splicing is
highly coordinated, regulated and has an influence on the amount of information encoded in
the transcriptome of the proteome (reviewed in McManus & Graveley, 2011). Usually,

alternative splicing events can be grouped into four categories:

1) alternative 5’ splicing sites

2) alternative 3’ splicing sites

3) cassette exons

4) retained introns
It is possible that two or more of these events come together or take place at multiple
locations in a gene, thereby evolving extremely complex splicing patterns that give rise to

different isoforms of a gene. Moreover, alternative splicing can function in quantitative gene
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control by targeting RNAs for nonsense-mediated decay (reviewed in Matlin et al., 2005). In
humans, 95% of all genes that consist of more than two exons are alternatively spliced to
increase the diversity of the cell’s protein composition (Pan et al., 2008). Interestingly,
especially for XP genes a number of physiologically occurring spontaneous mRNA variants
could be identified. In particular, this applies for splice variants of the two endonuclease
complexes XPF/ERCC1 and XPG (see www.ensembl.org).

Hitherto, there have been several reports of intron-retaining splice variants of functional
importance (Busse et al., 2009; Honda et al., 2012; Whiley et al., 2011) being a good rational
to analyze the residual function of XPF/ERCC1 and XPG spontaneous mRNA splice variants.

1.6.1 Mechanism of mRNA splicing

Pre-mRNA splicing is a highly coordinated process involving different cis-acting elements.
The 5’ splice site is characterized by the AG/GURAGU sequence (‘/’ defining the splice site),
while the 3’ splice site contains a polypyrimidine patch followed by an AG dinucleotide at the
actual splice site. Furthermore, the so-called branchpoint can be found upstream the 3’ splice
site (reviewed in Sperling et al., 2008). 95% of splicing reactions are catalyzed by the major
spliceosome consisting of five small nuclear ribonucleoprotein particles (snRNPs; U1, U2,
U4, U5 and U6), each containing a small nuclear RNA (snRNA) and different proteins.
Moreover, the spliceosome also contains 100-200 non-snRNP proteins (reviewed in Wahl et
al., 2009). A number of other RNA binding proteins are involved in the splicing process, e.g.
SR proteins (proteins with long stretches of serine and arginine residues) and hnRNPs
(reviewed in Wang & Burge, 2008). The minor spliceosome processes a rare class of pre-
MRNA introns, denoted U12-type, consisting of less abundant snRNAs U11, U12, U4atac,
and U6atac, together with U5. The minor spliceosome is also located in the nucleus like its
major counterpart (Pessa et al., 2008).

Figure 11 depicts the mechanism of major spliceosomal assembly. Firstly, Ul interacts with
the 5’ splice site, while U2 binds to the 3’ polypyrimidine tract. The U4-U6-U5 tri-snRNP is
pre-assembled from the U5 and U4/U6 snRNPs. Subsequently, it is recruited, generating the
pre-catalytic B complex. Large rearrangements in RNA-RNA and RNA-protein interactions,
leading to the destabilization of the U1 and U4 snRNPs, give rise to the activated spliceosome
(reviewed in Will & Luhrmann, 2011).

U1 snRNP binding to the 5' splice site and other non-snRNP associated factors is essential for

first recognition and formation of the early (E) complex. U2 snRNP is recruited to the branch
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region through interactions with the E complex component U2AF (U2 snRNP auxiliary
factor). U2 snRNP becomes tightly associated with the branch point sequence to form
complex A in an ATP-dependent reaction (Jamison et al., 1992). A duplex formed between
U2 snRNP and the hnRNA branch region bulges out the branch adenosine specifying it as the
nucleophile for the first transesterification (Query et al., 1994). The U2 snRNA is placed
nearly opposite of the branch site, which results in an altered conformation of the RNA-RNA
duplex. In detail, the altered structure of the duplex induced places the 2' OH of the bulged
adenosine in a favorable position for the first step of splicing (Newby & Greenbaum, 2002).
Afterwards, the U4/U5/U6 tri-snRNP is recruited to the assembling spliceosome to form
complex B. Following additional conformational changes, complex C is activated for
catalysis. U5 snRNP interacts with sequences at the 5' and 3' splice sites and U5 protein
components interact with the 3' splice site region (Chiara et al., 1997). Finally, the intron is

spliced out and ligation of the 5" and 3' exons leads to formation of a mature mRNA.

[U4/U6.U5] tri-snRNP

intron
U6 @ Y
SNRNP @ U6 Us
U1 fus)

U2~ [:-

exon exon
U1

pre-spliceosome UG .
UG post-spllceosomal
(complex A) '- / 4 U2 complex

catalytic activation

pre- catalytic catalytic step 1
spliceosome complex B spliceosome complex C

Figure 11: Major spliceosomal assembly

The spliceosomal complex is assembled on each pre-mRNA intron in a multi-step process. Thereto, the SnRNPs
U1, U2, U4, U5, and U6, together with various additional splicing factors, interact with the pre-mRNA. This
results in the formation of "mature™ spliceosomes (spliceosomal B complexes) which are then catalytically
activated by subsequent steps involving complex structural and compositional rearrangements. In a first step the
5' end of the intron is cleaved, generating the so-called spliceosomal C complex. In the following, this complex
catalyzes cleavage at the 3' end of the intron, and ligation of the 5" and 3' exons to form a mature mRNA. From
http://www.mpibpc.mpg.de/luehrmann [01.03.2017].

1.6.2 Splice site mutations and polymorphisms

In approximately 15% of all diseases, point mutations lead to defective pre-mRNA splicing
(Krawczak et al., 1992). These splice site mutations can have different consequences, e.g.
decreased recognition of the adjacent exon consequently inhibiting splicing of the adjacent
intron, exon skipping, and activation of cryptic splice sites or intron retention (Nakai &
Sakamoto, 1994). As already mentioned, deep sequencing has shown that over 95% of human

genes undergo alternative splicing, thereby requiring exon-intron boundary recognition. In the
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case that SNPs are located in the splice sites this can influence exon configuration.
Furthermore, these splice site SNPs can alter translation efficiency of the mRNA and lead to
important changes in disease susceptibility (Field et al., 2005; Iwao et al., 2004). Splice
junction sequences are highly important because changes in splice sites alter recognition
efficiency of splicing factors, then leading to altered exon recognition events and changes in
the composition of amino acids and protein domains. Changes of nucleotide sequences in
splice sites weaken exon-intron junction strength (splice site strength score) and frequently
lead to the breaking of consensus nts at splice sites (Fox-Walsh et al., 2005; Roca et al.,
2008). To simultaneously profile both gene expression levels and the types of isoforms that
are being expressed next-generation RNA sequencing is an effective tool (reviewed in
Marioni et al., 2008; Wang & Burge, 2008; Wang et al., 2009b).

Despite their existence and sequence not much is known about the function of spontaneous
splice variants of XP genes. In the context of residual catalytic activity and individual
expression levels those variants could be able to modify a person’s individual NER and ICL
repair capabilities. Additionally, these physiologically occurring variants, together with
artificially generated point mutants, display interesting tools to investigate the relevance of
functional protein domains. It can be suggested that individual expression levels of specific
functionally relevant splice variants influence cancer risk, disease progression and therapeutic
success. Interestingly, the XPC polyA-T polymorphism (PAT) has been associated with an
increased risk for head and neck cancer, SCC, as well as melanoma (Blankenburg et al., 2005;
Marioni et al., 2008; Shen et al., 2001; Wang & Burge, 2008; Wang et al., 2009b). Zhang et
al. could show that the expression level of splice variants in different tissues is more suitable
to distinguish between oncogene and non-oncogene samples than the primary gene transcript
itself (Zhang et al., 2013b). Additionally, tumor-specific splice variants, in the case of
BRCAL/2 or p53-inhibitor MDMZ2, are often overexpressed (Brinkman, 2004; Yi & Tang,
2011). In human melanoma cell lines splice variants of the p53 protein could be observed to

be augmented as well (reviewed in Wei et al., 2012).

In view of these results, it is of great interest to characterize physiologically occurring
spontaneous MRNA splice variants of the XPF/ERCC1 and XPG genes, making it the central

aim of this thesis.
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1.7 Aim of the study

The NER pathway is a central DNA repair mechanism to repair a variety of bulky DNA
lesions (e.g. pyrimidine photo products) independent of the cell cycle. Accumulation of these
types of damage all over the genome results in the development of a cancer prone mutator
phenotype as it can be seen in patients with the autosomal recessive model disease XP, their
high frequency of UV-induced skin tumors (~1000 fold increase compared to the healthy
population), and reduced life span (approximately 37 years). Furthermore, it is known that a
decreased NER level is a risk factor for several cancer and tumor entities in the normal
population, components of the NER pathway already serve as biomarker for the etiopathology
of tumor diseases (e.g. XPG in melanoma), and the chemotherapeutic success of the
treatment. The endonucleases XPF/ERCC1 and XPG are the core components of the NER
incision complex and the heterodimer XPF/ERCCL is also involved in repair of DNA ICLs.
Currently, there is an ongoing discussion about ERCC1 and its ability to serve as a biomarker
for personalized medicine. Our group and others already demonstrated that these three
essential repair genes show a high number of physiologically occurring spontaneous
alternative spliced transcripts with unclear functions and a difference in expression in several
tissues (Emmert et al., 2001).
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Figure 12: Overview of the XPG spontaneous mRNA splice variants

(A) Physiologically occurring spontaneous mRNA splice variants of the XPG endonuclease produce several C-
terminally truncated proteins (Isoll - 1soVI) missing one or more of the functional domains. On the other hand,
variant 201 misses exons one - four (in frame) including one of the nuclease domains (N) and part of an
interaction patch with TFIIH. 202 only lacks exon one, but in addition contains the immunoglobulin like variant
motif of 484 aa, caused by splicing defects leading to a conjoined gene (see www.ensembl.org; (Emmert et al.,
2001)). (B) Reactivation of a reporter gene after treatment with UVC. A firefly plasmid containing specific
lesions due to treatment with UVC was transfected into XP20BE primary fibroblasts and complemented with
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plasmids encoding for XPG or its splice variants. The relative repair capability is calculated as the percentage
(repair %) of the reporter gene activity (firefly luciferase) compared to the untreated plasmid, after normalization
to an internal co-transfected control (Renilla luciferase). Data are presented as the mean + SEM. The one-tailed,
unpaired student’s t-test was applied, ** P < 0.01, #** P < 0.001. At least four independent experiments in
triplicates were performed.

During my master thesis, | characterized six spontaneous XPG splice variants and was able to
identify two splice variants with residual repair capabilities (see Figure 12). These results
suggest that other endonucleases may also take part in NER and could be reaction partners of
the described splice variants. Furthermore, splice variants of the second endonuclease
(XPF/ERCC1) involved during NER are of special interest.

Therefore, the goal of my Ph.D. project was to elucidate the catalytic functions or negative
influence of the alternative splice variants of the three genes XPF, ERCC1 and XPG during
NER and ICL removal. So far, a key limitation to study the functions of the XPF/ERCC1
complex has been the lack of an appropriate human XPF- or ERCC1-defective cell line. With
regard thereto, generation of XPF and ERCC1 KO cell lines using the CRISPR/Cas9 tool was
the first part of the project. Afterwards, this cell lines had to be characterized in regard to
sensitivity against different genotoxins and repair capabilities. In a second step, the goal was
to amplify and clone alternative splice variants of XPF and ERCC1 from WT human skin
fibroblasts to elucidate catalytic and possible dominant negative effects, by functional testing
using different repair assays (see Figure 13).

The last step was the evaluation if and how the different transcript levels of the relevant
spontaneous isoforms of the three genes are able to serve as prognostic factors for the
individual UV-induced skin cancer risk. With these investigations the project provides an
important contribution to the understanding of the molecular mechanisms in NER and ICL
repair as well as the establishment of splice variants as new prognostic biomarkers regarding
personalized medicine in terms of carcinogenesis of the skin. It can be summarized by the

following bullet points:
1) generation of an XPF and ERCC1 KO cell line using the CRISPR/Cas9 tool

2) characterization of KO cells as a useful model cell line

3) amplification and cloning of postulated alternative splice variants of XPF and ERCC1
from normal human skin fibroblasts

4) functional analysis of alternative splice variants of XPF and XPG

5) implication of functionally relevant splice variants as prognostic marker for individual
cancer risks or therapeutic success/disease course
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Figure 13: Overview of the XPF and ERCC1 spontaneous mRNA splice variants

The XPF gene can be alternatively spliced into C- or N-terminally truncated physiologically occurring variants.
While XPF-201 only lacks the first 12 amino acids, XPF-202 and XPF-003 are severely C-terminally truncated,
lacking functional domains, e.g. the nuclease domain. ERCC1 also comprises C-terminally truncated splice
variants (ERCC1-003, ERCC1-005, -007, -008, -011, and -013). Furthermore, ERCC1-002 and ERCC1-004
have internal in frame deletions. Red lines and numbers indicate the retention of intronic sequences.
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2 Materials

2.1 Biological material

2.1.1 Celllines

Materials

Cell lines that were used in this project are listed in Table 2. Primary human fibroblasts have

been isolated from skin punch biopsies of healthy donors. They function as a source for

physiological MRNA splice variant preparations.

Table 2: Cell lines

Cell line Source

Distributor

WT fibroblasts primary fibroblasts

derived from healthy donor punch

biopsies
. ] Coriell Cell Repository, Camden New

XP20BE XP patient fibroblasts

Jersey, USA
. . . . gift from Sarah Sertic

MRC5Vi immortalized fetal lung fibroblasts .
(Sertic et al., 2011)

HelLa immortal cervical cancer cells ATCC Manassas Virginia, USA

2.1.2 Bacteria

Escherichia coli (E. coli) DH5a [F-, endAl, gIinV44, thi-1, recAl, relAl, gyrA96, deoR,
nupG, ®80dlacZAM15, A(lacZYA-argF)U169, hsdR17(rK- mK+), A-,] (Hanahan, 1983)

were used for transformation and amplification of plasmid DNA.

2.2 Consumable supplies

Table 3: Consumables

Consumables

Manufacturer

96 well Glomax™ 96 Microplate

Promega, Mannheim GER

Blotting paper extra thick

Bio-Rad Laboratories, Munich GER

Cell culture flasks (25cm®, 75cm®, 175cm®)

Greiner Bio-One, Frickenhausen GER

CELLSTAR®CELLreactor™, Polypropylene Filter
Top Tube

Greiner Bio-One, Frickenhausen GER

Cell strainer (40um)

VWR, Darmstadt GER

Cryo boxes

Nunc, Wiesbaden GER

Cryo tubes 2ml

Greiner Bio-One, Frickenhausen GER

Dispenser multipette® plus

Eppendorf, Hamburg GER

Dispenser tips (50ul, 5ml)

Eppendorf, Hamburg GER
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Erlenmeyer flask (200ml, 500ml)

VWR, Darmstadt GER

Falcon tubes 15ml, 50ml

Sarstedt, Nuembrecht GER

Glass cover slips, round

Roth, Karlsruhe GER

Kimtech wipes

Kimberly-Clarke Professional, Roswell USA

Glass pipettes (5ml, 10ml, 25ml)

Brand, Wertheim GER

Neubauer cell counting chamber

Brand, Wertheim GER

Microscope slides

Thermo Fisher Scientific, Braunschweig GER

Mini TGX Gels

Biorad, Munich GER

Nitrocellulose, 0.45 uM Protran BA85

Amersham Bioscience, Piscataway USA

Parafilm®

Brand, Wertheim GER

Pasteurpipettes (230nm)

Brand, Wertheim GER

PCR tubes

Sarstedt, Nuembrecht GER

Petri dishes

Greiner Bio-One, Frickenhausen GER

Pipettes (10, 100, 200y, 1000pl)

Eppendorf, Hamburg GER

Pipette tips (10ul, 100ul, 1000ul)

Sarstedt, Nuembrecht GER

Polystyrene round bottom tube

BD Falcon, Heidelberg GER

Reaction tubes (0,5ml, 1,5ml, 2,0ml, 5,0ml)

Eppendorf, Hamburg GER

Scalpel, disposable

Feather, Osaka JPN

Tissue culture multiwell plates (6-well, 24-well, 96-

well)

Greiner Bio-One, Frickenhausen GER

Tissue culture dish (10cm)

Greiner Bio-One, Frickenhausen GER

Toothpick

Fackelmann, Hersbruck GER

2.3 Equipment

Table 4: Equipment

Instrument

Manufacturer

3100-Avant Genetic Analyzer

Applied Biosystems, Foster City USA

7900HT Fast Real-Time PCR System

Applied Biosystems, Foster City USA

Analytical balance BP2100; MC1

Sartorius, Goettingen GER

Autoclave DE-65

Systec, Wettenberg GER

Benchtop centrifuge 5415C

Eppendorf, Hamburg GER

ChemoCam Imager 6.0

Intas, Goettingen GER

CO,-Incubator

Sanyo, Munich GER

Double Distilled Water System Arium® 611VF

Sartorius, Goettingen GER

DU 640® Spectrophotometer

Beckmann, Munich GER

Freezer -20, +4 combination

Liebherr, Rostock GER

Gel iX 20 Imager

Intas, Goettingen GER

Glomax® Discover System

Promega, Mannheim GER
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Hera freeze -80°C freezer

Heraeus Instruments, Hanau GER

Ice machine ZBE 30-10

Ziegra, Isernhagen GER

Incubator model 200

Memmert, Buechenbach GER

Microscope Axiovert Al

Carl Zeiss, Oberkochen GER

Microscope Axioskop 2

Carl Zeiss, Oberkochen GER

Microscope Axiovert 100

Carl Zeiss, Oberkochen GER

Microscope Axiovert Imager M1

Carl Zeiss, Oberkochen GER

Microwave

Panasonic, Hamburg GER

Mini-PROTEAN Tetra Cell

Bio-Rad Laboratories, Munich GER

Mini-PROTEAN® TGX™ Precast Protein Gels 4-
15%

Bio-Rad Laboratories, Munich GER

Mini Rocking Platform

Biometra, Goettingen GER

NanoVuePlus®

GE Healthcare, Buckinghamshire UK

pH meter

Schuett, Goettingen GER

Pipetboy acu

Integra Biosciences, Fernwald GER

Power Supply Ease 500

Invitrogen, Karlsruhe GER

Shaker

Infors, Bottmingen SWZ

Hera safe sterile bench

Thermo Fisher ,Waltham MA, USA

Thermomixer 5436

Eppendorf, Hamburg GER

T Gradient Thermo Block

Biometra, Goettingen GER

ULT7150-9-M Cryogenic freezer

Thermo Fisher, Waltham MA, USA

UVA Crosslinker BIO-Link BLX 365

Vilber Lourmat, Eberhardzell GER

Trans-Blot®Turbo™ Transfer System

Bio-Rad Laboratories, Munich GER

UVC 500 Ultraviolet Crosslinker with five 8W 254nm
UV lamps

Amersham Bioscience, Piscataway USA

Vortexer Vibrofix VF1 Electronic

IKA Labortechnik, Staufem GER

Water bath

GFL, GroRburgwedel GER

2.4 Chemicals

Table 5: Chemicals

Chemical

Manufacturer

5x HOT FIREpoI” EvaGreen® gPCR Mix Plus (ROX)

Solis Biodyne, Tartu EST

Agarose Saekem®

Fluka Chemie, Neu-UIm GER

Ammonium persulfate (APS)

Sigma-Aldrich, Taufkirchen GER

Ampicillin

Sigma-Aldrich, Munich GER

Aqua ad iniectabilia

Braun, Melsungen GER

Boric acid

Sigma-Aldrich, Taufkirchen GER

Bradford Mix Roti®

Roth, Karlsruhe GER
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Bromphenol blue

Sigma-Aldrich, Taufkirchen GER

Calcium chloride (CaCly)

Merck, Darmstadt GER

Complete ULTRA Tablets Mini EDTA

Roche, Mannheim GER

Dithiothreitol (DTT)

Sigma-Aldrich, Munich GER

Dimethylsulfoxide (DMSQO)

Sigma-Aldrich, Taufkirchen GER

DNase

Qiagen, Hilden GER

dNTP Mix (dATP, dCTP, dGTP, dTTP)

Thermo Fisher Scientific, Braunschweig GER

Ethanol absolute, 99,8%

Merck, Darmstadt GER

Ethylenediaminetetraacetic acid (EDTA)

Sigma-Aldrich, Taufkirchen GER

EGTA (ethylene glycol-bis(B-aminoethyl ether)-
N,N,N',N'-tetraacetic acid)

Sigma-Aldrich, Taufkirchen GER

Fluorescence mounting medium

Agilent Technologies Inc., Santa Clara USA

Formaldehyde 4%

Serva, Heidelberg GER

G418 disulfate salt

Sigma-Aldrich, Taufkirchen GER

Gene Ruler (100bp #SM0241, 1kb SM0311) DNA
ladder

Thermo Fisher Scientific, Braunschweig GER

Glycine (C,HsNO,)

Sigma-Aldrich, Taufkirchen GER

Glycerol (C5HgO5)

Merck, Darmstadt GER

HD Green

Intas, Goettingen GER

Hepes

PAA, Coelbe GER

Hi-Di Formamide

Applied Biosystems, Foster City USA

Hoechst33342

Life Technologies, Eggenstein GER

Isopropanol (CsHgO)

Merck, Darmstadt GER

LB Agar

Life technologies, Darmstadt GER

LB Broth Base

Life technologies, Darmstadt GER

Magnesium Chloride (MgCl,)

Merck, Darmstadt GER

Marker VI, protein ladder

Applichem, Chicago IL, USA

Methanol (CH3;OH)

Mallinckrodt Baker, Griesheim GER

N,N,N,N-tetramethyl-ethane-1,2-diamine (TEMED)

Sigma-Aldrich, Taufkirchen GER

Nonidet P40

Sigma-Aldrich, Taufkirchen GER

Paraformaldehyde (PFA)

Merck, Darmstadt GER

PhosSTOP Phosphatase Inhibitor Cocktail

Roche, Mannheim GER

Phenylmethanesulfonylfluoride (PMSF)

Sigma-Aldrich, Taufkirchen GER

Ponceau S

Sigma-Aldrich, Taufkirchen GER

Potassium Chloride (KCI)

Merck, Darmstadt GER

Puromycin

Invivogen, San Diego, CA USA

Roti®-Free Stripping Buffer

Roth, Karlsruhe GER

Sodium chloride (NaCl)

Merck, Darmstadt GER

Sodium dodecy! sulfate (SDS)

Roth, Karlsruhe GER
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Sodium hydroxide (NaOH)

Merck, Darmstadt GER

Superfibronectin

Sigma-Aldrich, Taufkirchen GER

Trifluoroacetic acid (TFA)

Merck, Darmstadt GER

Tris-Base

Merck, Darmstadt GER

Triton X-100

Merck, Darmstadt GER

Vectashield Mounting Medium for Fluorescence with
DAPI 1:1200

Vector Laboratories, Burlingham CA/USA

B-mercaptoethanol (C,HgOS)

Merck, Darmstadt GER

2.5 Buffers, solutions and media

Frequently used buffers, solutions and media were prepared as listed below.

Table 6: Buffers, solutions and media

Receipt/ Manufacturer

Cell culture

Dulbecco’s Modified Eagle Medium (DMEM) high

glucose

PAA, Coelbe GER

FibroLife® fibroblast medium

Lifeline Cell Technology, Frederick MD, USA

Freezing medium (fibroblasts)

40% DMEM
40% (v/v) FBS
20% (v/v) DMSO

Fetal Bovine Serume (FBS)

Biochrom AG, Berlin GER

Penicillin-Streptomycin (100x)

PAA, Coelbe GER

Trypanblue solution 0,4%

Sigma-Aldrich, Taufkirchen GER

Trypsin/EDTA

Biochrom AG, Berlin GER

Gel electrophoresis

TBE

89mM Tris-Base
89mM Boric acid
2mM EDTA

Protein biochemistry

Buffer A

10mM Hepes
10mM KCI
0.1mM EGTA
0.lmM EDTA
ImM DTT
0.5mM PMSF

Buffer B

20mM Hepes
400mM NaCl
1mM EGTA
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1ImM EDTA
ImM DTT
ImM PMSF

Immunoblot transfer buffer, pH 8.3

0.192M Glycine
0.025M Tris-Base
20% MeOH (v/v)
0.01% SDS

Ponceau S solution

0.2% (v/v) Ponceau S
3% (v/v) TFA

4% paraformaldehyde (PFA)

3.69 PFA

8ml PBS

8 drops 1M NaOH

-> dissolve stirring at 60°C
- fill up to 50ml with PBS

SDS running buffer, pH 8.3

0.192M Glycine
0.025M Tris-Base
0.1% SDS

SDS splitting buffer, pH 4,7

30mM Tris-Base

3% SDS

15% Glycerine

0,04% Brompehnol blue

before use add 10% B-mercaptoethanol (v/v)

Additional commonly used buffers

10x PBS, pH 7.2

1.5M NaCl

30mM KClI

80mM Na,HPO, x 2H,0
10mM KH,PO,

6x DNA loading buffer

0.5M EDTA
50% (v/v) Glycerol
0.01% Brompehnol blue

2.6 Oligonucleotides

The following oligonucleotides were utilized in this work. For cloning into pcDNA3.1(+)
(XPF Kpnl (5°- ttaGGTACC -3°), Xbal (5’- ttaTCTAGA -3°); ERCC1 Hindlll (5’-
ttaAAGCTT -3°), Xhol (5’- ttaCTCGAG -37)), pcDNA3.1(-)mycHisA2 (XPF Xbal, Kpnl;
ERCC1 Xhol, Hindlll), and pcDNA3.1(+)eGFP (XPF Kpnl, Xbal; ERCC1 HindlIl, Xhol)

respective restriction recognition sequences were added.
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Table 7: Oligonucleotides

Gene

Oligonucleotide

Amplification primer XPF/ERCC1 and splice variants

XPF_fwd 5’- ATGGAGTCAGGGCAGCC -3’
XPF_rev 5’-TCACTTTTTCCCTTTTCCTTTTGA -3’
XPF_rev_w/oStop 5~ CTTTTTCCCTTTTCCTTTTGATAC -3’

XPF201_fwd 5’- ATGGCGCCGCTGCTGGA -3’
XPF003_rev 5’- TTAACCCCACAAGATACCTTCCC -3’
XPFO003_rev_w/oStop 5’- ACCCCACAAGATACCTTCCCCT -3’
ERCC1_fwd 5’- ATGGACCCTGGGAAGGACAAA -3’
ERCC1_rev 5’- TCAGGGTACTTTCAAGAAGGGCT -3’

ERCC1_rev_w/oStop

5’- GGGTACTTTCAAGAAGGGCTCGT -3’

ERCC1-003 rev

5’- TTACAGGCGGAAGCCACTGT -3°

ERCC1-003_rev_w/oStop

5’- CAGGCGGAAGCCACTGTGT -3’

ERCC1-005 rev

5’- TCACCTGAGGAACAGGGCA -3’

ERCC1-005_rev_w/oStop

5’- CCTGAGGAACAGGGCACA -3’

ERCC1-007_rev

5’- TTACAGATGAGGAAACTGAAGGC -3’

ERCC1-007_rev_w/oStop

5’- CAGATGAGGAAACTGAAGGCCA -3’

ERCC1-008 rev

5’- TTAAAATTGGAACTGAAGCTCAAC -3’

ERCC1-008_rev_w/oStop

5’- AAATTGGAACTGAAGCTCAACCAC -3’

ERCC1-011 rev

5’- GGCAGGGAGATGGAAGGAA -3’

ERCC1-011 rev_wi/oStop

5’- TGGGGCAGGGGAGCC -3°

ERCC1-013 rev

5’- CAAGAAGGGCTCGTGCAG -3’

ERCC1-013 rev_w/oStop

5’- AGAAGGGCTCGTGCAGGAC -3’

Quickchange mutagenesis XPF

QC_XPF_D668A_fwd

5’- CATCTGCAGATGTTTCCACTGCCACTCGGAA -3’

QC_XPF_DG668A_rev

5’- CCGGCTTTCCGAGTGGCAGTGGAA -3°

QC_XPF_P85S_fwd

5’- GAAGGAGTTGAACACCTCTCTCGCCGTGTAA -3’

QC_XPF_P85S_rev

5’- GTGATTTCATTTGTTACACGGCGAGAGAGGTGTT -3’

QC_XPF_F905A_fwd

5’-GATTTCATTCACACCTCTGCTGCAGAAGTCGTATCAAA-3’

QC_XPF_F905A_rev

5’- CCTTTTGATACGACTTCTGCAGCAGAGGTGTGAA -3°

QC_XPF_F905P_fwd

5’- GATTTCATTCACACCTCTCCTGCAGAAGTCGTATCAAA -3°

QC_XPF_F905P_rev

5’- CCTTTTGATACGACTTCTGCAGGAGAGGTGTGAA -3’

QC_XPF_D731A_fwd

5’- CGTGGAGCGCAAGAGTATCAGTGCTTTAATCGGCT -3°

QC_XPF_D731A_rev

5’- TAAAGAGCCGATTAAAGCACTGATACTCTTGCGCT -3’

QC_XPF_R153P_fwd

5’- CATTCATCTTGCGCCTCTTTCCCCAGAAAAACAA -3’

QC_XPF_R153P_rev

5’-TTTGTTTTTCTGGGGAAAGAGGCGCAAGATGAAT -3’

QC_XPF_C236R_fwd

5’- CAGACTGCTATACTGGACATTTTAAATGCACGTCTAAAG -3’
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QC_XPF_C236R_rev 5’- ATGGGTTATGGCATTTTAGTTCCTTTAGACGTGCAT -3’

QC_XPF_R689S_fwd 5’- CACAGCAAAGCATAGTTGTGGATATGAGTGAATTTCGAA -3’

QC_XPF_R689S_rev 5’- AGATGGAAGCTCACTTCGAAATTCACTCATATCCACAA -3’

QC_XPF_R490Q_fwd 5’- CCAAAGAAAGAACCCTCAAAAAGAAAAAACAGAAGTTGACCTT -3°

QC_XPF_R490Q_rev 5’- GGTTTTCCTACCATTTGAGTTAAGGTCAACTTCTGTTTTTTCTT -3°

Sequencing primer

M13 5’- TAGAAGGCACAGTCGAG -3’
T7 5’- TAATACGACTCACTATAGGG -3’
Uéfwd 5°’- ACTATCATATGCTTACCGTAAC -3°

XPFseq_exonl_fwd

5’- ATGGAGTCAGGGCAGC -3’

XPFseq_exon4_fwd

5’- GTTCCATGTAGCAGTAAACT -3’

XPFseq_exon7_fwd

5’- CAAGTGATGACCGAACATGT -3’

XPFseq_exon9_rev

5-TCACTTTTTCCCTTTTCCT -3’

XPFseq_exon3_rev

5’- CTTGGCCACAGATACAGTT -3’

XPFseq_exon8_rev

5’- GCTTGGCCACAGATACAGT -3’

CMVpromoter_long_fwd

5’- CTGCTTAGGGTTAGGCGTTTTGCGCT -3’

Genomic DNA primer XPF/ERCC1

XPFexonl_fwd

5’- CACGATCATCTCAGTCTCAGCTC -3’

XPFexonl_rev

5’- CCTAGCGACCCCTTACATACGTC -3’

XPFexon2_fwd

5’- TGTAGACTGGTTGGCTGAAGTTAC -3’

XPFexon2_rev

5’- TGATGTAGGGAGCTGAGTCCTTC -3’

XPFexon3_fwd

5’- CTCTGTTCTGTGCGTGGCTATATG -3°

XPFexon3_rev

5’- GAAAAGCAACCATCAAATTGCTCTC -3’

XPFexon4_fwd

5-GCTTTTCGTGTTGTTTGTAGCA -3°

XPFexon4_rev

5’- GTGATGCTTATATGCCAATCCACAT -3’

XPFexon5_fwd

5’- TAGCCACTTCCTTGAATAATGCTTG -3’

XPFexon5_rev

5’- ACGTTAAGTAGGCGGAAACATTAGC -3°

XPFexon6_fwd

5’- AAGACTTGCCATGCTGTATACTTCG -3’

XPFexon6_rev

5’- GCCAGTTACGTATGTAGGTCATGTG -3’

XPFexon7_fwd

5’- TTCAGGAAAGCAGATTCCATCTAAC -3’

XPFexon7_rev

5°’- CACTAGGATCTCAGTGTTCATTTGC -3’

XPFexon8_fwd

5’- GATTTAAGTAATCTTGCCAGAGAGG -3’

XPFexon8_rev

5’- AGCAGCATCGTAACGGATATTAAAG -3°

XPFexon9_fwd

5’- CCTGTGTGGTAACGAGACCTTTAAC -3’

XPFexon9_rev

5’- GGACAATTCAGACCACAGGTTTATC -3°

XPFexonl10_fwd

5’-CTTCCTTTACCCATCATTTGTCTTG -3’

XPFexonl10_rev

5’- CTGGAACATAACCCATTCTAAGCTG -3’

XPFexonll fwd

5-CTTTCCTATTAGCTCGGTTTCCTTC -3’

XPFexonll rev

5’- CTGAAAAGTACAGGCATGGGATAA -3’

39




Materials

ERCClexonl_fwd

5’- GATGGGACTTGTGGACCTGTA -3°

ERCClexonl_rev

5’- CTGCCTTAGCCCTCTCTTAGAA -3’

ERCClexon2_fwd

5’- CCTCAGATGTCCTCTGCTCA -3’

ERCC1lexon2_rev

5’- GGAGAACAAAGTGGCTGGAA -3°

CRISPR/Cas9 guideRNA oligonucleotides XPF/ERCC1

XPF_Cas9-1fwd

5’- CACCgagtcagggcagccggctcgacgg -3’

XPF_Cas9-1rev

5’- AAACccgtcgagccggctgecectgacte -3°

XPF_Cas9-2fwd

5’- CACCtgctggagtacgagcgacagctgg -3’

XPF_Cas9-2rev

5’- AAACccagctgtcgctcgtactccagea -3’

XPF_Cas9-3fwd

5’- CACCctttcgccagaaaaacaaacgtgg -3’

XPF_Cas9-3rev

5’- AAACccacqgtttgtttttctggcgaaag -3’

XPF_Cas9-4fwd

5’- CACCctgtcgctcgtactccagcagegg -3’

XPF_Cas9-4rev

5’- AAACccgctgctggagtacgagcegacag -3’

XPF_Cas9-5fwd

5’- CACCtgcagctggagaaagtggtagagg -3°

XPF_Cas9-5rev

5’- AAACcctctaccactttctccagctgea -3°

XPF_Cas9-6fwd

5’- CACCatttcatttgttacacggcgaggg -3°

XPF_Cas9-6rev

5’- AAACccctcgecgtgtaacaaatgaaat -3°

ERCC1_Cas9-1fwd

5’- CACCaatttgtgatacccctcgacgagg -3°

ERCC1_Cas9-1rev

5’- AAACcctcgtcgaggggtatcacaaatt -3’

ERCC1_Cas9-2fwd

5’- CACCcatattcggcgtaggtctgagggg -3°

ERCC1_Cas9-2rev

5’- AAACcccctcagacctacgecgaatatg -3°

ERCC1_Cas9-3fwd

5’- CACCccttgtcctaccactccaggaggg -3°

ERCC1_Cas9-3rev

5’- AAACccctcctggagtggtaggacaagg -3’

ERCC1_Cas9-4fwd

5’- CACCagggacctcatcctcgtcgagggg -3°

ERCC1_Cas9-4rev

5’- AAACcccctcgacgaggatgaggtccct -3’

ERCC1_Cas9-5fwd

5’- CACCcacaaatttcttccttgctggggce -3°

ERCC1_Cas9-5rev

5’- AAACqgccccagcaaggaagaaatttgtg -3’

ERCC1_Cas9-6fwd

5’- CACCgctctgtgtagatcggaataaggg -3’

ERCC1_Cas9-6rev

5’- AAACcccttattccgatctacacagagc -3’

Oligonucleotides for quantitative real-time PCR purchased from Qiagen, Hilden GER

Gene Order number
ERCC1 QT01000195
GAPDH QT00079247
XPF QT00029246
XPG QT00029246

Oligonucleotides for quantitative real-time PCR

XPG_fwd 5’- GGATCTTCAAGTGAACATGCTGAA -3’
XPG_rev 5’- TGCGAATCTGAAGCACTGGT -3’
XP20BE_fwd 5’- CCAGTGACTCCAGGAAAACGA -3’

40




Materials

XP20BE_rev 5’- GGTACCAACTTGGGTAAGACT -3’
XPGlsoll_fwd 5’- CGTCCAGTGACTCCAGGAAA -3°
XPGlsoll_rev 5-CTTTTTTAAAACTTCATCTCTAACACGACT -3’
XPGlsolll_fwd 5’- GAGTTCACCAAGCGCAGAAG -3’
XPGlsolll_rev 5’- GAAGAGGGCAAGGGAATGTG -3’
XPGlsolV_fwd 5’- CCAAAAGGAAATGAATCAGCAA -3’
XPGlsolV_rev 5’- CCCTCTAGCTACGTCAAAAGACATG -3’
XPGlsoV_fwd 5‘- GAATCTGCAGGCCAGGATTT -3¢
XPGlsoV_rev 5’- CCTACCGTTCCAGATTTCTACAAAA -3
XPGlsoVI_fwd 5’- GAGCCACAGGAAGCTGAGAAA -3¢
XPGlsoVI_rev 5’- CAGCAAGAAGTCGAAACACAATG-3¢
XPG201_fwd 5’- CCCAAGCTGGCTAGCGTTTA -3°
XPG201_rev 5’- TGAGGATTATGAAAGAACTCTTCCTGTA -3°
XPG202_fwd 5’- CATCAGGACTCGGCATGGAA -3’
XPG202_rev 5’- CCCGGACTCCTTTAAGTGCT -3’

2.7 Ready to use reaction systems

The following ready to use reaction systems were utilized in this work.

Table 8: Reaction systems

Description

Manufacturer

Attractene Transfection Reagent

Qiagen, Hilden GER

BigDye Terminator v3.1 Cycle Sequencing Kit

Applied Biosystems, Foster City USA

CellTiter 96° Non-Radioactive Cell Proiferation

Promega, Mannheim GER

CloneJET PCR Cloning Kit

Thermo Fisher, Waltham MA, USA

Dual-Luciferase Reporter Assay System

Promega, Mannheim GER

Gel extraction and PCR Clean Up

Machery + Nagel, Diren GER

NucleoBond® Xtra MiDi/Maxi

Machery + Nagel, Diren GER

NucleoSpin® Plasmid

Machery + Nagel, Diren GER

RNA from 20 different healthy human tissues

Ambion®, Huntington, UK (discontinued)

RNase free DNase Set

Qiagen, Hilden GER

RNeasy Mini Kit

Qiagen, Hilden GER

RevertAid H Minus First Strand cDNA synthesis Kit

Thermo Fisher Scientific, Braunschweig GER

Surveyor Mutation Detection Kit

IDT, Coralville IW, USA

QlAamp DNA Blood Kit

Qiagen, Hilden GER

WesternBreeze Chemilumonescent Immunodetection

Systems anti mouse/rabbit

Applied Biosystems, Foster City USA
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2.8 Enzymes

Table 9: Enzymes

Materials

Description Manufacturer

Bbsl Thermo Fisher, Waltham MA, USA

Dpnl 10u/pl Thermo Fisher, Waltham MA, USA
ExoSAP Affymetrix, Santa Clara CA, USA
Hindl11 10u/ul Thermo Fisher, Waltham MA, USA

Kpnl 10u/pul New England Biolabs, Ipswich MA, USA

Phusion DNA Polymerase

New England Biolabs, Ipswich MA, USA

Pvul

New England Biolabs, Ipswich MA, USA

T4 DNA Ligase 1u/pl

Thermo Fisher, Waltham MA, USA

T4 Polynukleotid Kinase

New England Biolabs, Ipswich MA, USA

T7 Endonuclease |

New England Biolabs, Ipswich MA, USA

Xbal 10u/ull

New England Biolabs, Ipswich MA, USA

Xhol 10u/pl

Thermo Fisher, Waltham MA, USA

CIAP (calf intestinal alkaline phosphatase) 1u/ul

New England Biolabs, Ipswich MA, USA

2.9 Plasmids

Table 10: Plasmids

Description

Manufacturer

pcDNA3.1(+)

Life technologies, Darmstadt GER,

pcDNA3.1(-)mycHisA2

Life technologies, Darmstadt GER,

pCMVluc Promega, Mannheim GER
pRL-CMV Promega, Mannheim GER
pXx330 Addgene, Cambridge MA, USA
pX458 Addgene, Cambridge MA, USA
pX459 Addgene, Cambridge MA, USA
pX462 Addgene, Cambridge MA, USA

2.10 Antibodies

Primary and secondary antibodies were diluted in 10% FCS in PBS and concentrations are

listed below.
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Table 11: Primary antibodies

Materials

Antigen Antibody Host Manufacturer Dilution
. anti-human B-actin Sigma-Aldrich, Taufkirchen
B-actin mouse 1:2500
clone AC-74 GER
anti- Cas9 from
Cas9 Streptococcus pyogenes mouse | active motif, La Hulpe, BEL 0.5ug/ml
clone 7A9-3A3
anti-human ERCC1 . Santa Cruz Biotechnology,
ERCC1 rabbit . 1:250
clone: FL-297 Heidelberg GER
) Kamiya Biomedical, Seattle,
XPA anti-human XPA mouse ] 1pg/mi
Washington, USA
anti-human XPF Santa Cruz Biotechnology,
XPF mouse . 1:250
Clone: 3F2/3 Heidelberg GER
anti-human XPG )
XPG rabbit Bethyl, Montgomery USA 1:1000
A301-484A
Table 12: Secondary antibodies
Antibody Host Manufacturer Dilution
Alexa-Fluor® 488 goat anti-rabbit | goat Dianova, Hamburg GER 1:800
Alexa-Fluor® 594 goat anti- )
goat Dianova, Hamburg GER 1:800
mouse
2.11 Software and online tools
The following software and online tools were used during this project:
Table 13: List of utilized software and online tools
Label Supplier/web address application

Chromas Lite 2.1

Technelysium, South Brisbane AUS

sequence analysis

CorelDraw Graphics

Suits X5

Corel Corporation, Ottawa CA, USA

image editing

Double Digest Fi

nder

New England Biolabs, Ipswich MA, USA

restriction digestion

E'ensembl

http://www.ensembl.org

genome browser

Endnote X1.01

Thomson Reuters, New York USA

literature management

Glomax® Software

Promega, Mannheim GER

luciferase and cell survival

assay

ImagelJ

National Institutes of Health, Bethesda USA

western blot quantification

by densitometry
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Lablmage 1D

Intas, Goettingen GER

Imaging System, western
blot

Ligation Calculator

http://www.insilico.uni-duesseldorf.de/Lig_Input.html

ligation

Microsoft Office

Microsoft, Unterschleissheim GER

Word, PowerPoint, Excel

MultAlin

http://multalin.toulouse.inra.fr/multalin

alignments

Pubmed

http://www.ncbi.nIm.nih.gov/pubmed

literature request

Reverse Complement

http://www.bioinformatics.org/sms/rev_
comp.html

in silico sequence

translation

GraphPad

GraphPad Software, Inc., La Jolla CA, USA

statistical analysis

T, calculator

http://www6.appliedbiosystems.com/support/

techtools/calc/

primer design

Translation tool

http://web.expasy.org/translate

DNA to protein sequence

translation
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3 Methods

3.1 Molecular Biology

3.1.1 Ethanol precipitation

High salt sodium acetate (a tenth part of the sample volume) and 96% ethanol (2.5 times
sample volume) was added to the sample. After 30min of high speed centrifugation
(14 000rpm) the supernatant was discarded and 300ul 70% ethanol was added to wash the
pellet followed by 10min 14000rpm of centrifugation. Finally, the remaining ethanol was

removed and the pellet was resuspended in water or distinct buffer.

3.1.2 Nucleic acid quantitation

Nucleic acid quantitation by spectrophotometry was used to determine the average
concentration of DNA or RNA as well as their purity. Nucleic acids absorb UV light in a
specific pattern. The absorbance at 230, 260, and 280nm was measured using the
NanoVuePlus® according to the Lambert-Beer-Law. The ratio of the absorbance at 260 and
280 nm (Azs0280) Was used to assess the purity in relation to contamination by proteins. For
pure DNA a ration around 1.8 and for RNA a ration around 2 should be determined.
Absorbance at 230nm was the result of other contaminations. Expected values for Axgo/230 are

commonly in the range of 2.0-2.2.
3.1.3 Extraction of nucleic acids

3.1.3.1 Isolation of genomic DNA

Genomic DNA was extracted from cells using the Qiagen QlAamp Blood and Tissue Kit

according to manufacturer's specifications.

3.1.3.2 Isolation of MRNA and cDNA synthesis

Total RNA was isolated from MRC5Vi cells, primary WT or XP20BE fibroblasts using the
RNeasy Mini Kit by Qiagen. Cells were harvested as described in 3.3.1.1 and disrupted using
RLT buffer. Depending on the number of pelleted cells, either 350ul or 600ul RLT buffer was
added to the pellet, and further steps were carried out according to the manufacturer's
specifications. In order to remove any residual contaminating DNA, DNase treatment was
performed. Finally, RNA quantification and its assessment of purity were determined by
spectrophotometry using the NanoVuePlus® (see 3.1.2) and the RNA was stored at -80°C
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until further use. Subsequently, cDNA was synthesized from the isolated RNA with the help
of the Revert Aid H Minus First Strand cDNA Synthesis Kit. This kit included a reverse
transcriptase, an enzyme that uses RNA as a template to synthesize complementary DNA
(cDNA) lacking a ribonuclease H activity and therefore, it does not degrade RNA in RNA-
DNA hybrids during synthesis of the first strand cDNA. To synthesize mRNA anchored Oligo
(dT)1s primer annealing to the poly-A tail of mMRNA molecules was used. In order to generate
cDNA, 1ug of total RNA was mixed with 1pl Oligo d(T) primer, aqua bidest was added to
12ul and incubated at 70°C for 5min. In the meantime, a premix consisting of reaction buffer,
RNase inhibitor and dNTPs was prepared. The premix was added to the reaction mix and
incubated at 37°C for 5min. Thereafter, 1ul reverse transcriptase was added and the cDNA
was synthesized at 42°C for 60min. The reaction was stopped by incubation at 70°C for

10min and the synthesized cDNA was stored at -20°C until further use.

3.1.3.3 Alkaline lysis plasmid extraction

Alkaline lysis was first described by Birnboim and Doly in 1979 and has, with a few
modifications, been the preferred method for plasmid DNA extraction from bacteria ever
since. The procedure starts with the growth of the bacterial cell culture harbouring the
plasmid under selective conditions (ampicillin in LB-medium). Cells were pelleted by
centrifugation to remove them from the growth medium. The pellet was then resuspended in a
solution containing Tris, EDTA, glucose, and RNase A. Bivalent cations (Mg, Ca*") are
essential for DNase activity and the integrity of the bacterial cell wall. EDTA chelates
bivalent cations in the solution preventing DNases from damaging the plasmid and also
destabilizes the cell wall. Glucose maintains the osmotic pressure so the cells do not burst and
RNase A is included to degrade cellular RNA when the cells are lysed. The lysis buffer
contains sodium hydroxide (NaOH) and the detergent SDS. SDS is there to solubilize the cell
membrane. NaOH helps to break down the cell wall, but more importantly it disrupts the
hydrogen bonding between the DNA bases, converting the double-stranded DNA (dsDNA) in
the cell, including the genomic DNA (gDNA) and the plasmid, to single stranded DNA
(ssDNA). This denaturation is the central part of the procedure. Addition of potassium acetate
(neutralization) decreases the alkalinity of the mixture. Under these conditions the hydrogen
bonding between the bases of the single stranded DNA can be re-established, so the sSDNA
can re-nature to dsDNA. While it is easy for the small circular plasmid DNA to re-nature it is
impossible to properly anneal huge gDNA stretches. As the double-stranded plasmid can

dissolve easily in solution, the single stranded genomic DNA, the SDS and the denatured
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cellular proteins stick together through hydrophobic interactions to form a white precipitate.
The precipitate can easily be separated from the plasmid DNA solution by centrifugation. The
last step is to clean up the solution and concentrate the plasmid DNA. This was performed by

binding to glass-silica membranes and ethanol precipitation (see 3.1.1).

For isolation of smaller amounts of plasmid DNA 4ml LB medium containing ampicillin
(100pg/ml), according to the selection marker of the plasmid were inoculated shaking
overnight at 37°C with a single bacterial colony. According to manufacturer’s instructions of
the NucleoSpin® Plasmid Kit by Machery and Nagel plasmid DNA was isolated. To isolate
lager DNA amounts the NucleoBond® Xtra MiDi/Maxi Kit by Machery and Nagel was used
according to the user’s manual. 100ml LB medium containing ampicillin (100pg/ml) were

inoculated with bacteria and incubated shaking at 37°C overnight.

3.1.3.4 Agarose gel electrophoresis (AGE)

For analysis or preparative purposes DNA fragments or plasmids, generated by PCR or
restriction digestion were subjected to agarose gel electrophoresis. In an electric field
negatively charged DNA fragments move towards the anode ((+)-pole). Depending on
fragment size DNA fragments exhibit different mobilities in the agarose gel matrix. Smaller
fragments move faster than bigger ones so that they can be separated by size and visualized
by fluorescence dyes (e.g. HD Green® Safe DNA Dye) that intercalate into the double helix,
and UV-light (254nm). Agarose gels were generated by diluting a suitable amount of agarose
powder (e.g. 1%) in 1x TBE buffer and dissolving it by boiling using the microwave. For
visualization, a nucleic acid stain (HD Green® Safe DNA Dye) was added (5pl per 100ml
agarose). 1x TBE buffer was used as running buffer at a current between 60-80 V. Samples
were prepared with 6x loading buffer and compared to a molecular weight size standard.

Visualization of fragments was performed using the gel documentation system by Intas.

3.1.3.5 Extraction of DNA from agarose gel

Extraction of specific DNA fragments from agarose gels was performed according to the
instructions of the NucleoSpin® Gel extraction and PCR clean up Kit by Machery and Nagel.
Previously, DNA fragments were separated by agarose gel electrophoresis

(see 3.1.3.4) and the fragment of interest was excised using a scalpel.
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3.1.4 Enzymatic manipulation of DNA

3.1.4.1 Polymerase chain reaction (PCR)

Developed in 1983 by Kary Mullis, PCR is a technique to amplify a specific DNA region of a
template DNA strand. First template DNA is denatured into single strands. Then a pair of
specific oligonucleotides (primer), complementary to the target region anneals to the single
stranded DNA creating free 3’ hydroxyl ends so that the DNA polymerase can start the
synthesis. Finally, strands are elongated. These three steps are repeated 30-40 times leading to
an exponential amplification of a single DNA molecule. For cloning, restriction site
sequences of specific restriction enzymes can be fused to the 5’ ends of the oligonucleotides
resulting in a PCR product, which can be inserted into a vector after restriction digestion with
the corresponding enzymes. The utilized Phusion DNA polymerase contains a proofreading
activity and was used to amplify template DNA for cloning purposes. In colony PCR, single
colonies serve as template for the amplification reaction. In this thesis, the Phusion
polymerase was used for amplification, because it has a lower error rate as it is very important
to generate fragments without mutations. For colony PCR and single clone screening this was
not as important, because it was only performed to check the size of the integrated fragments.
Therefore, in that case the Taq polymerase was used. For standard PCR a GC content of the
primers between 40-60% and a melting temperature around 50-60°C was preferred.

Reaction mix:

0.5ul Phusion/ 0,6 ul Taq polymerase

1.5ul DMSO/ 1.5p1 DMSO

10ul high fidelity (HF) buffer/ 10ul Taq buffer + 10ul MgCl, (25mM)
1ul ANTPs/ 2l dNTPs

2.5ul forward primer/ 4ul forward primer

2.5ul reverse primer/ 4ul forward primer

cDNA template (100-200ng)/ genomic DNA 400ng

H,O up to 50pul/ 100ul

Cycler protocol Phusion polymerase:

98°C, 30s initial denaturation
98°C, 20s denaturation
]~ 35x

50-60°C, 20s primer annealing
72°C, (30sec/kb) elongation
- 72°C, 5min remaining elongation
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Cycler protocol Taq polymerase:
- 95°C, 5min
- 95°C, 30s
- 50-60°C, 30s }35x
- 72°C, 1min/kb
- 72°C, 5min
3.1.4.2 Quantitative Real-time PCR

For quantitative real-time PCR (qRT-PCR), total RNA was extracted from primary human
fibroblasts using the RNeasy Mini Kit according to manufacturer's instructions. Afterwards,
cDNA was synthesized from 1pg of total RNA using the RevertAid H Minus First Strand
cDNA synthesis Kit (see 3.1.3.2). Analysis of gene expression was carried out using
EvaGreen-based real-time PCR detection. For each reaction, 50ng of cDNA was used in a
final reaction mixture of 10pl, containing 1pmol oligonucleotides and 2pl EvaGreen® qPCR
Mix Plus. A passive reference dye (ROX) is included in this mix to normalize the fluorescent
reporter signal. Each sample was analyzed in duplicates. Gene expression levels were
normalized against the GAPDH housekeeping gene. For quantitative analyses and quality
control of the applied primer pair standard curves were established. Therefore, the PCR
product was amplified from cDNA of WT fibroblasts and serially diluted (500amol — 5ymol,
in 1:10 steps). To ensure high quality standard curves only standards with a dissociation curve
containing one peak, meaning no unspecific byproducts or primer dimers were applied. For a
PCR efficiency of 100% the standard curve was supposed to have a slope of -3.32 and an
R?>0.99. The non-template control (H,0) should not be detectable. For the analyses of this
thesis slopes between -3.58 and -3.10, corresponding to a PCR efficiency of 90 — 110%, were
accepted. Quantitative real-time PCR analyses were performed using the Applied Biosystems
7900HT Fast Real-Time PCR System. The sequences of the PCR primer pairs are shown in
Table 7.

Cycling protocol:

- 95°C, 15min initial denaturation

- 95°C, 15sec denaturation

- 60°C, 20sec primer annealing }39x
- 72°C, 20sec elongation

- and a final dissociation curve
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3.1.4.3 Site-directed Mutagenesis (Quickchange PCR)

Quickchange PCR is a method of site-directed mutagenesis that is used to make specific and
intentional changes to the DNA sequence of a gene or even a plasmid. This procedure
requires the synthesis of a DNA primer pair, which contains the desired mutation and is
complementary to the template DNA around the mutation site (15-20bp upstream and
downstream) in order to hybridize with the DNA at the position of interest. The single-
stranded primer is then extended using a DNA polymerase, which copies the rest of the gene
or whole plasmid. The same cycle program as described above can be used when adjusting
the annealing temperature of the primer and the number of cycles. Subsequently, a Dpnl
digestion leads to removal of the template plasmid, as Dpnl is an enzyme that digests
methylated DNA. 1ul enzyme was added to the PCR-mix and incubated at 37°C for 2h.
Afterwards, the enzyme was inactivated at 80°C for 20min. The gene or construct thus copied
contained the mutated site, and could then be introduced into a host cell by transformation
(see 3.2.3). Finally, mutants were selected.

3.1.4.4 Plasmid vector dephosphorylation, oligonucleotide phosphorylation

A plasmid vector dephosphorylation was performed to prevent re-ligation of the vector after
restriction digestion. Therefore, 20ug of the plasmid was mixed with 1ul of calf intestinal
alkaline phosphatase (CIAP) and 5ul of the respective buffer. The volume was adjusted to
50l with water. Then the mixture was incubated at 37°C for 1 hour. Enzyme inactivation was
performed at 65°C for 15min. Afterwards, ethanol precipitation was performed to concentrate
the DNA. Oligonucleotide phosphorylation was performed using the T4 Polynucleotide

Kinase from NEB according to manufacturer’s instructions.

3.1.4.5 Restriction digestion of DNA

The desired sequence to be cloned into an expression vector (insert) was amplified by PCR
(see 3.1.4.1). Restriction enzymes (Kpnl/Xbal or Hindlll/Xhol) were used to cut as well
insert as plasmid vector DNA. Thereby, complementary sticky ends were generated so that
insert and vector could be ligated and not vector and vector or insert and insert. Restriction
enzymes were chosen according to their presence in the multiple cloning site (MCS) of the
respective plasmid. Furthermore, it was important that there were no additional restriction
sites in the plasmid or insert DNA. Otherwise this would have led to undesired fragments. A
double digestion was performed according to manufacturer’s instructions over night at 37°C.

Afterwards an ethanol precipitation (see 3.1.1) was performed, to prevent buffer components
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from disturbing the following ligation step. For plasmid linearization Pvul was utilized

according to manufacturer’s instructions.

3.1.4.6 Ligation

DNA ligases are enzymes catalyzing the formation of covalent phosphodiester bonds between
free 3’ hydroxyl and 5’ phosphate ends of DNA molecules, fusing two fragments together. A
DNA T4 ligase was used to insert DNA fragments into a plasmid vector according to their
sticky ends. A vector insert ration of 1:3 (mol) according to 100ng of vector was used. Insert,
vector, 1ul ligase, 2ul ligase buffer and H,0 (up to 20ul) were incubated for 2h at room
temperature or overnight at 16°C.

3.1.4.7 DNA sequencing and sequence analysis

Sequencing reactions according to Sanger’s chain-termination method (1977) were
performed. This method requires a ssDNA template, a DNA primer, a DNA polymerase,
normal deoxynucleotidetriphosphates (dNTPs), and modified nucleotides (dideoxyNTPs) that
terminate DNA strand elongation. Today, these ddNTPs (in this case dye-terminating
nucleotides) can be fluorescently labelled for detection (dye-terminator sequencing). This
permits sequencing in a single reaction as each of the four ddNTPs is labelled differently,
emitting light at different wavelengths. In this case, the products were separated by capillary
gel electrophoresis by the Paediatrics Department of the University Medical Center
Goettingen or send to Eurofins genomics. The resulting chromatogram displays the sequence.
For this project the Big Dye Terminator v3.1 Cycle Sequencing Kit was used according to

manufacturer’s instructions except the amount of BDs.
Sequencing Mix:

- 300-500ng of DNA
- 0.5ul primer

- 1ulBD

- 2ul BD buffer

- H,0ad 10pl

Cycling protocol:
- 96°C, 30sec

- 55°C, 15sec 26x
- 60°C, 4min
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The resulting product was cleaned by ethanol precipitation (see 3.1.1) and resuspended in
10ul Hi-Di Formamide for analysis with a 3100-Avant Genetic Analyzer. The Chromas Lite
software (Technelysium Pty Ltd, Brisbane Australia) was utilized for analysis of the resulting

sequence.

For single clone analysis, genomic DNA was isolated and the exonic region of interest was
amplified using specific primers. PCR products were purified using an ExoSAP digestion and
sequenced with the BigDye® Terminator v3.1 Cycle Sequencing Kit. For allele-specific
sequencing, exonic regions were amplified and cloned into the pJET1.2/blunt plasmid
according to manufacturer’s instruction of the CloneJET PCR Cloning Kit, transformed in

DH5a cells and single colonies were sequenced as described above.

3.1.4.8 Enzyme mismatch cleavage

The T7 endonuclease | (T7EI) and surveyor nuclease assay were performed according to the
suggested manufacturer’s protocol for genome targeting and surveyor mutation detection
(NEB, IDT). These enzyme mismatch cleavage (EMC) methods make use of nucleases that
cleave heteroduplex DNA at mismatches and extrahelical loops (single or multiple
nucleotides). The bacteriophage T7EI cleaves cruciform DNA structures, Holliday structures
or junctions, heteroduplex DNA and more slowly, nicked double-stranded DNA. T7El is
proficient at recognizing insertions and deletions of >2 bases that are generated by NHEJ
activity. The surveyor nuclease is a member of the celery endonuclease (CEL) family, which
recognizes and cleaves mismatches due to the presence of single nucleotide polymorphisms

(SNPs) or small insertions or deletions.

3.1.4.9 CRISPR construct generation

The pX462 vector containing the cDNA encoding Streptococcus pyogenes Cas9 (hSpCas9)
and a puromycin resistance cassette was purchased from Addgene (plasmid #48141) (Ran et
al., 2013). The guide sequence oligonucleotides (Table 7) including the Bbsl restriction site
overhangs and the PAM sequence targeting exon two within XPF were annealed (95°C, 5min,
cool down overnight) and cloned into the pX462 vector. The plasmid was digested with Bbsl
according to manufacturer’s instruction. The oligonucleotides were phosphorylated by T4
Kinase (see 3.1.4.4) and ligated into the vector using the T4 Ligase according to
manufacturer’s instructions. Constructs were transformed in Escherichia coli strain DHS5a
cells and selected using ampicillin (see 3.2.3). To validate the correct sequence the BigDye®
Terminator v3.1 Cycle Sequencing Kit was utilized (see 3.1.4.7) applying the U6 fwd primer
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(Table 7). The guide sequence was preselected from six different XPF guideRNA pairs using
in silico on- and off-target predictions (http://crispr.mit.edu/,
http://portals.broadinstitute.org/gpp/public/analysis-tools/sgrna-design,  http://crispr.cos.uni-
heidelberg.de/index.html) and T7EI analysis of polyclonal populations in respect of XPF gene
targeting in MRC5Vi cells.

3.2 Microbiology

3.2.1 Sterilization and autoclavation

Liquids as well as S1-waste were autoclaved at 120°C and 3bar for 20min. Plastic pipette tips
were autoclaved at 120°C and 3bar and subsequently dried at 70°C for 4h. Glass pipettes used
for cell culture were washed in a dish washer at 40°C. Afterwards, glass pipettes were sealed

with cotton wool and sterilized at 180°C for at least 4h.

3.2.2 Generation of chemically competent Escherichia coli (E. coli) DH5a.

To amplify recombinant plasmid DNA, plasmids have to be inserted into bacterial cells.
However, under normal conditions the uptake of foreign DNA by bacterial cells, like E. coli,
is very low. Hence, bacterial cells are manipulated using physical or chemical methods to
change their cell membrane so that foreign DNA can attach and be taken up more easily.
Pores are opened due to the high salt conditions. This process is called production of

competent cells.

Competent bacterial cells were plated on LB without antibiotics. A single colony was used to
inoculate a 10ml overnight culture (LB medium) at 37°C. On the next day the whole culture
and 190ml fresh medium were incubated at 37°C until the optical density reached ODgyo= 0.5.
Very importantly, from then on cells were kept on ice to keep them in the beginning of the
logarithmic growth phase. Cells were centrifuged at 4°C (4000rpm, 10min). Afterwards the
pellet was resuspended in 25ml ice-cold 100mM MgClI; and incubated on ice for 5min. Cells
were centrifuged again and then resuspended in 5ml ice-cold 100mM CaCly, incubated on ice
for 20min and centrifuged again. Finally, the pellet was resuspended in 1ml (85%CacCl,, 15%

glycerol), aliquoted a 50pul, immediately quick-frozen in liquid nitrogen and stored at -80°C.

3.2.3 Transformation of E. coli DH5a

In molecular biology transformation is defined as the genetic alteration of a cell resulting

from the direct uptake and its subsequent expression of exogenous genetic material from its
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surroundings through the cell membrane. This means uptake of recombinant plasmid-DNA
into competent E. coli (DHSa cells, 50ul aliquots see 3.2.2). Therefore, 5ul of insert DNA
was added to one aliquot of competent cells (thawed on ice) and incubated on ice for 30min.
This led to the attachment of plasmid DNA to the cell membrane. Then a heat shock was
performed (42°C for 45s, directly put the tube on ice afterwards for 2min) to improve the
uptake of the foreign DNA. This heat shock was followed by a regeneration of the cells using
450ul of liquid LB medium for 1h at 37°C. Subsequently, cells were plated onto an agar plate
containing ampicillin. This led to a selection for bacterial cells carrying the plasmid with the
resistance gene. 40% transformation efficiency was determined. Transformation efficiency is
the number of transformed cells (transformants) generated by 1ug of plasmid DNA.

3.3 Cell Biology

3.3.1 Cell culture techniques

3.3.1.1 Culture of primary human fibroblasts and immortalized cell lines

All cell types were cultivated in 75cm? culture flasks with 20ml DMEM high glucose culture
media supplemented with 10% FBS (v/v) and 1% Penicillin and Streptomycin (v/v) in a
humidified atmosphere at 37°C and 5% CO,. Primary fibroblasts were passaged 1:1 or 1:2
when they had grown to confluence, while immortalized cells were passaged 1:10. Therefore,
these adherent cells were rinsed with 10ml PBS to remove dead cells and residual FBS, and
then dissociated from the culture flask using 4ml trypsin/EDTA and 5min incubation at 37°C.
The reaction was stopped by addition of 10ml complete culture medium. Then cells were
centrifuged at 1000rpm for 5min and the supernatant was discarded. Afterwards, the cells
were distributed to an appropriate number of culture flasks to reach 10 — 50% confluence for

immortalized and primary cells, respectively.

3.3.1.2 Cell counting

In order to determine the number of cells/ml, adherent cells were detached with trypsin/EDTA
and resuspended in fresh culture medium (complete) as described before (see 3.3.1.1). 10ul
cell suspension was mixed with 90ul trypan blue and 10ul of this suspension was applied to a
Neubauer counting chamber. Four large squares (each 1mm?) were counted under a
microscope and the number of cells was the sum of all the counted cells in all squares
counted. The cell number per ml is the sum of all counted cells x 2500 x the dilution factor
10.
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3.3.1.3 Freezing and thawing cells

For cryo-preservation of fibroblasts, cells were sedimented at 1000rpm for 5min, the
supernatant was discarded and the pellet was resuspended in 500ul culture medium
(complete). Briefly, 500ul freezing medium was added and the suspension was transferred to
cryo tubes. A cell freezing container was used to ensure a controlled cooling rate (-1°C/min)
at -80°C. The following day, the cryo tubes were stored at -150°C in a cryogenic freezer. In
order to cultivate frozen cells, cells were thawed under running tap water and transferred to
10ml culture medium (complete) and centrifuged at 1000rpm for 5min. The supernatant was
discarded and the pellet was resuspended in an appropriate volume of culture medium and re-
seeded in a culture flask. The culture medium was renewed the following day to remove any
residual DMSO and dead cells.

3.3.1.4 Transient Transfection

All cell lines were transfected utilizing the Attractene Reagent, a nonliposomal lipid that
enables transfection of not only adherent cells. It is able to form complexes with DNA
resulting in micelles that are then absorbed by cells via endocytosis. Thus, cells were either
seeded in 100mm tissue culture dishes at a density of 9x10° for primary or 6x10° for
immortalized cells per dish, or in 24-well-plates at a density of 20000cells/well (or 15000cells
for immortalized cells). On the next day, cells were transfected according to manufacturer’s
instructions. DNA (4ug/ 250ng) was filled up with 300ul/60ul of non-supplemented cell
culture medium, 15ul/1.8ul/0.6ul Attractene Transfection Reagent was added and the mixture
was vortexed. This was followed by 15min incubation at room temperature, while the old
medium of the dishes or plates was removed and 10ml1/500ul fresh medium was added. After
that, the plasmid-Attractene-mix was added dropwise and cells were further incubated for 6h
until the medium was removed and replaced again. For fast forward transfection, cells were

directly transfected after seeding.

3.3.1.5 CRISPR/Cas9 transfection and single clone expansion

MRC5Vi cells were seeded in 100mm tissue culture dishes at a density of 750 000 cells and
transfected using Attractene and the fast-forward transfection protocol according to
manufacturer’s instructions (4ug DNA (pX462 containing the guide sequence, and a
puromycin resistance gene, or no DNA for the control), filled up to 300pul DMEM without
supplements and 15ul Attractene). On the next day puromycin was added to the dishes and

cells were cultured in puromycin containing medium (0.25ug/ml puromycin) until the control
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cells had died. For single clone selection, cells were separated using the serial dilution method
in a 96-well plate after coating with superfibronectin and cells were further cultured in
FibroLife® fibroblast medium without puromycin. After two days the plate was evaluated
under the microscope (Axiovert Al, Zeiss), single cells were marked, and expanded for two
weeks to form colonies. Then, the colonies were transferred into 6-well plates and further
expanded for genomic DNA isolation.

3.3.2 Functional assays

3.3.2.1 Host Cell Reactivation Assay (HCR)

In general the HCR can be used to analyze NER repair capacity and complementation
capabilities. In this assay a non-replicating reporter gene plasmid is either irradiated with
UVC light (7503/m? for primary cells and 1000J/m? for immortalized cells), treated with cis-
diammineplatinum(Il) dichloride (CP) (in a molecular ratio of 1:20 (primary cells) or 1:40
(immortalized cells) (vector:CP)) or with 4,5°,8-trimethylpsoralen (TMP) (1:25 (primary
cells) or 1:50 (immortalized cells) (vector:TMP)) followed by irradiation with 1 J/cm2 UVA
light. Thereby, different DNA 6-4PPs and CPDs, as well as intrastrand and interstrand
crosslinks were generated. After transfection (see 3.3.1.4) of these damaged plasmids into a
host cell, enzyme expression can only be detected if the DNA lesions of the transcribed strand
of the reporter genes in the plasmid are removed. Hence, activity of the enzyme coded on the
damaged reporter gene plasmid correlates with NER activity (see Figure 14). Cells were
seeded in 24-well plates the day before transfection at a density of 20000cells/well. On the
following day, cells were transiently transfected with either untreated or treated pCMVluc
reporter gene plasmid (100ng) coding for firefly luciferase together with pCMVIluc reporter
gene plasmid (50ng) coding for Renilla luciferase for normalization plus complementation
plasmid (100ng). The empty expression vector pcDNA3.1(+) was used as a negative
complementation control. After 48/72h (immortalized/primary cells) of culturing, cells were
washed with PBS and lysed with 80ul of lysis buffer for 45min at room temperature. Cell
lysates were transferred into a 96-well Glomax™ 96 Microplate and the enzyme expression
was measured using the Promega’s Dual-Luciferase Reporter Assay System with the
Glomax® Discover System. Specific substrate solutions for firefly (beetle luciferase) and
Renilla luciferase (coelenterazine) were added to the 96-well Glomax™ 96 Microplate. The
enzyme activity was measured as relative light units (RLU). The mean value of a triplicate
was determined and repair percentage was calculated. To estimate the repair efficacy firefly

luciferase RLUs were divided by Renilla luciferase using the following formula:
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Figure 14: Simplified scheme of the HCR

Cells were transiently transfected with either a treated or untreated firefly reporter gene plasmid together with a
Renilla reporter gene plasmid for normalization. For complementation, a plasmids coding for, e.g. full-length
protein or one of the splice variants, was transfected. After 48/72h of incubation (37°C, 5%CQ,) enzyme activity
was measured as relative light units (RLU).

3.3.2.2 DSB Assay

For the measurement of HRR and NHEJ capabilities the DRGFP and pEGFP-Pem1-Ad2
reporter gene assay were utilized (Seluanov et al., 2010). For a schematic illustration of the
assay principle see Figure 15. Cells were seeded on glass coverslips in 24-well plates and
transfected with 100ng DR-GFP or pEGFP-Pem1-Ad2 plasmid, 100ng pcDNA3.1(+) (used as
empty control) or pCBAI-Scel plasmid and 50ng pcDNA3.1(+)mCherry for normalization
using Attractene transfection reagent according to the manufacturer’s instructions. After 48h
cells were washed with PBS three times and fixed with 4% paraformaldehyde (PFA) in PBS
for 15min at room temperature. After fixation, the slides were washed again and then stained
using Hoechst33342, diluted 1:1000 in PBS, for 20min at room temperature covered in
aluminum foil. Thereafter, the slides were washed and mounted with fluoromount fluorescent
mounting medium. Results were documented using an Axiovert Al microscope with a
200x/400x magnification. Subsequently, approximately 100 mCherry positive cells per
condition were assessed (blinded) for additional GFP positivity. Hence, the repair capability
was calculated as the percentage of GFP positive cells compared to mCherry positive cells.
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The assay was repeated at least five times. The plasmids were a kind gift from Prof. Matthias
Dobbelstein (Department of Molecular Oncology, Georg-August-University, Goettingen).

HRR I-Scel HindlIl NHEJ
L1l 11
) (FP) () pEGFP-Pem1-Ad2
plasmid plasmid

transfection of
linearized plasmid

Figure 15: Schematic illustration of the DSB assay principle

(A) The left panel depicts the HRR assay. The GFP plasmid contains two GFP cassettes. One cassette (iGFP)
with a deletion in the first exon of GFP combined with the insertion of I-Scel restriction sites is followed by a
promoter-less/ATG-less first exon and intron of GFP (trGFP). The DRGFP plasmid was co-transfected with
pCBAScel and pcDNA3.1(+)mCherry for internal normalization. Upon expression of 1-Scel (from pCBAScel) a
DSB is produced in the DRGFP plasmid. If the cells repair the DSB using the trGFP as template, a functional
GFP cassette is formed and HRR proficient cells can express GFP, while deficient cells do not. The middle panel
shows the way NHEJ was assessed using the pEGFP-Pem1-Ad2 plasmid. It contains a GFP gene with an
engineered 3kb intron from the Pem1 gene with an adenoviral (AD) exon flanked by recognition sequences for
Hindlll and I-Scel to induce DSBs. The intact NHEJ cassette is GFP negative as the adenoviral exon disrupts the
GFP ORF. We co-transfected the plasmid with pCBAScel and pcDNA3.1(+)mCherry for normalization. In
NHEJ proficient cells, the I-Scel-induced DSBs eliminating the intron are repaired by NHEJ, so that the cell can
transcribe and express functional GFP. Furthermore, as an additional analyses of NHEJ, we performed an in
vitro digestion of the plasmid using Hindlll and then transfected the linearized plasmid (NHEJIin) together with
pcDNA3.1(+) (to maintain the same DNA rations) and pcDNA3.1(+)mCherry for normalization (right panel).
(B) Representative fluorescent images acquired for the HRR (upper panel) and NHEJ (lower panel) assay in WT
cells. For both assays approximately 100 mCherry positive cells per condition were counted (blinded) for GFP
positive cells after 48h. Adapted from (Lehmann et al., 2017).

3.3.2.3 Determination of post-toxin cell survival

The colorimetric CellTiter96® Non-Radioactive Cell Proliferation Assay, also called MTT-

assay, from Promega is a tool to measure cell viability. MTT (3-(4,5-Dimethylthiazole-2-yl)-
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2,5-diphenyl-tetrazoliumbromid) is a membrane passing dye, which is metabolized in living
cells by mitochondrial dehydrogenases to its blue colored formazan salt (Mosmann, 1983).
The insoluble product is dissolved into a colored solution after addition of a solubilization
solution (=MTT stop solution), e.g. containing dimethyl sulfoxide or sodium dodecyl sulfate

diluted in hydrochloric acid. Absorbance can be measured at 570nm using spectrometry.

For analysis of post-toxin cell survival 2000 cells were seeded in 96-well plates and after 24h
irradiated with UVC doses of 0 - 160J/m? (UVC 500 Crosslinker at 254nm), treated with CP
0 - 8ug/ml, TMP 0 - 364.5ng/ml (30min preincubation) followed by irradiation with 1J/cm?
UVA light (Biolink BLX UVA crosslinker at 365nm), camptothecin (CPT) 0 - 512nM,
etoposide 0 - 16puM or bleomycin 0 - 16ug/ml. After treatment cells were cultured for 48h
until the substrate was added. As the compounds were solved in DMSO, the DMSO volume
of the maximal toxin amount applied was used as a control and survival was set to 100%. The
assay was repeated at least four times in quadruplicates. We analyzed the post-toxin cell
survival method to determine the lethal dose 50 (LDsp), which indicates the dose of a toxin
that kills 50% of the cells. Therefore, this value gives an impression of the cellular sensitivity

towards a special toxin.

3.3.2.4 Fluorescence microscopy

To analyze subcellular localization, HeLa cells were seeded on round glass cover slips in
24-well-plates and transfected with the constructs containing C-terminal eGFP-tagged splice
variants of XPF and ERCCL1 on the next day (see 3.3.1.4). After 48h the wells were washed
with PBS three times and then fixed with 4% PFA for 15min followed by three times washing
with PBS again. Afterwards, cells were stained using DAPI or Hoechst33342 and mounted
with fluoromount (see 3.3.2.2). Pictures were taken using the Microscope Axiovert Imager
Al.

3.4 Biochemical methods

3.4.1 Preparation of protein lysates

For whole protein lysates, cells were harvested as described in 3.3.1.1 and resulting cell
pellets were washed twice using 10ml PBS and cells were resuspended in PBS containing
PMSF and complete proteinase stop. Afterwards, cells were disrupted by rotational freezing
in liquid nitrogen followed by thawing on ice for three times. Cells were sedimented by

centrifugation (10min, 14 000rpm, 4°C). Then, the supernatant was transferred into a new
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reaction tube to get rid of cell debris. Protein lysates were adjusted to the desired
concentration, mixed with 3% SDS splitting buffer and boiled at 95°C for 10min. Afterwards
they were stored at -20°C.

For preparation of cytosolic and nuclear protein extracts cells were prepared using buffer A
and B (see Table 1). Cell pellets were resuspended in an appropriate volume of buffer A and
incubated on ice for 15min. A tenth of the volume of 1% Nonidet NP40 in buffer A was
added to the suspension and vortexed for 20sec. Afterwards, cells were centrifuged for 20min
at 14000U/min. The supernatant was transferred into a new reaction tube (cytosolic fraction)
and kept on ice. The nuclear pellet was washed three times with 500ul buffer A. Then 20-
50ul buffer B were added and the reaction tubes were put in an ultrasonic bath with ice for
30min. Thereupon, the mixture was pelleted at 14000U/min for 30min. The supernatant was
transferred into a new reaction tube (nuclear fraction). Protein concentration was examined

with a ready to use Bradford solution (see 3.4.2).

3.4.2 Bradford protein quantification

Protein concentration was examined by Bradford assay (Bradford, 1976) using a ready to use
Bradford solution according to the manufacturer's instructions. Protein concentration was
photometrically measured (ODsgs) and quantification was determined using a BSA calibration
curve (standard serial dilutions, 0-1500ug/ml). Each sample was diluted 1:20 and 1:40 in the
respective buffer and 150ul Bradford solution (Roti-Quant 1:5 in aqua bidest) and incubated
shaking for 5min at room temperature. The ODsgs Was measured with a GloMax® Discover

system.

3.4.3 Polyacrylamide gel electrophoresis (SDS-PAGE)

With the help of the SDS-Page (polyacrylamide gel electrophoresis) according to Laemmli it
is possible to separate proteins by size in an electric field. The binding of the aliphatic tail of
SDS to the polypeptide chain imparts an even distribution of charge per unit mass, thereby
resulting in a fractionation by approximate size during electrophoresis. The SDS-treated
proteins have similar charge-to-mass ratios in an electric field; hence they can be separated
according to their molecular weight. SDS is a negatively charged strong detergent agent used
to denature native proteins to unfolded, individual polypeptides. It binds to polypeptides in a
constant weight ratio of 1.4g SDS/g of polypeptide. The intrinsic charges of polypeptides
become negligible and movement in the gel depends on the size. Therefore, protein lysates
were mixed with 3% SDS splitting buffer, containing 3-mercaptoethanol, and heated for

10min at 95°C. SDS as a detergent, along with the reducing agent (to break down protein-
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protein disulphide bonds), disrupts the tertiary structure and coats the protein with an overall
negative charge. Separation of proteins via gel electrophoresis was performed using 4-15%
Mini-PROTEAN® TGX™ Precast Protein Gels. Gels were loaded with 50-100pg of protein

lysates together with a prestained protein marker.

3.4.4 Western blotting

Western blot technique allows protein visualization of one specific protein within a protein
mixture by antibody detection. For semi-dry western blotting, the proteins were transferred
onto a nitrocellulose membrane after horizontal SDS-PAGE. Blot paper as well as the
membrane were pre-equilibrated with transfer buffer. The transfer was carried out using the
Bio-Rad Transblot Turbo System at a current of 0.6A and maximal voltage of 12V for 30-
45min, depending on the size of the respective proteins. Successful protein transfer was
visualized by staining with Ponceau S solution, followed by destaining of the membrane with
aqua bidest. In order to saturate free protein binding sites, membranes were incubated with
blocking buffer for at least 30min according to manufacturer’s instructions. Incubation with
the respective primary antibody was performed rocking overnight at 4°C (see Table 11). The
next day, the membranes were incubated with an appropriate secondary antibody for 45min at
room temperature. Membranes were washed four times with washing solution for 5min and
rinsed two times with aqua bidest. Antibody binding was detected using the WesternBreeze
Chemiluminescent Immunodetection system, according to the manufacturer’s instructions.
Chemiluminescence was developed and quantified using the Chemo Cam Imager 3.2 and the

LabIlmage 1D software. Therefore, each band was normalized to B-actin.

3.4.5 Membrane stripping

Prior to reprobing, membranes were stripped in Roti®-Free Stripping Buffer at 56°C for
30min, washed in PBS, and blocked in blocking buffer for 30min at room temperature. For

normalization, membranes were reprobed with -actin antibody as described in 3.4.4.

3.5 Statistics analyses

Statistics analyses were performed using the GraphPad Prism software with at least three
independent experiments. Data are presented as the mean £ SEM. The one-tailed, unpaired
student’s t-test was applied, * P < 0.05, *xx P < 0.01xxx, P < 0.001 were considered

significant.
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4 Results

During the course of my master thesis physiologically occurring splice variants of the XPG
gene were identified and characterized (see Figure 12A). These variants encoding for the
XPG endonuclease were amplified from healthy donor mRNA and cloned into a
pcDNA3.1(+) plasmid vector, a pcDNA3.1(-) plasmid vector with a C-terminal myc/HisA2-
tag, or a pcDNA3.1(+) plasmid vector with a C-terminal eGFP-tag. Protein expression over
time was assessed as well as subcellular localization (see Figure Al, Figure A2). As
previously shown, the XPG endonuclease does not travel according to its molecular weight
(136kDa) (Aracil et al., 2013; Dunand-Sauthier et al., 2005; Tillhon et al., 2012), due to an
acidic patch in the spacer region. Therefore, endogenous full-length XPG presents with a
band at 180kDa. However, all XPG isoforms were stably expressed over the observed time
course. Assessment of subcellular localization showed that all isoforms localize to the nucleus
and could therefore theoretically take part in NER. Notably, two isoforms (IsoV and IsoVI)

led to a highly significant increase of cellular repair capability (see Figure 12B).

The goal of my Ph.D. project was to analyze catalytic functions or negative influences of
alternative splice variants of the three genes XPF, ERCC1 and XPG during NER and ICL
removal. | established the CRISPR/Cas9 technique in the laboratory and utilized it to generate
XPF and ERCC1 KO cells in order to overcome the limitations of studying the function of the
XPF/ERCC1 complex due to the lack of an appropriate human XPF- or ERCC1-defective cell

line.

4.1 A novel mutation in the XPA gene results in two truncated protein

variants and leads to a severe XP/neurological symptoms phenotype

In addition to characterizing and testing spontaneous mRNA splice variants of XP genes, I
also worked on the characterization of XP patients and identified a novel mutation in the XPA
gene. The human XPA gene (OMIM: 278700) is located on chromosome nine (9934.1),
encodes for a 273 aa protein, and plays a major role in DNA damage demarcation as well as
stabilization of NER factors (reviewed in Berneburg & Lehmann, 2001). In geographically
isolated areas, like Japan, the XP frequency is about 1:22,000 with a preference for XP-A
cases and commonly occurring founder mutations result in a severe XP plus neurological

symptoms phenotype (see Figure 6) (Moriwaki et al., 2012; Satokata et al., 1990).
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Two 21 and 28 year old brothers (XP31MA and XP32MA), a 17 year old Moroccan
adolescent from a consanguineous family (XP31GO), and a 6 year old boy (XP118MA) were
characterized. XP31MA, XP32MA, and XP31GO clinically presented with only mild XP
symptoms together with mild mental retardation. On the other hand, XP118MA showed a
very severe mental retardation as well as skin cancer development during early childhood.
Primary skin fibroblasts of all patients showed strongly reduced post UV-cell survival and
high sensitivity against UVC irradiation, assessed by MTT-assay (see Figure 16A). LDs
values were 5 J/m? UVC for all four patients compared to 80 J/m? UVC for WT primary
fibroblasts. Cellular NER capacity was analyzed using the HCR assay (see 3.3.2.1).
Compared to WT fibroblasts (14.05%), XP-A patient cells exhibited a decreased repair
capacity of only 0.28% (XP31MA), 0.24% (XP32MA), 0.14% (XP31GO), and 0.49%
(XP118MA) (see Figure 16B). This effect could be rescued by co-transfection of a WT XPA
containing expression vector (9.24% (XP31MA), 8.73% (XP32MA), 7.46% (XP31GO), and
7.82% (XP118MA)).
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Figure 16: Characterization of four new XP-A patients

(A) Post-UV cell survival of XP-A patient fibroblasts was analyzed after cells were irradiated with increasing
UVC doses at least three times in quadruplicates. (B) Reporter gene reactivation after treatment with UVC
determined a decrease in repair capability of all four patients (black bars) that could be rescued to wildtype
levels (light grey bar) after complementation with an XPA encoding plasmid (dark grey bars). Data are presented
as mean + SEM of at least three independent experiments in triplicates. (C) XPA protein levels were assessed by
immunoblotting of whole cell protein extracts from WT and patient primary fibroblasts. In extracts from
XP31GO, XP31MA and XP32MA a truncated protein could be detected, while no protein was detectable for
XP118MA. (D) Functional domains of the XPA protein (upper part) as well as the mutational spectrum found in
the four new XP-A patients (lower part) are shown. Purple boxes: functional protein-protein interaction domains,
yellow and blue boxes: DNA interaction domains, and green box: NLS; red arrow: XP-A patient mutation;

asterisk: known founder mutations; grey bars: newly characterized patient alleles. Adapted from (Lehmann et al.,
2015).
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In order to pinpoint the genetic defects, the entire XPA gene including exon-intron boundaries
was sequenced on the genomic and cDNA level (see 3.1.3.1, 3.1.3.2, and 3.1.4.7). XP31MA,
XP32MA, and XP31GO showed the already known founder mutation ¢.747C>T, a
homozygous C>T transversion leading to a premature stop in exon six (p.R228X). In
XP118MA, | identified a homozygous two nucleotide insertion mutation in exon two
(c.268_269insAA) leading to a frameshift and a termination signal 40 nts downstream,
resulting in a truncated protein of 103 aa with 14 non-XPA amino acids at the C-terminus
(variant one) (see Figure 16D). Additionally, a second variant of this mutation could be
identified. Due to in-frame skipping of exons three-four, it is missing aa 96-185 and
containing a stretch of six foreign amino acids. Patient fibroblasts of XP31MA, XP32MA,
and XP31GO exhibited a detectable endogenous expression of the truncated XPA protein as
assessed by western blot analyses (see 3.4.4). The two variants of XP118MA could not be
detected on protein level (see Figure 16C). However, mMRNA decay was excluded as cell lines
XP31MA, XP32MA, and XP31GO exhibited 83%, 140% and 45% XPA expression and even
172% in XP118MA mRNA compared to WT (100%) (data not shown) (Lehmann et al.,
2015).

4.2 Establishment of a complete XPF and ERCC1 CRISPR/Cas9 knockout
in MRC5Vi cells

To elucidate the catalytic or inhibitory function of XPF, ERCC1 and XPG alternative splice
variants during NER and ICL removal, establishing a suitable cell line was of essential
importance. As described before (see 1.4.3), patient cells from XP20BE represent a good
basis for mechanistic studies of XPG and its isoforms. In contrast, a key limitation to study
the functions of the XPF/ERCC1 complex has been the lack of an appropriate human XPF- or
ERCC1-defective cell line. This is due to the essentialness of these genes and relatively mild
phenotypes in XP-F patients or in the case of ERCCL1 the overall limited number of known
patients. To generate targeted XPF and ERCC1 KO cell lines with early mutations, the
CRISPR/Cas9 technique is a great tool to study the truncated splice variants of these genes.

4.2.1 Characterization of an XPF CRISPR/Cas9 KO single clone

Fibroblasts from XP-F patients still retain relatively high repair activities which are reflected
predominantly in the mild phenotype due to residual repair capabilities in full-length alleles
with point mutations (reviewed in Matsumura et al., 1998). The aim was to create an XPF KO
cell line from immortalized fetal lung fibroblasts (MRC5Vi), already used in DNA repair
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studies (Ogi et al., 2010; Sertic et al., 2011), by employing the CRISPR/Cas9 nuclease system
targeting one of the first exons (one-three) of XPF. The feasibility for a complete XPF KO in
human fibroblasts was assumed based on a previously established Xpf-deficient mouse model
(Tian et al., 2004).

A transient transfection approach with a puromycin resistance cassette containing a plasmid
for selection of positive clones was applied to circumvent long-term expression of artificial
nucleases in the cells in order to minimize off-target effects (see 3.1.4.9 and 3.3.1.4).
Different guide RNAs were analyzed in respect to on and off-target effects to identify suitable
target sequences in exon two of XPF. Single clone expansion was followed by amplifying and
sequencing exon two to verify the successful KO (see 3.1.4.7). At this point, cells were
sensitive to puromycin again. Figure 17A shows a part of the XPF exon two sequencing
results from a positive clone, visualizing the generation of a compound heterozygous,
complete, and still viable XPF KO cell line. In this section, the binding of the guide RNA
(black arrow) in XPF exon two is indicated. As expected the Cas9 nuclease induces a DSB
~3bp upstream of the PAM sequence (Ran et al., 2013). Part of the guide sequence was
deleted during the NHEJ process. One allele contains a seven nt deletion resulting in a
premature stop codon nine nts downstream. In addition to this, the second allele shows an
insertion of three nts and a premature stop after twelve nts, respectively. This is probably a
result of a second cutting event by the Cas9 nuclease at the same position. Complete
sequencing of the XPF gene did not reveal any additional mutations.

Furthermore, the XPF KO clone containing the mutation, was subject to standard enzyme
mismatch cleavage experiments (EML), the T7EI and surveyor nuclease assay (see 3.1.4.8).
For the T7E1 assay, PCR products were generated from genomic DNA of WT and XPF KO
MRC5Vi cells, using primers for XPF exon two as described above (see 3.1.4.1)
(see Table 7). Subsequently, PCR products were denatured, followed by re-annealing, leading
to a population of double strand fragments, of which some contained mismatches due to the
afore mentioned compound heterozygous nature of the KO. These mismatches could be
detected by T7EI and visualized on an agarose gel (see 3.1.3.4). WT cells did not yield
amplicons susceptible to site-specific cleavage by T7EI (see Figure 17B), while XPF KO cells
showed efficient cleavage of the endogenous chromosomal target sequence, evidenced by
T7EIl digestion products (arrows). This confirmed the presence of indels at the locus.
Surprisingly, there was an additional cleavage product, also in the WT cells (arrow head) that

can be explained by a physiologically appearing already described three nt deletion in exon

66



Results

two (polymorphism rs771203473 (NCBI), deletion AGA/-, chromosome 16:13922057-
13922059). PCR amplicons from mutant (KO) and WT DNA were likewise prepared for the
surveyor nuclease assay. Afterwards, equal amounts of KO and WT DNA were mixed and
hybridized by heating and cooling the mixture to form hetero- and homoduplexes (see
3.1.4.8). In accordance with the T7EI assay, the WT cells did not show cleavage products,
whereas in the WT+KO mixture, as well as in the KO alone, cleavage products could be
detected. This was in concurrence with the compound heterozygous state of the KO (see
Figure 17C, arrows). As observed in the assay before, an additional cleavage product was

detected (arrow head).
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Figure 17: Structural analyses of XPF CRISPR/Cas9 KO and WT MRC5Vi cells

(A) Sanger sequencing of XPF exon two from WT (upper panel) and KO (middle and lower panel) cells. The
start of the guide RNA binding sequence is illustrated by a black arrow, while the dashed line marks the start of
the sequence alterations in the XPF KO cells. The green sequence represents the deletion in the KO cells, while
the blue nts are inserted. Red nts indicate the continuation of the WT sequence after the CRISPR event up until
the stop codon (underlined), resulting from the frameshift. Two different alleles of the KO cells originating from
the CRISPR/Cas9 genome editing are depicted in the middle and lower panel. (B) XPF exon two was PCR
amplified from genomic DNA of WT and KO cells, denaturated, reannealed and T7EI-digested or (C) subject to
a surveyor nuclease assay. The positions of digested DNA are illustrated by black arrows, while the arrow head
marks an additional digestion product that can be seen in the WT cells as well (polymorphism). (D) Horizontal
SDS-PAGE followed by western blot analyses was used to assess protein expression. Therefore, equal amounts
of cytosolic and nuclear extracts of WT and KO cells were loaded onto ready-to-use SDS-gels and stained with
an anti-XPF or anti-ERCC1 antibody. The membrane was stripped and reprobed for anti-p-actin to serve as
loading control. Representatively, one of three independent experiments is shown. (E) Subsequent to
complementation of the XPF KO cells with a plasmid coding for XPF cDNA, the same procedure was
performed. Adapted from (Lehmann et al., 2017).
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Moreover, generation of a complete XPF KO on protein level was confirmed. Therefor,
cytosolic and nuclear protein fractions of WT and KO cells were isolated (see 3.4.1). Full-
length XPF molecular weight is predicted to be 112kDa. The KO induced a premature stop
codon after 86/87 aa, resulting in a theoretic molecular weight of approximately 10kDa.
Protein expression was assessed using horizontal SDS-Page followed by western blotting as
described in 3.4.3, 3.4.4, and 3.4.5. WT cells showed an accumulation of nuclear XPF
(13.88), while in XPF KO cells XPF was below limits of detection in the cytosol as well as in
the nucleus, verifying the total lack of the protein (see Figure 17D). This was also true for
lower sections of the gel, where a 10kDa protein would be visible (section of the gel not
shown). After overexpression of a plasmid containing XPF cDNA (see 3.3.1.4), XPF protein
expression could be restored in the cytosol (3.20) as well as in the nucleus (18.32) of XPF KO
cells (see Figure 17E). In addition, protein expression of ERCC1, XPF’s functional
heterodimer partner necessary for the catalytic activity in DNA repair, was assessed. In the
cytosol, ERCC1 presented as a double band at 38kDa, which is probably caused by post-
translational modifications (Nowotny & Gaur, 2016; Perez-Oliva et al., 2015). While WT
cells displayed an accumulation of the modified form of ERCC1 in the nucleus (8.82) (Figure
17D), ERCC1 could not be detected in the nucleus of XPF KO cells. This suggests an
inability of ERCC1 to enter the nucleus without its binding partner XPF. Transfection of XPF
KO cells with a plasmid containing XPF cDNA (see 3.3.1.4) rescued nuclear localization of
ERCC1 (see Figure 17E).

Quantitative real-time PCR was applied to analyze differences in XPF mRNA expression
between WT and KO cells (see 3.1.3.2 and 3.1.4.2). Interestingly, there was a reduction of
about 50% in the KO cells (WT XPF normalized to GAPDH 100 + 4.71%, KO 54.76 +
13.32%), probably due to nonsense-mediated messenger decay (see Figure 18) (reviewed in
Chang et al., 2007).
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Figure 18: Decrease in XPF expression in XPF KO cells assessed by quantitative real-
time PCR

Comparison of XPF mRNA expression levels from MRC5Vi WT and XPF KO cells. Expression levels are
shown as relative values and GAPDH was used as the internal control gene to normalize the expression of the
target gene. Results represent mean values from three independent experiments in duplicates. Data are presented
as mean £ SEM. Statistical significances were calculated by applying the one-tailed, unpaired student's t-test
(* P <0.05).

4.2.2 A viable complete ERCC1 KO cannot be generated

As described for XPF, a transient transfection approach with a puromycin resistance cassette
containing plasmid for selection of positive clones, was applied for ERCC1 as well (see
3.1.4.9 and 3.3.1.4). In contrast to Xpf, several different mouse models with a disruption of
the C-terminal part of Erccl have been described. In one model, the last four exons are
missing due to a mutation in exon five, disrupting the interaction between XPF and ERCC1.
Whereas the other model contains a truncation in the HhH, motif, as a result of an insertion of
a neomycin cassette into exon seven of the Erccl gene (McWhir et al., 1993; Weeda et al.,
1997) (reviewed in Gregg et al., 2011). This implicates an essential role of ERCC1, as
complete KO mice are not available, and challenges the creation of a complete cellular KO.

It was possible to generate a heterozygous ERCC1 KO with a one nt insertion in exon two.
This led to a premature stop codon only after about 400nts later, resulting in a residual protein
of 21kDa (see Figure 19, lower band) additional to the WT protein (double band). As
expected for a recessive disease, one functional allele was sufficient to constitute normal NER
levels (data not shown). However, additional attempts to perform further CRISPR/Cas9
genome editing after generation of Cas9 stable MRC5Vi WT cells, as well as the afore
mentioned heterozygous ERCC1 KO cells, only yielded further heterozygous single clones,
but no full KO in the first exons of ERCCL. In regard to these results, it is most likely that
homozygous complete ERCC1 KO cells are not viable due to the essential role of the protein

in many cellular processes. Therefore, exons further downstream (three-ten) should be
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targeted. Anyhow, such KO cells would not be of value to analyze the splice variants shown
in Figure 13 as they comprise structural changes already in early parts of the protein

sequence.
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t ERCCA1

— - R-actin

Figure 19: Generation of a heterozygous ERCC1 KO via CRISPR/Cas9 genome editing

To assess ERCC1 protein expression, horizontal SDS-PAGE was followed by western blot analyses. Equal
amounts of whole protein lysates from MRC5Vi WT and heterozygous ERCC1 KO cells were loaded onto a
ready-to-use SDS-gel and stained with an anti-ERCC1 antibody. The membrane was stripped and reprobed for
anti-p-actin to serve as loading control. One of three independent experiments is shown.

4.2.3 XPF KO cells show an increased sensitivity to several DNA damaging toxins

The newly generated XPF KO cells were further characterized by investigation of cell
survival after treatment with UVC irradiation, the main trigger of NER, as well as treatment
with ICL inducing toxins (CP and TMP plus UVA irradiation) (see 3.3.2.3). Cisplatin is a
frequently used chemotherapeutic and predominantly produces intrastrand cross-links
between guanine residues or adenine and guanine (90%), which in turn are also mostly
repaired by the NER pathway. Interstrand cross-links are only formed between guanines to a
minor extent of 2-5% (Jones et al., 1991). Psoralen and its derivatives, for example TMP,
mainly form interstrand cross-links with the DNA after activation by irradiation with long-
wavelength UV light (UVA) (McHugh et al., 2001). The MTT method was applied to analyze
post-toxin cell survival (Mosmann, 1983) and determine the LDsg, as a means to quantify
cellular sensitivity towards a special toxin. XPF KO cells were significantly more sensitive to
UVC irradiation in comparison to WT cells (LDsgWT = 50J/m2, LDsKO< 1J/m?)
(*** P < 0.001, n = 4, one-tailed, unpaired student’s t-test) (see Figure 20A). Similarly,
treatment with intra- and interstrand crosslink inducing agents like CP or TMP activated by
UVA irradiation provoked a significantly reduced survival of XPF KO cells
(CP: LDsoWT = 1.5pg/ml, LDsgKO = 0.125ug/ml; TMP: LDsoWT = 13.5ng/ml, LDsKO =
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0.5ng/ml) (*** P < 0.001, n = 4) (see Figure 20B, C). Cell survival was not markedly affected
by treatment with TMP or UVA alone (data not shown).

Moreover, the XPF/ERCC1 complex is involved in different sub-pathways of mammalian
DSB repair, therefore effects of different DSB creating toxins on cellular survival was subject
to further analyses (Ahmad et al., 2008; McVey & Lee, 2008). Even though XPF KO cells
were slightly more sensitive to bleomycin treatment, no significant reduction in survival in
comparison to WT cells could be measured (LDsoWT = 3pg/ml, LDsoKO = 2.5ug/ml)
(n.s. P >0.05, n = 4) (see Figure 20D). Besides, the effects of CPT, a topoisomerase | (TOP1)
inhibitor, as well as etoposide, a topoisomerase Il (TOP2) inhibitor, were analyzed. In
concurrence with the previously tested toxin, only a slight, but non-significant, decrease in
cell survival was measurable after drug treatment (CPT: LDsgWT = 50nM, LDs,KO = 50nM;
etoposide: LD50WT = 6uM, LD5oKO = 3.5uM) (n.s. P > 0.05, n = 4) (see Figure 20E, F).
Taken together, the results indicate that XPF is not as essential for coping with DSB inducing

drugs, as it is for protecting cells against UVC irradiation or ICL inducing agents.
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Figure 20: WT MRC5Vi and XPF KO post-toxin cell survival analyses

Cells were seeded in 96-well plates at a density of 2000 cells/well and (A) irradiated with increasing doses of
UVC (0 — 160J/m?), (B) treated with increasing doses of cisplatin (0 - 8ug/ml), (C) trimethylpsoralen (O -
364.5ng/ml) activated by 1J/cm2 UVA light, (D) bleomycin (0 - 16pg/ml), (E) camptothecin (0 - 512nM), or (F)
etoposide (0 - 16uM). After 48h, cell survival was assessed using the MTT assay, setting survival of the DMSO
control cells to 100%. Data are presented as the mean + SEM. At least four independent experiments in
quadruplicates were performed. Adapted from (Lehmann et al., 2017).

4.2.4 Loss of XPF reduces the cellular repair capability for NER, ICL, and HRR

As the XPF/ERCCL1 complex is involved in multiple repair pathways and cellular processes,
effects of the XPF KO on NER, ICL, and DSB repair were studied in more detail by utilizing
reporter gene assays. Therefor, the HCR assay was utilized to investigate correct repair of
UVC induced DNA lesions (see 3.3.2.1). Expectedly, XPF KO MRC5Vi cells exhibited a
significant reduction in NER capability (0.15 + 0.02%) in comparison to WT cells
(12.45 + 0.86%) (*** P < 0.001, n = 4). Complementation with a plasmid containing the
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cDNA of full-length XPF rescued this effect (6.87 + 0.13%) (*** P < 0.001, n = 4), but
neither XPG (0.35 = 0.01%) nor ERCC1 (0.13 £ 0.21%) used as controls (n.s. P > 0.05, n = 4)
(see Figure 21A). ICLs are more challenging to repair as they obstruct DNA replication and
transcription (Hodskinson et al., 2014; Klein Douwel et al., 2014). Moreover, it is known that
XPF-deficient cells are sensitive to agents inducing ICLs, e.g. CP or TMP plus UVA light
(reviewed in Wood, 2010). To further investigate this, the HCR assay was adapted for
plasmids treated with CP or TMP activated by UVA irradiation (see 3.3.2.1). In the XPF KO
cells, the repair of intrastrand crosslinks caused by CP, as well as interstrand crosslinks
produced by TMP treatment of the firefly luciferase plasmid followed by irradiation with
UVA, was impaired, shown by a significant reduction in ICL repair capability (CP 0.78 +
0.08%, TMP + UVA 2.50 £ 0.15%) compared to WT cells (CP 15.43 + 0.035%, TMP + UVA
13.90 £ 0.81%) (*** P < 0.001, n = 4). This effect was rescued by co-transfection of a
full-length XPF containing plasmid (CP 17.65 + 1.13%, TMP + UVA 12.65 + 0.37%)
(*** P < 0.001, n = 4), but neither by XPG (CP 1.34 + 0.02%, TMP + UVA 2.65 + 0.07%)
nor ERCC1 (CP 0.56 + 0.51% TMP + UVA 2.04 + 0.22%) (n.s. P > 0.05, n = 4)
(see Figure 21B, C).
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Figure 21: Reactivation of a reporter gene after treatment with UVC, cisplatin or
trimethylpsoralen activated by UVA light in XPF KO and WT MRC5Vi cells

For the HCR assays, firefly plasmids were treated with (A) UVC irradiation (B) cisplatin (intrastrand crosslinks)
or (C) trimethylpsoralen activated by 1J/cm? UVA irradiation (interstrand crosslinks) to induce specific lesions,
transfected into MRC5Vi WT and XPF KO cells, and complemented with plasmids coding for XPF, XPG or
ERCC1. The relative repair capability was calculated as the percentage (repair %) of the reporter gene activity
(firefly luciferase) compared to the untreated plasmid, after normalization to an internal co-transfected control
(Renilla luciferase). Data are presented as the mean £ SEM. The one-tailed, unpaired student’s t-test was
applied, *+* P < 0.001. At least four independent experiments in triplicates were performed. Adapted from
(Lehmann et al., 2017).

To investigate DNA DSB repair, two eGFP based reporter assays were utilized. The DRGFP
reporter assay was applied to investigate HRR capability, while a reporter gene assay using
the pEGFP-Pem1-Ad2 plasmid was implemented to assess NHEJ (see Figure 15A, B)
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(Seluanov et al., 2010) (see 3.3.2.2). Compared to WT cells (33.27 + 5.52%), XPF KO cells
showed a significant reduction in HRR capability (13.31 + 3.07%) (* P < 0.05, n = 5)
(see Figure 22A). On the other hand, no reduction in NHEJ activity, neither for the I-Scel
(WT 98.29 + 0.36%, KO 94.49 £ 2.70%) nor the in vitro Hindlll digestion, used as an
additional control, could be detected (WT 92.25 + 3.81%, KO 93.94 £ 1.12%) (n.s. P > 0.05,
n =4) (see Figure 22B).
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Figure 22: Analyses of HRR und NHEJ repair pathways in XPF KO and WT MRC5Vi
cells.

For both assays, a pCBAScel and a pcDNA3.1(+)mCherry plasmid for normalization were co-transfected with
the eGFP reporter plasmid. Furthermore, as an additional analysis of NHEJ, an in vitro digestion of the plasmid
using Hindlll was performed prior to transfection. (NHEJIin). Approximately 100 mCherry positive cells per
condition were counted (blinded) for GFP positive cells after (A) HRR or (B) NHEJ assay. The repair capability
was calculated as percentage (repair %) of GFP compared to mCherry positive cells. Data are presented as mean
+ SEM. The one-tailed, unpaired student’s t-test was applied, * P < 0.05. At least five independent experiments
were performed. Adapted from (Lehmann et al., 2017).

4.3 Amplification and characterization of XPF and ERCC1 splice variants

As previously mentioned, the expression level of splice variants in different tissues is more
suitable to distinguish between oncogene and non-oncogene samples than the primary gene
transcript (Zhang et al., 2013b) and could be predictive of cancer risk, disease progression
and therapeutic success (see 1.6.2). However, not much is known about the function of
spontaneous splice variants of XP genes. Therefore, part of my PhD thesis was to further
characterize these variants. All until now, physiologically occurring spontaneous mRNA
splice variants (see Figure 13) of the XPF (XPF-201, XPF-003, XPF-202) and ERCC1
(ERCC1-002 — ERCC1-008, ERCC1-11, ERCC1-013) genes were amplified from WT
MRC5Vi mRNA and cloned into different expression plasmids: pcDNA3.1(+),
pcDNA3.1(-)mycHisA2, and pcDNA3.1(+)eGFP (C-terminal). In order to amplify these
splice variants, mRNA was isolated from WT MRC5Vi and transcribed into cDNA (see
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3.1.3.2). Specifically designed primer pairs were utilized for amplification of the different
splice variants and are listed in Table 7. The cloning procedure was conducted as described in

my master thesis for XPG and its splice variants (Lehmann, 2013).

4.3.1 Protein expression and subcellular localization of XPF and ERCC1 splice

variants

To verify whether the generated plasmid vectors containing the different XPF and ERCC1
MRNA splice variants result in stable expression of a protein, horizontal SDS Page (see 3.4.3)
followed by immunoblotting was performed (see 3.4.4). For this purpose, HelLa cells were
transiently transfected (see 3.3.1.4) with the different constructs and harvested after 24h, 48h
and 72h. Protein extracts were isolated from total cell lysate (see 3.4.1) and separated by
SDS-Page. For immunoblot analyses anti-XPF, anti-ERCC1, or an antibody directed against
the myc-tag were used (see Table 11). Myc-tagged constructs were used in case of severely
truncated variants, probably lacking the antibody epitope. Expression was normalized to anti-
B-actin as a housekeeping gene and quantified by densitometric analysis using the Lablmage

1D software from Intas (Gassmann et al., 2009).

Figure 23 shows expression patterns of full-length XPF and its isoforms. Wildtype XPF levels
peak at 72h, while its isoform XPF-201 shows highest protein levels after 48h. On the other
hand, protein levels of XPF-202 and XPF-003 decrease over time. Taken together, all XPF
isoforms were successfully overexpressed over time and resulted in proteins of the expected
size (XPF and XPF-201 ~ 112kDa, XPF-202 and XPF-003 ~ 48kDa). The same procedure
was performed for ERCC1 and its respective splice variants (see Figure A3). Again, all
isoforms were detectable over time. As mentioned before, ERCCL1 presents as a double band
due to posttranslational modifications (see 4.2.2). Notably, ERCC1-002 and ERCC1-008
levels increase over time, while full-length ERCC1, ERCC1-003, ERCC1-005, ERCC1-007
and ERCC1-013 decrease.
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Figure 23: Immunoblot results for protein levels of XPF splice variants over time

In order to analyze protein levels after overexpression of the splice variants in HelLa cells, horizontal SDS Page
followed by immunoblotting was performed. Therefore, HeLa cells were transiently transfected with the
different constructs, harvested after 24h, 48h and 72h, and stained with an anti-XPF or an antibody directed
against the myc-tag. Anti-B-actin staining was used for normalization. Protein levels were quantified in regard to
untransfected control cells for full-length XPF and XPF-201, or in the case of XPF-202 and XPF-003 to the 24h
value as there is no endogenous myc-tag protein. One of three representative experiments is shown.

Figure 13 illustrates an overview of all XPF and ERCC1 splice variants and gives an
impression on which domains are lost due to truncating mutations. Subcellular localization of
the proteins was of special interest, as DNA repair takes place in the nucleus and requires
active or passive nuclear import of the respective proteins. This was analyzed by cloning the
isoforms into an eGFP expression vector. Thereby, proteins with a C-terminal eGFP tag were
overexpressed in HelLa cells and subcellular localization was studied by fluorescence
microscopy (see 3.3.1.4and 3.3.2.4). 48h after overexpression, all isoforms as well as the WT
protein, localized in the nucleus, whereas XPF-202 showed an equal distribution throughout
the cell (see Figure 24 and Figure A4). Therefore, all isoforms could theoretically take part in

different DNA repair pathways if they had residual enzymatic or structural function.
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Figure 24: Subcellular localization of eGFP-tagged XPF isoforms and patient alleles

XPF isoforms and patient alleles were cloned into an pcDNA3.1(+)eGFP expression vector and overexpressed in
HelLa cells for 48h to analyze subcellular localization. Additionally, DAPI staining was performed to visualize
the nucleus. Scale bar = 50um.

4.4 Splice variants and their involvement in different DNA repair

pathways

As analyzed during my master thesis, XPG isoforms either show C-or N-terminal truncations,
leading to full or partial loss of protein domains important for enzymatic activity or protein-
protein interactions. In order to investigate consequences on repair capability, functional
assays were applied. Due to the lack of an ERCC1 KO cell line, no functional analyses of the
splice variants could be performed at this time, but will be subject to further investigations.

This thesis therefore focusses on XPG and XPF splice variants.
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4.4.1 XPG isoforms V and VI significantly increase the repair capability of intra- and

interstrand crosslinks

The residual repair activity of splice variants was determined by HCR (see 3.3.2.1).
Originally, this assay was applied to study the repair of UV induced DNA lesions (6-4PPs and
CPDs) that are repaired by the NER. Therefor, a non-replicating reporter gene plasmid (firefly
luciferase) was irradiated with UVC and transfected into an XPG-deficient host cell line
(XP20BE). Under this circumstance, enzyme expression can only be detected if the DNA
lesions of the reporter gene’s transcribed strand are removed due to activity of full-length
XPG or residual repair capabilities of the isoform coded on the complementation plasmid (see
Figure 14). Hence, enzyme activity correlates with NER activity and is measured as repair
percentage. Repair activity of different XPG isoforms was already determined by HCR assay
during my master thesis (see Figure 12) (Lehmann, 2013). Primary WT fibroblasts exhibited a
NER repair capability of approximately 15% (15.72 + 0.96%) (see Figure 25A). Only co-
transfection with XPG isoforms V and VI led to a significant increase of repair capability in
comparison to the empty vector control (XPG: 4.9 £ 1.22%, IsoV: 0.40 £ 0.07%, IsoVI: 0.78
+ 0.12%) (*** P < 0.001, ** P < 0.01, or * P < 0.05 n = 4), showing a 5-fold (XP20BE)
increase in NER-activity. The other isoforms analyzed displayed no residual NER repair

function.

The two endonucleases XPF/ERCCL1 and XPG represent the excision complex of NER. Both
proteins are also involved in other important cellular processes like basal transcription and
ICL repair (reviewed in Wood, 2010). In regard to this, the HCR assay was adapted to study
the repair of intrastrand and interstrand crosslinks by treating the firefly reporter plasmid with
CP and TMP plus UVA light (see 3.3.2.1 and 4.2.4). WT repair levels of about 15% (CP:
13.92 £ 1.71%, TMP + UVA: 17.25 * 3.34%) were measured. Complementation with full-
length XPG was closer to WT levels as in the case for UVC induced lesions (UVC: 4.9 +
1.22%, CP: 11.61 + 2.75%, TMP + UVA: 12.71 + 1.55%). Again, isoform V and VI showed a
significant increase in repair capability (IsoV: CP 5.98 + 0.98%, TMP + UVA 8.55 + 1.54 and
IsoVI: CP 4.57 + 0.76%, TMP + UVA 9.94 + 2.32) (*** P < 0.001, ** P < 0.01, n = 4), while
the other isoforms did not have a significant effect (n.s. P > 0.05, n = 4). However, the overall
basic levels of repair were higher than for UVC (CP 1.98% £ 0.19, TMP + UVA 5.12 + 0.43),
meaning that also the difference between isoform V and V1 and the other isoforms were not as
prominent as seen in NER (see Figure 25B and C). This suggests that the involvement of
XPG in the repair of ICL repair is not as essential as for NER. In contrast, the MRC5Vi XPF
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KO cells showed a nearly complete ablation of ICL repair (see Figure 21). As previously
mentioned, this implicates an essential role of the XPF/ERCC1 endonuclease in ICL repair.

A uvc B cP c . TMP + UVA

xxxxxx

Figure 25: Reactivation of a reporter gene after treatment with UVC, cisplatin or
trimethylpsoralen activated by UVA light in XP20BE patient or primary WT fibroblasts

For the HCR assays, firefly plasmids were treated with (A) UVC irradiation (B) cisplatin (intrastrand crosslinks)
or (C) trimethylpsoralen activated by 1J/cm? UVA irradiation (interstrand crosslinks) to induce specific lesions,
transfected into XP20BE patient or primary WT fibroblasts, and complemented with plasmids coding for the
empty expression plasmid, full-length XPG, or the XPG splice variants. The relative repair capability is
calculated as the percentage (repair %) of the reporter gene activity (firefly luciferase) compared to the untreated
plasmid, after normalization to an internal co-transfected control (Renilla luciferase). Data are presented as the
mean = SEM. The one-tailed, unpaired student’s t-test was applied, *** P < 0.001 or »* P < 0.01. At least four
independent experiments in triplicates were performed.

Nevertheless, XPG isoform V and VI contained residual repair capabilities, but are both
lacking essential parts of the endonuclease domains. Hence, the two isoforms seem to be able
to fulfill at least structural functions of XPG during NER as well as ICL repair, and catalyze
the subsequent excision performed by XPF/ERCCL1 (Gary et al., 1999).

4.4.2 XPF splice variants show residual repair capabilities during NER and ICL repair

As the XPF/ERCC1 complex is involved in multiple repair pathways (NER, ICL, DSB repair)
and cellular processes (see 1.4.2), residual repair capabilities of XPF splice variants
(see Figure 13) were studied in more detail by utilizing reporter gene assays in the complete
XPF KO cells compared to MRC5Vi WT cells as well. Therefor, the HCR assay was applied
to investigate correct repair of UVC, CP and TMP plus UVA irradiation induced DNA lesions
(see 3.3.2.1). The variants as well as full-length XPF or an empty expression plasmid were

transiently overexpressed in the KO cells (see 3.3.1.4).

As described above, XPF KO cells show a nearly complete loss of repair capabilities, but
repair can be rescued by complementation with full-length XPF (see 4.2.4). Interestingly, two
XPF splice variants exhibited significant residual repair capabilities in NER as well as ICL
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repair (XPF-201: UVC 6.50 + 0.22, CP 16.28 = 0.51%, TMP + UVA 12.06 + 0.22% and
XPF-003: UVC 1.15 + 0.02%, CP 3.17 + 0.10%, TMP + UVA 3.89 + 0.03%) (*** P < 0.001
or ** P <0.01, n = 4). XPF-201 only lacks the first 12 aa of the protein, whereas XPF-003 is
severely C-terminally truncated, with an intronic retention of five aa lacking the endonuclease
domain. Surprisingly, XPF-202, another variant, that only differs from XPF-003 in the first 12
aa did not display any significant repair capability at all, neither in NER nor ICL repair
(UVC 0.15 £ 0.02%, CP 0.58 + 0.03%, TMP + UVA 2.17 + 0.06%) (P > 0.05, n = 4)
(see Figure 26).

This implicates a high importance of those 12 N-terminal aa of the XPF protein. It could point
towards an undescribed essential interaction domain of the protein, which may be necessary

to communicate with other structural or catalytically active components of the DNA repair

machinery.
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Figure 26: Reactivation of a reporter gene after treatment with UVC, cisplatin or
trimethylpsoralen activated by UVA light in XPF KO cells complemented with XPF
splice variants

For the HCR assays, firefly plasmids were treated with (A) UVC irradiation (B) cisplatin (intrastrand crosslinks)
or (C) trimethylpsoralen activated by 1J/cm? UVA irradiation (interstrand crosslinks) to induce specific lesions,
transfected into MRC5Vi WT and XPF KO cells, and complemented with plasmids coding for full-length XPF
and the different splice variants. The relative repair capability is calculated as the percentage (repair %) of the
reporter gene activity (firefly luciferase) compared to the untreated plasmid, after normalization to an internal
co-transfected control (Renilla luciferase). Data are presented as the mean + SEM. The one-tailed, unpaired
student’s t-test was applied, #** P < 0.001 or ** P < 0.01. At least four independent experiments in triplicates
were performed.

443 XPG and XPF splice variants do exhibit dominant negative effects during DNA

repair

The interference of XPG and XPF spontaneous mRNA splice variants with endogenous DNA
repair, exemplarily NER, in MRC5Vi WT cells was subject to further investigations. For this

purpose, cell lines stably overexpressing these variants were generated by spontaneous
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integration of a linearized expression plasmid into MRC5Vi WT cells. An expression plasmid
coding for the full-length protein or one of the splice variants, e.g. pcDNA3.1(+)XPF, was
linearized as described in 3.1.4.5, analyzed on an agarose gel (see 3.1.3.4), and purified by
ethanol precipitation (see 3.1.1). Linearized plasmids were transiently transfected into
MRC5Vi WT cells seeded on 10mm cell culture dishes and positive clones were selected
using G418 (100mg/ml). Afterwards, single cell clones were generated by serial dilution and
checked for plasmid integration by PCR using specific primer pairs for the CMV (cytomegalo
virus)-promoter and the integrated gene (see 3.1.4.1, Table 7), as well as immunoblot analysis
(see 3.4.4).

In order to test the effect of an overexpression on NER capability of MRC5Vi WT cells, for
each variant or full-length protein, three positive clones with a similar level of overexpression
were selected and repair capability was measured using the HCR assay (see 3.3.2.1). Repair
capabilities were averaged for statistical purposes and compared to unmodified and non-
manipulated WT cells. Figure 27A and B exemplary show, that the full-length proteins (XPG
180kDa, XPF 112kDa) as well as their splice variants (XPG IsoV 100kDa, XPF-201 112kDa)
can be stably overexpressed in MRC5Vi WT cells, reaching overexpression ratios of
1.13 — 9.65 in comparison to WT cells. Regarding the impact on NER capacity of MRC5Vi
WT cells (14.17 = 1.20%), XPG-201, a variant that N-terminally lacks the first four exons in
frame and therefore misses one of XPG’s endonuclease domains (N-domain), showed a
significant dominant negative effect on repair (10.75 + 0.50%) (* P < 0.05, n=4) (see Figure
27C). This effect could also be observed for XPG IsoVI, the variant with the highest residual
repair capability in XPG deficient cell, lacking the I-domain (7.85 % 0.72%) (*** P < 0.001,
n=4). Unexpectedly, all three XPF splice variants, as well as the full-length protein,
significantly reduced repair capabilities of MRC5Vi WT cells (XPF: 9.19 + 0.83%, XPF-201.:
5.26 £ 0.80%, XPF-003: 6.90 £ 0.06%, XPF-202: 8.08 *+ 0.73%) (*** P <0.001, n=4).
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Figure 27: Immunoblot analyses and reactivation of a reporter gene after treatment
with UVC in MRC5Vi WT cells and single clones overexpressing XPG, XPF or
respective splice variants

Protein expression of MRC5Vi WT cells as well as single clones overexpressing the WT protein or respective
splice variants was assesed by horizontal SDS Page followed by immunoblotting. Antibodies for XPG (A) or (B)
XPF were used and B-actin staining was applied for normalization after reprobing. One of three independent
experiments is shown. Expression was quantified by densitometric analysis. Protein levels in MRC5Vi cells
were set to one. (C) For the HCR assays, firefly plasmids were treated with UVC irradiation to induce specific
lesions, transfected into MRC5Vi WT or single clones overexpressing XPG, XPF or respective splice variants.
The relative repair capability is calculated as the percentage (repair %) of the reporter gene activity (firefly
luciferase) compared to the untreated plasmid, after normalization to an internal co-transfected control (Renilla
luciferase). Data are presented as the mean £ SEM. The one-tailed, unpaired student’s t-test was applied;
significances are displayed with regard to WT cell repair capability, * P < 0.05 or xxx P < 0.001. At least four
independent experiments in triplicates were performed.
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Taken together, two XPG splice variants (XPG IsoVI and XPG-201) showed a dominant
negative effect on MRC5Vi WT NER capabilities, as well as WT XPF and all three splice
variants (XPF-201, XPF-003, XPF-202).

4.4.4 Analyses of XPF point mutants in the newly generated XPF KO cells give insights

into mechanistic aspects of XPF’s functions in different DNA repair pathways

The newly generated viable human fibroblasts cell line, lacking the essential endonuclease
XPF, represents a great tool for mechanistic analyses of XPF’s function in different DNA
repair pathways. Up to this point, this has been limited to experiments in patient cells with
extensive residual alleles, or in vitro studies. In these in vitro studies, NER is reconstructed
using a set of 30 recombinant proteins, constituting necessary NER components. This system
is highly artificial. Thus, in the literature, different point mutants have been described to
change essential residues for different protein functions, according to these experiments. For
further analyses, these variants, as well as patient alleles of diseases associated with XPF have
been generated using site-directed mutagenesis (see 3.1.4.3). The patient alleles included an
XP-F allele (XP3YO, p.R490Q), an XP-F/CS allele (XPCS1CD, p.C236R), a FA allele
(FA104, p.R689S), and the severely affected XFE patient allele of XP51RO (p.R153P) (see
Figure 28) (Bogliolo et al., 2013; Kashiyama et al., 2013). In addition, an endonuclease
defective mutant (p.D668A), postulated to be essential for NER (Sertic et al., 2011;
Staresincic et al., 2009) as well as a mutant affecting the residue essential for ICL unhooking
(p.D731A) (Fisher et al., 2008; reviewed in Enzlin & Scharer, 2002), a point mutant of the
essential residue for interaction with RPA and nuclear import (p.P85S) (Fisher et al., 2008),
and the residues for interaction with the heterodimeric partner ERCC1 (p.F905A/P) (reviewed

in McNeil & Melton, 2012) were included into the experiment as well (see Figure 28).
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Figure 28: Overview of XPF point mutants

The XPF gene was artificially manipulated by site-directed mutagenesis to produce different point mutants.
Some changes were introduced on the basis of essential residues reported in the literature, while others resemble
pathologically occurring mutations in patient alleles to study structural and functional domains of XPF.

The residual NER and ICL repair capability of the XPF point mutants was assessed using the
HCR assay (see 3.3.2.1). In contrast to previously described studies (Sertic et al., 2011;
Staresincic et al., 2009), the D668A mutant significantly complemented the XPF KO cells in
NER and ICL repair up to WT XPF levels (UVC: 6.71 + 0.50%, CP: 16.73 + 1.88, TMP +
UVA: 12.31 + 1.17%) (*** P < 0.001 or ** P < 0.01, n = 4) (see Figure 29A-C). On the other
hand, the D731A mutant, which was reported to be essential for ICL unhooking, did not
complement the XPF KO cells in NER as well (UVC: 0.19 £ 0.01%) (n.s. P > 0.05, n = 4)
(see Figure 29A). Interestingly, the FO05A/P mutant affecting the residue implicated for
interaction with ERCC1, did complement the XPF KO cells (FO905A UVC: 5.97 + 0.29%, CP:
14.19 £ 0.85%, TMP + UVA: 11.02 + 1.05%, F905P UVC: 6.10 + 0.39%, CP: 14.07 +
0.82%, TMP + UVA: 12,50 £ 1.63%) (*** P < 0.001 or ** P < 0.01, n = 4). The P85S
mutant, as well as mutants R689S and R490Q, resembling the FA and the XP-F patient
alleles, did fully complement the XPF KO cells in regard to both NER and ICL repair. The
mutant, resembling the XP-F/CS patient allele C236R, as well as the XFE mutant R153P did
show complementation in NER and ICL repair (C236R UVC: 1.76 + 0.22%, CP: 3.76 *
0.32%, TMP + UVA: 5.09 £ 0.66%, R153P UVC: 3.65 * 0.64%, CP: 4.94 + 0.43%, TMP +
UVA: 6.29 + 0.54%) (*** P < 0.001 or ** P < 0.01, n = 4), but clearly to a lesser extent than
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WT XPF or the other complementing mutants. For both mutations, problems with misfolding,
nuclear import, protein stability and interaction with ERCC1 or SLX4 have been postulated
(Kashiyama et al., 2013).

Clearly, these results highlight the differences between cellular backgrounds and artificial

systems, emphasizing the necessity of suitable model cell lines.
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Figure 29: Reactivation of a reporter gene after treatment with UVC, cisplatin or
trimethylpsoralen activated by UVA light in XPF KO cells complemented with XPF
point mutants

For the HCR assays, firefly plasmids were treated with (A) UVC irradiation (B) cisplatin (intrastrand crosslinks)
or (C) trimethylpsoralen activated by 1J/cm? UVA irradiation (interstrand crosslinks) to induce specific lesions,
transfected into MRC5Vi WT and XPF KO cells, and complemented with plasmids coding for full-length XPF
and the different point mutants generated by site-directed mutagenesis. The relative repair capability was
calculated as the percentage (repair %) of the reporter gene activity (firefly luciferase) compared to the untreated
plasmid, after normalization to an internal co-transfected control (Renilla luciferase). Data are presented as the
mean + SEM. The one-tailed, unpaired student’s t-test was applied, ** P < 0.01 or #** P < 0.001. At least four
independent experiments in triplicates were performed. Significances are displayed in regard to the XPF KO
cells.

In order to assess stable protein expression of the generated point mutants, whole cell protein
lysates were prepared (see 3.4.1) after 48h of overexpression in MRC5Vi XPF KO cells (see
3.3.1.4). Equal amounts of these extracts and an extract from MRC5Vi WT cells were loaded
onto precast SDS gels, separated by horizontal SDS-Page and analyzed by immunoblotting
for XPF and B-actin (see 3.4.3 and 3.4.4). Taken together, all XPF point mutants were
(over)expressed over time (0.53 — 4.69) and resulted in proteins of the expected size, which

could potentially function in NER and ICL repair (see Figure 30).
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Figure 30: Immunoblot results for XPF point mutants generated by site-directed
mutagenesis

In order to analyze protein levels, XPF point mutants were overexpressed in MRC5Vi XPF KO cells for 48h,
whole protein extracts were prepared, separated by horizontal SDS Page, analyzed by immunoblotting, and
quantified in comparison to WT expression. Blots were stained with an anti-XPF or an antibody directed against
B-actin for normalization. Equal amounts were loaded onto the gel and one of three representative blots is
shown.

Selected point mutants were investigated in regard to their subcellular localization by
preparing cytosolic and nuclear protein extracts (see 3.4.1), followed by horizontal SDS-Page
and immunoblotting as described above. As shown in 4.2.1, in the newly generated XPF KO
cells, ERCCL1 remains in the cytosol and cannot be detected in the nucleus without its
heterodimeric partner XPF. Therefore, subcellular localization of the point mutants FO05A/P,
comprising the essential residues for interaction with ERCC1, was analyzed. Notably, FO05A
did not conclusively lead to reduced nuclear localization of ERCC1 as well as XPF (see
Figure 31A and B), whereas FO05P showed a reduction in nuclear levels of both proteins (see
Figure 31D and E) in comparison to WT cells, that showed a strong induction of nuclear XPF
as well as ERCCL. Interestingly, as described in previous studies (Niedernhofer et al., 2006),
the XFE patient allele R153P seems to result in a full-length XPF protein that is only stable in
the cytosol but undetectable in the nucleus. In turn, also ERCCL1 could not be observed in the

nucleus (see Figure 31C).

Therefore, the FO05A mutation seems to have no influence on ERCC1 and XPF localization,
while a stronger distortion in protein structure due to insertion of a proline (strand breaker) in
FO05P leads to a slight nuclear reduction of ERCC1 and XPF. Moreover, the artificial mutant
generated in parallel with the XFE patient allele R153P, showed that instable XPF cannot be

transported into the nucleus. As observed before, without nuclear XPF nuclear ERCC1
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protein could not be detected, confirming the effect seen in the MRC5Vi XPF KO cells, even

further aggravating the necessity to a functional and stable XPF protein.
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Figure 31: Immunoblot results for cytosolic and nuclear fractions of XPF point mutants
generated by site-directed mutagenesis

In order to analyze subcellular protein localization and levels, XPF point mutants (A + B) FO05A, (C) R153P, or
(D + E) F905P were overexpressed in MRC5Vi XPF KO cells for 48h, cytosolic and nuclear fragments were
prepared, equal amounts were loaded onto an SDS-Page gel, separated, analyzed by immunoblotting and
quantified in comparison to WT levels. For ERCCL1 the upper and lower ERCC1 band was set to one. Blots were
stained with an anti-XPF or an antibody directed against B-actin for normalization. One exemplary blot of three
independent experiments is shown.

4.5 Functionally relevant splice variants can be implicated as prognostic
markers for individual cancer risk, therapeutic success, or disease

outcome

In order to assess the physiological relevance of XPG isoforms with repair catalyzing
functions (isoform V and V1), specific primer pairs for both isoforms as well as for WT XPG
were utilized to analyze RNA expression in 20 different healthy human tissues obtained from
Ambion® (see Table 8). Therefore, cDNA was prepared from RNA samples and quantified as
described in 3.1.3.2 and 3.1.4.2. Specific primer pairs binding to the intronic regions of the

isoforms were applied (see Table 7). Unfortunately, the material was only sufficient to
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analyze XPG, but not XPF, variants and further material could not be reordered due to
discontinuation of the Ambion® product.

Figure 32 illustrates the comparison of the three XPG species in several different tissues. All
20 tissues expressed WT XPG, as well as both functionally relevant isoforms. Whereas heart,
liver and skeletal muscle exhibited very low expression levels of all three XPG transcripts
(light blue arrows), the expression of both isoforms, V and VI, was relatively high in spleen,
testes, and thymus compared to the primary transcript (dark blue arrows).
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Figure 32: Comparative analysis of XPG expression in human tissues

RNA samples from 20 tissues were transcribed into cDNA and subject to real-time PCR measurements.
Expression levels are shown as absolute values with GAPDH used as the internal control gene to normalize the
expression of the target gene or isoform. Results represent mean values from three independent experiments in
duplicates. Data are presented as mean £ SEM. Colored arrows indicate groups with similar expression patterns.

To compare the expression levels of the three XPG transcripts between human individuals,
blood samples from 20 healthy donors (age between 22 and 61, 7 males and 13 females) were
analyzed as described above (see Figure 33). The comparison of these 20 unrelated
individuals displayed a unique pattern for each of them. The expression profile either
displayed high or low expression of all three transcripts (middle blue arrows), expression of a
predominant primary transcript (dark blue arrows), or predominance of the two isoforms V
and VI (light blue arrows). Despite a few exceptions, isoform VI, with the highest residual
catalytic activity in the functional experiments, was the predominantly expressed XPG

transcript in blood samples in 80% of the investigated subjects. No relations of expression
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between age and sex were evident in this small collective. Unfortunately, the material was

only sufficient to analyze the XPG, but not XPF, variants.
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Figure 33: Analysis of XPG expression in human blood samples

RNA samples from 20 healthy donors were transcribed into cDNA and subject to real-time PCR measurements.
Expression levels are shown as absolute values using GAPDH as the internal control gene to normalize the
expression of the target gene or isoform. Results represent mean values from three independent experiments in
duplicates. Data are presented as mean £ SEM. Colored arrows indicate groups with similar expression patterns.
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5 Discussion

The endonucleases XPG and XPF/ERCC1 are central players in NER and ICL repair, but also
in basal transcription by encompassing both, catalytic and structural roles. Mutations in both
genes are associated with complex genotype-phenotype correlations, for instance XPG splice
variants have already been implicated in having residual functions that lead to a milder form
of the XP/CS phenotype (reviewed in Scharer, 2008). In 2004 Thorel et al. reported about a
28-year-old patient with a splice variant of only minimal residual function, which resulted in a
meaningful prolongation of the patient’s life. In contrast, a functionally dominant negative
splice variant that reduced NER by approximately 50% has been identified in an XP-C patient
(Khan et al., 2002). This splice variant was eventually identified in about 40% of normal
individuals and associated with a two-fold increased melanoma risk (Blankenburg et al.,
2005).

Thus far, little is known about the functionality, expression patterns and structural functions
of physiologically occurring, spontaneous mMRNA splice variants of XPG and XPF/ERCC1, as
well as their potential implication as prognostic markers in skin cancer prognosis, progression
and therapy outcome. This was the main subject of this PhD thesis. Additionally, four new
XP-A patients were characterized and a new mutation was detected, leading to an

alternatively spliced variant in the XPA gene

5.1 A large deletion in the XPA gene results in XP with severe neurological

symptoms

A new disease-causing mutation was identified in the XP-A complementation group. This
novel and unusually large deletion mutation (genomic deletion of exons three-four) leads to a

severely truncated XPA protein with no functional repair activity (Lehmann et al., 2015).

Due to geographical isolation, a higher frequency of XP-A patients can be observed in Japan
and Northern Africa compared to the world-wide distribution. So far, three common founder
mutations (IVS3-1G>C; p.R228X; p.Y116X) have been described (Moriwaki et al., 2012;
Nishigori et al., 1993) (see Figure 16F). In addition, a specific mutation in the XPA gene
(c.747 C>T) has been reported in 12% of 66 unrelated families in the Maghreb region
(Algeria, Morocco, Tunisia) (Soufir et al., 2010; Tamura et al., 2010). As part of this thesis,
four XP-A patients (XP31MA, XP32MA, XP31GO, and XP118MA) were characterized. All

patient cell lines showed high sensitivity against UVC irradiation (Figure 16A). However,
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post-UV survival only reflects the cell’s overall capability to cope with UV-induced DNA
damages, which can involve multiple cellular mechanisms (e.g. NER, DDR, and apoptosis).
Low viability after UV irradiation was consistent in patients with the XP plus neurological
involvement phenotype. In order to specifically estimate the NER capacity, the HCR assay
was applied. All four cell lines showed very low NER capability (Figure 16B), indicating a
pivotal role of XPA during NER. For XP31MA, XP32MA, and XP31GO, stable protein
expression was detectable, but not for XP118MA (Figure 16C). The well-known p.R228X
mutation could be detected in XP31MA, XP32MA, and XP31GO in consistency with the
mild XP plus neurological symptoms phenotype. As determined by epidemiological studies,
consanguineous marriage and Northern African ancestry are promoting factors for this
phenotype, which were evident for the siblings XP31MA and XP31GO, respectively.

A new homozygous mutation in the XPA gene of XP118MA was identified
(c.268_269insAA), which resulted in two different XPA protein variants, one with a large in-
frame deletion (missing exons three-four, p.P96_Q185del) and the other with a premature
stop in exon two (p.104X). Protein expression could not be detected by western blotting,
probably due to the missing antibody epitope within the truncated proteins (Figure 16C).
However, XPA mRNA expression was measured excluding nonsense-mediated messenger
decay, as well as proteasomal degradation, as no additional bands could be observed on
protein level. Notably, this new mutation (c.268 269insAA) leads to two variants, which is
very similar to the most common founder mutation in XPA (IVS3-1G>C). Both mutational
events result in one truncated variant and another variant with exon skipping. The severe
clinical phenotype of XP with severe neurological symptoms might be explained by the loss
of important protein-protein (RPA70, TFIIH) and protein-DNA interaction domains (DNA-
binding domain) (Figure 16D), provoking an extreme loss of function during NER (reviewed
in Berneburg & Lehmann, 2001; Scharer, 2013).

This study in patients with DNA repair defective syndromes elucidates that not only the WT
MRNA sequence undergoes spontaneous alternative splicing, but also inherited gene
mutations can lead to two different mMRNA variants of the mutated gene — in this case the XPA
gene. On second note, the WT XPA gene is also predicted to result in several alternatively

spliced variants with unknown functional relevance awaiting investigation.
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5.2 The XPF CRISPR/Cas9 KO cells present a great tool to model XP

Over the past years, different site-specific techniques modifying genomes of various species
have emerged using the site-directed ZFNs or TALENSs. Recently, using the new and
customizable CRISPR/Cas9 system was preferred, especially because of its simple approach
to program specific gene disruptions or generate knockout cells, but also its easy design and
efficient functionality. The structure-specific endonuclease XPF is involved in numerous
DNA repair pathways (NER, ICL, and DSB repair) by comprising multiple protein functions.
This is also evidenced by the variety of phenotypes and diseases arising from different
mutations in the XPF gene. Mostly, mild clinical features, such as minor sun sensitivity and
no neurological abnormalities, can be observed in XP-F patients (Hayakawa et al., 1981).
This is due to missense mutations in at least one allele not affecting the nuclease activity and
therefore not completely abolishing XPF function, resulting in a residual repair capability of
UV damage (up to 20%) (Ahmad et al., 2010; Gregg et al., 2011). On the other hand, a few
more severe phenotypes like CS, XP/CS complex phenotype, XFE progeroid syndrome, or
FA exist, that are caused by mutations leading to premature stop codons or missense
mutations in essential residues (Kashiyama et al., 2013; Niedernhofer et al., 2006).
Unfortunately, no suitable patient cells with a complete loss of the XPF protein have been
available so far for extensive molecular and mechanistic studies. However, an Xpf-deficient
mouse model with defective postnatal growth, a shortened life span, and hypersensitivity
against UV irradiation and mitomycin C treatment has been described (Tian et al., 2004).

During my PhD thesis | was able to generate the first viable human XPF KO cell line while
applying the CRISPR/Cas9 technique targeting exon two of XPF. These cells are compound
heterozygous and contain a premature stop codon in exon two of XPF, resulting in a
massively truncated XPF protein with no residual activity (Figure 21). No further mutations in
the XPF gene were detected. Protein expression, assessed by immunoblotting, was completely
ablated, while mRNA levels were only reduced by 50% (Figure 18) in consistency with a
subset of XP-F patients, suggesting instability of the mutant XPF protein (Matsumura et al.,
1998). Another explanation could be the loss of the antibody epitope mapping aa 629-905.
Apparently, it is possible to generate a viable cell line of human fibroblasts lacking the
essential endonuclease XPF, while germline mutations to this extent seem to be incompatible
with life in humans and mice, limiting knockout strategies from studying genes critical for
embryogenesis. As described in 4.2.2, it was not possible to generate a viable cell line with a
full ERCC1 KO in the first exons as the cells were probably not viable due to the essential

93



Discussion

role of the protein in many cellular processes. In following approaches, later exons should be
targeted (three-ten), but these cells would not be of value to analyze the splice variants
(Figure 13) comprising structural changes already in early parts of the protein sequence.
Another possibility to generate an ERCC1 KO cell line would be to utilize a commercial
approach from e.g. GE Dharmacon, offering transient as well as lentiviral systems to increase
efficiency. A strategy to circumvent lethality could also be conditional gene inactivation,
which has been performed using CRISPR/Cas9 in mice to generate conditional alleles before
(Yang et al., 2013). Providing that, the CRISPR/Cas9 technique is also a useful tool to
identify sets of essential and non-essential genes (Evers et al., 2016; Hart et al., 2014). In case
of failure to generate a complete ERCC1 KO cell line, studies would have to focus on in vitro

assays using recombinant proteins.

As a structure-specific endonuclease, XPF/ERCC1 is essential for the repair of helix-
distorting DNA lesions, like UV-photoproducts, in replicating as well as non-replicating cells
by making incisions on the damaged DNA strand on the 5° side of the open “denaturation-
bubble” intermediate (Sijbers et al., 1996a; reviewed in Mu et al., 1996). XPF KO cells
showed no NER capability in functional analyses and were also highly sensitive against UVC
irradiation and exhibited reduced host cell reactivation of an UVC-treated reporter gene
plasmid (Figure 20A, Figure 21A). This effect could be rescued up to WT repair levels by
complementation with full-length XPF, but neither XPG nor ERCC1. Furthermore, XPF KO
cells showed a diminished repair activity of CP induced lesions of only 0.78%, making them
an exquisite model system for mechanistic analysis of ICL repair (Figure 21B). Whereas the
model previously used for this purpose, GM08437 (XP-F) cells, still containing one full-
length allele with a missense mutation, show 20% residual repair of CP crosslinks (Enoiu et
al., 2012). Moreover, XPF KO cells exhibited a high sensitivity against TMP plus UVA
irradiation induced lesions (Figure 20B-C, Figure 21C), that are repaired by the ICL repair
pathway. Also, these compounds are used in the therapy of psoriasis, vitiligo, and cutaneous
T-cell lymphoma (Cimino et al., 1985; Gupta & Anderson, 1987; Hearst, 1981). XPF is
essential for the incision, or “unhooking” step, of ICL in an NER-independent manner (Fisher
et al., 2008; Klein Douwel et al., 2014; Kuraoka et al., 2000; Rahn et al., 2010; reviewed in
Wood, 2010). Whether other endonucleases like Mus81/Emel, SLX4/SLX1, or FAN1 can
perform incisions normally conducted by XPF, but in a much less efficient manner, merits
further investigation (Hanada et al., 2006; Klein Douwel et al., 2014; Pizzolato et al., 2015;
Takahashi et al., 2015; Yamamoto et al., 2011; reviewed in Zhang & Walter, 2014).
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5.3 ERCC1 is retained in the cytosol without its heterodimeric partner
XPF

Analyses of protein levels in the cytosol and nucleus of the newly generated XPF KO cells
compared to MRC5Vi WT cells, showed that ERCC1 was not detectable in the nuclear
fraction of the KO cells (Figure 19D). However, after complementation with full-length XPF,
ERCC1 did localize to the nucleus (Figure 19F). In previous studies, in the absence of the
heterodimeric partner, ERCC1 and XPF have been reported to be unstable (Biggerstaff et al.,
1993; Sijbers et al., 1996b; van Vuuren et al., 1993). Moreover, low levels of ERCC1 protein
are a common feature of total protein extracts from XP-F patients (Yagi et al., 1997).
Furthermore, extracts from XPF- and ERCC1- defective cells do not complement one another
in vitro (Biggerstaff et al., 1993; van Vuuren et al., 1993), highlighting the necessity of a
functional XPF/ERCCL1 complex to maintain protein stability. In the absence of either binding
partner, the other forms aggregates respectively and will either be subject to proteolytic
degradation, or nuclear export (Gaillard & Wood, 2001). The results of this thesis show
contradictory results thereto. Actually, the ERCCL1 protein is stable in the cytosol of the XPF
KO cells, but could not be detected in the nucleus without its heterodimer partner. As
assumed earlier, this effect could be explained by the lack of an NLS in ERCC1 (Boulikas,
1997), which prohibits it from entering the nucleus by itself (Ahmad et al., 2010). In later
studies however, the presence of an NLS was shown (reviewed in McNeil & Melton, 2012).
Apart from that, rapid nuclear export of single ERCC1, outside the prematurely formed
XPF/ERCC1 complex, might be the likeliest explanation. Importantly, overexpression of XPF
in the XPF KO cells could restore the localization of ERCC1 in the nucleus. Notably, the
previous results have been performed with whole cell protein extracts; hence it remains
unclear, whether ERCC1 can be stabilized in the cytosol by other interaction partners than
XPF, and requires further investigations. A study showed that application of a compound
inhibiting XPF-ERCC1 protein-protein interaction to two different cancer cell lines sensitized
those cells to CP, mitomycin C and UV irradiation. Thereby, removal of DSBs was decreased
confirming the findings in the XPF KO cells (Jordheim et al., 2013).

5.4 XPF is markedly involved in HRR but dispensable for NHEJ

XPF/ERCC1 deficient mammalian cells exhibit a moderate sensitivity towards DSB inducing
agents and ionizing radiation suggesting a role of XPF/ERCC1 in one or more sub-pathways
of DSB repair in an NER-independent manner (Ahmad et al., 2008; Mogi & Oh, 2006;
Murray et al., 1996; Wood et al., 1983). The yeast homolog Rad1/Rad10 of XPF/ERCC1 is
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known to be involved in HRR as well as NHEJ by removing non-homologous 3’ single-
stranded flaps (Al-Minawi et al., 2008; Niedernhofer et al., 2001; Sargent et al., 1997). The
heterodimeric complex has been accounted for the error-prone single-strand annealing (SSA)
sub-pathway, gene conversion, and homologous gene targeting in HRR of yeast and mammals
(Adair et al., 2000; Fishman-Lobell & Haber, 1992; Ivanov & Haber, 1995; Niedernhofer et
al., 2001; Sargent et al., 2000), whereas in NHEJ the complex is only known to take part in
the Rad52- and Ku70/Ku86-independent microhomology-mediated end-joining (MMEJ) sub-
pathway (Ahmad et al., 2008; Bennardo et al., 2008; Ma et al., 2003; McVey & Lee, 2008;
Yan et al., 2007). Notably, these studies primarily focus on mice, yeast, and hamster cells, but
only hypothesize an involvement of the human XPF/ERCC1 complex during HRR, never
testing a complete human knockout cell line. As shown in Figure 22A, in the newly generated
XPF KO cells, HHR capability is reduced to 60%, while no effect on NHEJ could be
observed (Figure 22B). This strongly implicates human XPF for error-prone single-strand
annealing, gene conversion, and homologous gene targeting, rather than microhomology-
mediated end-joining strengthening the importance of human XPF in the HRR subpathway of
DSB repair, already indicated by the yeast based studies. Anyhow, the XPF KO cells only
displayed a mild sensitivity against DSB inducing agents (Figure 20D-F), because
XPF/ERCCL1 is only involved in sub-pathways of HRR as well as NHEJ, loss of the protein
may be compensated in DSB repair, unlike during NER or ICL repair, where the
endonuclease is essential for functional repair. XPF is involved in three different HR related
repair mechanisms and plays a key role in ICL repair not only via its endonuclease function,
but also in the late stage of HR during ICL repair (Al-Minawi et al., 2009). Although no
significant effect on cell survival of the XPF KO cells could be shown after treatment with
DSB inducing drugs, these cells did show a slight decrease in survival. This could be due to
adding effects, rendering the KO cells less capable of repair in terms of HRR substrates that
cannot be removed by NHEJ. For bleomycin the mode of action is still unsolved, but it is
hypothesized that it chelates metal ions forming a pseudoenzyme that reacts with oxygen
resulting in superoxide and hydroxide free radicals cleaving DNA (reviewed in Hecht, 2000).
CPT and etoposide are topoisomerase inhibitors. While TOP1 is irreversibly trapped to the
DNA by CPT, resulting in replication or transcription induced DSBs (reviewed in Tomicic &
Kaina, 2013), etoposide forms a ternary complex with TOP2 and the DNA, thus preventing
re-ligation of the DNA strands and resulting in DSBs (reviewed in Pommier et al., 2010).
XPF/ERCCL1 is also implicated in a pathway repairing Topl-attached DNA nicks in an NER
dependent manner (Takahata et al., 2015).
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Interestingly, the overall level of HRR capability was lower (up to 33.27%) than the NHEJ
activity (up to 98.92%) in the WT cells. Although, the repair template is encoded on the same
plasmid, cell-cycle dependent expression regulation of DSB repair genes could be an
explanation for this. Different DSB repair pathways compete for DSBs, and the balance
between different subpathways varies among species, cell types and cell cycle phases.
Expression of DSB repair genes of HRR and NHEJ can be regulated by phosphorylation of
proteins, chromatin modulation of repair factor accessibility, or the availability of
homologous repair templates. Cells actively shift from NHEJ towards HRR during cell cycle
progression from G; to S/G, phase in lower and higher eukaryotes. Studies showed that
RAD51 and RAD52 expression is low in Go/Gy, and strongly increases in S and G2/M phase
(Chen et al., 1997).

5.5 XPF and ERCC1 splice variants could successfully be cloned from

wildtype fibroblasts, show stable expression, and localize to the nucleus

The major aim of this project was to functionally characterize and test physiologically
relevant, spontaneous MRNA splice variants of the two endonucleases XPG and
XPF/ERCCL1. Therefore, it was a prerequisite to generate artificial constructs of these splice
variants for further functional in vitro experiments. This had already been done for XPG
during my master thesis (Lehmann, 2013), but so far except their existence (see
www.ensembl.org) nothing more was known about XPF/ERCC1 splice variants. All
three/eight selected splice variants of XPF/ERCC1 have successfully been amplified from WT
cells and cloned into different expression plasmids (pcDNA3.1(+), pcDNA3.1(+)eGFP,
PcDNA3.1(+)myc/HisA2), presenting useful tools for further functional analyses.

Overexpression of the generated constructs lead to stable expression of proteins of the
expected size (see Figure 23, Figure A4). Although, the XPF splice variants show different
peak protein level over time, all three splice variants as well as the full-length protein are
stable over the time of the functional assays (48h). In contrast, ERCC1 splice variants, as well
as the full-length protein, generally decreased over time, except ERCC1-002 and ERCC1-008.
Differences in expression could be explained by proteolytic degradation (Fischer et al., 2004)
due to toxic effects of these shorter isoforms as they may constitute dominant negative effects
on DNA repair, which will be discussed later (see 5.7). Anyhow, densitometric analysis is not
the most resilient method of protein quantification and should only be regarded as semi-
quantitative. Many experimental factors influence the final results, as well as certain

subjective evaluation artifacts (Gassmann et al., 2009).
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DNA repair takes place in the nucleus; therefore it is necessary that all proteins involved are
either passively or actively transported into the nucleus. XPF splice variants XPF-003 and
XPF-202 both lack the C-terminal NLS (aa486-495) (see Figure 13). All ERCC1 isoforms
still maintain the NLS (aal2-20). In general, proteins of less than 40kDa (around 350aa) are
able to pass the nuclear pores by passive diffusion (Marfori et al., 2011). Therefore, ERCC1
should passively diffuse into the nucleus, whereas XPF-003 and XPF-202 depend on a NLS
as they lead to proteins of roughly 50kDa, suggesting a more inefficient transport for these
two variants as they only contain one of two NLS. Localization was analyzed by generating
C-terminally eGFP-tagged constructs. eGFP itself does not contain an NLS as it can passively
be transported into the nucleus due to its small size (26.9 kDa) (Seibel et al., 2007). However,
fusion proteins of eGFP and the different isoforms would depend on an NLS. Fluorescent
analysis (see Figure 24, Figure A4) showed that after 48 hours all isoforms localized in the
nucleus (see 4.3.1). This suggests that the activity of one of the two XPF NLS is sufficient for
nuclear import of the proteins and presents a prerequisite for catalytic activity of the splice
variants due to residual enzymatic or structural function. Interestingly, only XPF-202
displayed a rather uniform cellular distribution with an accumulation in the nucleus. As
already reported in the literature and shown in 4.4.4 for the XFE patient, dysfunctional or
unstable XPF protein shows an abnormal subcellular localization (Ahmad et al., 2010;
Kashiyama et al., 2013) (see Figure 31) suggesting that XPF-202 may not be involved in

functional DNA repair.

5.6 Splice variants of the two endonucleases XPG and XPF show residual

repair capabilities in NER and ICL repair

It is of special importance to analyze the residual catalytic or putative structural functions of
physiologically occurring, spontaneous mRNA splice variants of DNA repair genes (see
1.6.2). XPG splice variants I1-VI lack the endonuclease activity containing | region (see
Figure 12). During my master thesis, it was shown that isoform V and VI contain residual
repair capabilities. In the course of this PhD project, two splice variants of XPF (XPF-201 and
XPF-003) with residual repair capabilities were identified, but the isoform XPF-202 that only

differs from XPF-003 in the first 12 aa did not show any complementation.

Complementation of XPG- or XPF-deficient cells with full-length proteins only leads to
partial restoration of repair capability and does not reach WT levels. This discrepancy has
several reasons, e.g. transfection efficiency, synthesis and nuclear transport of the transfected

expression plasmids, resulting in a difference in actual repair time compared to WT cells
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containing the endogenous protein, and last but not least, posttranslational modifications that
may influence catalytic functions. Moreover, XPG and XPF are also involved in transcription
making the HCR assay rather useful for qualitative but not so much quantitative analyses. The
complementation effect of splice variants is even lower than observed for full-length proteins.
XPG isoform V and VI as well as XPF-003 only lead to a minor relative increase in NER and
ICL repair capability, yet, clearly statistically significant in comparison to mock vector
transfectants (see Figure 25, Figure 26). In comparison to the full-length proteins, this appears
to be a marginal increase, but it may have a strong impact on a patient’s survival or skin
cancer free life period. All these isoforms only contain one NLS, which results in a decreased
activity of nuclear import, partially explaining the low increase in repair capability. The effect
might be stronger if these variants could be transported into the nucleus more efficiently.
Emmert et al. examined a 14 year old Caucasian girl (XP65BE) with sun sensitivity, but no
neurological abnormalities that had not suffered of skin cancer so far (Emmert et al., 2002).
XPG mRNA expression was nearly normal. She had inherited one allele with an early stop
codon mutation from her father, while the maternal allele only showed a single base missense
mutation with a residual repair activity of 10%. Therefore, this residual functional activity in
one allele could be accounted for the mild clinical features without neurological
abnormalities, emphasizing that a rise in repair activity up to 10% can greatly influence the
severity of disease progression and skin cancer free survival time up to 20 years. This
indicates that also minor repair activities of splice variants may have a huge influence on the
cell’s repair capabilities. Furthermore, Thorel et al. (Thorel et al., 2004) reported about a 28
year old patient with advanced XP/CS symptoms that had two XPG alleles producing a
severely truncated protein. Interestingly, an XPG protein lacking seven internal amino acids,
leading to residual endonuclease activity in vitro and weak TFIIH interaction ability, was
generated by alternative splicing. The residual effects of this protein prolonged the patient’s

life for several years.

Commonly, all three splice variants of XPF and XPG evolve from alternative splicing and
intron retention (five to eleven aa) (Emmert et al., 2001). XPG isoform V shows a motif
implicating the involvement of disulfide bonds in the protein-protein interaction surface (T-C-
L-C-F-C-R). Numerous functions of intron retention have been explored over the last years,
ranging from enhancing proteome diversity and gene expression to regulatory functions
(reviewed in Graveley, 2001; Le Hir et al., 2003). Intron gain or loss has been an important
evolutionary engine over time (reviewed in Rogers, 1985). Large-scale analyses regarding

intron retention in a set of 21,106 human genes, revealed at least one intron retention in
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14.8% of the investigated genes, suggesting a biological function (Galante et al., 2004). The
question remains, whether there is evidence for functional introns influencing enzyme
activity, for example in DNA repair gene splice variants. This has not been reported in the
literature so far. However, intron-retaining splice variants of transcription factors have been
postulated to be risk factors for different types of cancer, e.g. breast cancer, lymphoma or
melanoma (Busse et al., 2009; Honda et al., 2012; Whiley et al., 2011).

Notably, loss of ICL repair capability was not as prominent in XPG-deficient (XP20BE) as it
was in XPF-deficient cells (see Figure 25B, C and Figure 26B, C). Thus, complementation
effects of functional splice variants were not as strong for XPG IsoV and VI as they were for
XPF-201 and XPF-003 compared to non-functional splice variants. There is a long and
ongoing discussion about the importance of XPG during ICL repair, while it is essential for
NER. Anyhow, discussion of ICL repair presents a major challenge. Up until now,
understanding of the process is still poor. Indeed, there are many inconsistencies,
contradictions, and uncertainties regarding the literature due to the numerous crosslinking
agents with differing properties and products. Dual incision of an ICL is much more difficult
to investigate. In prokaryotes, like E. coli, the UvrABC system, using a mechanism involving
an ATP-dependent strand separation step, is able to cleave on both sides of an ICL (reviewed
in Batty & Wood, 2000). In mammalian cells the mechanism is still unclear. Unhooking is a
key step during ICL repair; therefore identification of the critical factors is clearly important.
In regard to the NER pathway, roles of XPG (3' incision) and XPF/ERCCL1 (5' incision), are
of special interest. Unwinding could take place on both or only one side of an ICL, creating
an open structure for endonucleases to access the lesion. Depending on the position of an ICL,
XPF/ERCCL1 is able to cleave on either side (Kuraoka et al., 2000), but also XPG may be
involved in cutting 3’ to a junction between duplex and single-stranded DNA (Evans et al.,
1997a). Moreover, additional nucleases could be implicated in ICL unhooking depending on
the situation. Cells deficient in XPF or ERCCL1 are hypersensitive to crosslinking agents, but
cells with defective XPG or other NER genes, generally only display modest sensitivity
(Andersson et al., 1996; Clingen et al., 2007; Damia et al., 1996; De Silva et al., 2002; Hoy et
al., 1985). Furthermore, as shown in Figure 25 and Figure 26 reduction in repair capability
compared to WT cells was lower in XPG (CP 6-fold, TMP + UVA 3-fold) compared to XPF-
deficient cells (CP 20 fold, TMP + UVA 6 fold). This emphasizes the essential role of the
XPF/ERCC1 endonuclease in ICL repair due to dual involvement in ICL unhooking.
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Additionally, it seems as if there is a more important role for both endonucleases in removal
of CP induced crosslinks, which are known to be rather intra- than interstrand crosslinks. For
the experiments the HCR was adapted to CP and TMP + UVA induced lesions and only
represent replication-independent removal of ICLs, as there is no origin of replication located
on the pCMVluc plasmid (see Table 10). Previous studies showed that human cells deficient
in XPG nearly showed WT unhooking kinetics of psoralen + UVA induced ICLs (De Silva et
al., 2000; Rothfuss & Grompe, 2004), while XPF/ERCC1 deficient cells were unable to
unhook these lesions clearly indicating a necessity of the XPF/ERCC1 complex (De Silva et
al., 2000; De Silva et al., 2002). Trimethylpsoralen that was used during this thesis is a
psoralen derivative, but seems to be more efficient in producing ICLs. It was able to reduce
repair levels of XPG- and XPF-deficient cells (5.12%, 2.50%) (see Figure 21 and Figure 25),
but much less efficient than UVC or CP. Interestingly, CP induced ICLs rendered cells much
more sensitive and also impaired unhooking in XPG-deficient cells in other experiments as
well (De Silva et al., 2002). This again raises the question, how to handle compounds minorly
producing ICLs, but rather single strand adducts which are NER substrates, like CP, changing

the dynamics of ICL repair.

However, current models of ICL repair propose a fundamental role of the XPF/ERCC1
complex during the unhooking step of ICL repair, which is in concurrence with the results of
this thesis where both lesions result in nearly no residual repair capability in our XPF KO
cells. Furthermore, there are studies implicating XPF/ERCCL1 in an NER-independent ICL
unhooking at stalled replication forks, which could not be examined using the experimental
set up of this thesis (Fisher et al., 2008). As proposed before, XPF/ERCC1 may associate with
the scaffold protein SLX4 and two other structure specific endonucleases Mus81/Emel and
SLX1, when SLX4 enhances their nuclease activity (Andersen et al., 2009; Fekairi et al.,
2009; Munoz et al., 2009). An siRNA knockdown of SLX4 rendered cells sensitive to
crosslinking agents, but not UV irradiation, implicating an interaction of XPF/ERCC1 and
SLX4 outside of NER (Munoz et al., 2009). In regard to these results, a double knockout of
XPF and SLX4 is of special importance to test the complementation ability of the XPF-003
splice variant. The above mentioned results suggested an important protein interaction domain
of the very N-terminal part of the XPF protein. SLX4 is supposed as one interaction
candidate, therefore, a double knockout should diminish XPF-003’s complementation ability
at least in regard to CP and TMP + UVA induced lesions. Moreover, XPF-202 that only
differs from XPF-003 in the first 12 aa did not show any complementation and subcellular

localization showed a less distinct accumulation in the nucleus, but rather a distribution all

101



Discussion

over the cell (see Figure 24). This could also be explained by the disrupted interaction with
SLX4 that is an important platform and scaffold protein to organize DNA repair factors.
Apart from this, XPF/ERCCL1 is also involved in recombination and DSB repair (Adair et al.,
2000; Ahmad et al., 2008; Niedernhofer et al., 2001; Sargent et al., 1997), so it remains to be
elucidated whether the interaction between XPF and SLX4 is important for unhooking or
other crosslink repair associated pathways. However, there is strong evidence that
XPF/ERCC1 and SLX4 simultaneously load onto the ICL (Klein Douwel et al., 2014).
Additionally, SLX4 functions as a SUMO E3 ligase and sumoylates itself, as well as XPF
(Guervilly et al., 2015).

It remains to be elucidated, by which mechanisms, apart from protein-protein interactions
with other repair factors, splice variants are able to confer residual repair capabilities. As
mentioned before, XPG IsoV and VI as well as XPF-003 lack at least parts of the
endonuclease domains (see Figure 12 and Figure 13). The existence of a cellular backup
mechanism for the XPG endonuclease was subject to the PhD thesis of Dr. rer. nat Steffen
Schubert, where he demonstrated that endonuclease defective XPG was able to perform
accurate NER in living cells. He proposed that severely truncated XPG splice variants can
structurally complement an XPG defect and lead to functional NER by recruitment of other
structure-specific endonucleases like Fenl. These endonucleases can then cleave the DNA
and repair can proceed (Schubert, 2014). A similar mechanism could be implicated for the
XPF/ERCC1 endonuclease complex, but was not subject of this thesis and will therefore not

be further discussed.

5.7 XPG and XPF splice variants exert a dominant negative effect on wild

type NER capacities

Dominant negative inhibition describes the manifestation of an impaired WT gene product
function by co-expression of a mutant variant, originating from the same gene product
(reviewed in Herskowitz, 1987). Interference of splice variants with endogenous DNA repair
in regard to dominant negative effects has been investigated in 4.4.3. Therefore, exemplarily
effects on NER have been analyzed after generation of cell lines stably overexpressing XPG
and XPF splice variants as well as full-length proteins. Overall, two XPG splice variants
(XPG IsoVI and XPG-201), as well as WT XPF and all three splice variants (XPF-201, XPF-
003, XPF-202), exhibited a dominant negative effect on MRC5Vi WT NER capabilities (see
Figure 27).
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In the human genome, the majority of protein-encoding genes are subject to physiological
splicing. Interestingly, pathological splicing has been reported in cancer tissue (reviewed in
(Srebrow & Kornblihtt, 2006; Zhao et al., 2016)). For example, a negative effect of Chk2
splice variants and their effect on downstream substrates like p53, and Cdc25A/C that are
involved in cell cycle arrest and apoptosis have been reported, suggesting alternative splicing
as a mechanism for repression of WT protein function (Berge et al., 2010). Interestingly, a
polymorphism of the splice acceptor site in intron 11 of the XPC gene, a central player in
NER, results in the expression of a functionally dominant negative splice variant that reduces
NER by about 50% (Khan et al., 2002). This polymorphism occurs as a haplotype with
another polymorphism in the XPC gene (Khan et al., 2000) and could be associated with an
increased risk for SCCs of head and neck, as well as melanoma development (Blankenburg et
al., 2005; Shen et al., 2001). Dominant negative effects have already been observed for other
enzymes besides XPG and XPF/ERCC1, like the telomerase catalytic subunit (hTERT).
Although lacking telomerase activity, low levels of hTERT mRNA has been shown in
different human tissues. Furthermore, six splice variants, among which one deletion variant
missing parts of the catalytic core, have been described (Kilian et al., 1997). This particular
splice variant inhibits endogenous telomerase activity in developing tissues, thereby leading
to telomere shortening and chromosome end-to-end fusions (Colgin et al., 2000). This is in
concurrence with XPF-202, XPF-003, and XPG-201, which also lack parts of the catalytic
protein domains. Moreover, dominant negative inhibition is often seen in splice variants of
multisubunit proteins, e.g. isoleucyl-tRNA synthetase. If the variant is co-expressed with the
WT protein, assembly of a functional complex might be impaired due to formation of
dysfunctional complexes as the variant and the WT protein compete for binding partners
(Michaels et al., 1996). This could also be the case for XPF splice variants in view of
heterodimer formation with ERCC1. Anyhow, this would only apply for XPF-201, as XPF-
202 and XPF-003 lack the HhH, motif important for ERCC1 interaction.

The observed effects could also be due to simple protein overload in the cell, due to the strong
and artificial overexpression, leading to unproductive protein interactions of splice variants
with a repair capability lower than the WT protein. Furthermore, protein ratios between XPG
and XPF could be disturbed. As mentioned before the excision process is highly coordinated
between XPF/ERCC1 and XPG following subsequent binding and cutting steps. However, it
is possible that the results only represent gene dose effects. Interestingly, effects were much
more significant and extensive for XPF than for XPG, suggesting that XPF protein ratios,

interactions and functions are more sensitive to changes than XPG. Milne and Weaver already
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reported about the disruption of DSB repair through nonfunctional interactions of Rad52
splice variants and proposed the formation of a higher order repair/recombination complex,
potentially containing other yet unidentified components (Milne & Weaver, 1993). Taken
together, interpretation of dominant negative effects is difficult due to experimental

challenges and merit further investigations.

5.8 Artificially generated XPF point mutants behave differently in the
newly generated XPF KO cells

In vitro reconstituted NER using purified recombinant proteins (~30 proteins), as well as dual
incision assays with constructs containing defined lesions, have been applied over the past
decade to analyze interactions between the endonucleases XPF/ERCC1 and XPG during the
excision step of NER and ICL unhooking (Lindsey-Boltz et al., 2014; Moggs et al., 1996;
Tapias et al., 2004). In course of these experiments, several essential residues of those
endonucleases have been postulated and were subject to further in vivo analyses using the

newly generated XPF KO cells in this thesis (see 4.4.4).

In the fully reconstituted in vitro NER system, the mutant XPF D668A (designated D676A in
older publications) was devoid any NER activity and only lead to a marginal increase of 3’
incision in the dual incision assay. Therefore, this variant is often used as an endonuclease
defective XPF control (Sertic et al., 2011). Addition of XPF D668A to XP-F patient cells only
resulted in an UDS (unscheduled DNA synthesis), another readout for functional NER, of 8%
of WT cells (Staresincic et al., 2009; Tapias et al., 2004). In conflict with these results, the
D668A mutant showed complementation like WT cells or full-length XPF protein using the
HCR assay, whilst D731A did show neither NER nor ICL repair capabilities. In the literature,
this variant, also known as D720A, was only implicated to be essential for ICL unhooking.
Fisher et al. (Fisher et al., 2008) performed ICL specific in vitro studies and postulated a role
of this residue in a 3’-5" exonuclease activity of XPF, which is also present in the yeast
homolog Radl/Rad10 (Guzder et al., 2004; Mu et al., 2000). Other in vitro studies also
reported about residual NER capabilities of D720A (Tapias et al., 2004), while Staresincic et
al. could not confirm this in their dual incision assays (Staresincic et al., 2009). This clearly
illustrates the differences between artificially reconstituted and physiological test systems and

the need for suitable model cell lines with a full protein reservoir.

The HhH, domain is highly conserved in XPF and ERCCL1 (Gaillard & Wood, 2001; Sgouros

et al., 1999) and is essential for the dimerization of the hydrophobic C-terminal parts of the
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proteins in order to function as a stable heterodimer (Tripsianes et al., 2005; Tsodikov et al.,
2005). XPF Phe905 and ERCC1 Phe293 are thought to be residues essential for interaction,
anchoring the proteins together (Figure 8). This has been confirmed by mutational studies for
ERCC1 Phe293, which resulted in abolition of dimerization and enzyme activity (de Laat et
al., 1998c; Sijbers et al., 1996b). However, despite identical biochemical features this has not
been shown for XPF. A general dogma implicates that neither protein is stable without its
heterodimeric partner and will rapidly be degraded due to aggregation (Choi et al., 2005;
Tripsianes et al., 2005). Functional assays determined complementation abilities of two
artificially generated XPF Phe905 point mutants, FO05A/P, like full-length XPF during NER
and ICL repair (see Figure 29). In this new setting, these residues do not seem to be essential
for repair, and interaction with ERCC1. Furthermore, XPF and ERCC1 proteins could be
detected after overexpression of the mutant variants in the XPF KO cells. Anyhow, protein
stability seemed to be affected in the F905P variant, because nuclear levels of ERCC1
appeared to be lower compared to WT cells (Figure 31). This suggests that XPF Phe905 is
involved in XPF ERCCL protein-protein interaction, but not essentially, and that interaction
between XPF and ERCC1 might be established by a larger interaction patch including several
residues (Choi et al., 2005).

Moreover, protein stability and mislocalization play an important role in regard to
physiological DNA repair activity. The P85S mutant was described to retain normal ERCC1
binding in dual incision assays and an intact nuclease function comparable to the WT protein
in vitro. Anyhow, this residue is important for the interaction with RPA70 and critically
associated with nuclear import as it compromises the NLS. Although defective interaction
with RPA showed little impact and seemed to be dispensable in vitro, CHO cells with this
mutation were sensitive to UV irradiation and showed a decrease in 6-4PP removal (Fisher et
al., 2011a). The picture does not seem this black and white, as the P85S mutant contains a
high complementation capability in the new experimental setting, though not as high as WT
or full-length protein levels (Figure 29). It is possible that the expression of one functional
NLS is enough for a full-length protein to reach sufficient nuclear protein levels, and could be
investigated further using the XPF KO cells. Furthermore, RPA is also involved in
positioning and stimulating the catalytic activities of XPF (Matsunaga et al., 1996). In
contrast, the R153P allele of an XFE patient showed a decrease in complementation ability of
about 5% for UVC induced lesions (also reported in (Niedernhofer et al., 2006)). In vitro this
mutation lead to a catalytically active recombinant protein, while in vivo the XPF/ERCC1

heterodimer could only be observed in the cytoplasm. Microinjection could rescue nuclear
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localization (Ahmad et al., 2010). Analyses of protein localization performed in the course of
this thesis, showed no nuclear XPF or ERCC1 in the XPF KO cells after overexpression of
the R153P variant (Figure 31). This corroborated the finding that ERCC1 is not stable in the
cytosol without its heterodimeric partner (Lehmann et al., 2017), and further aggravates to a
functional XPF protein. Indeed, this emphasized that correct sub-compartmentalization of
DNA repair and mislocalization of the XPF protein to the cytoplasm, as well as protein
misfolding, seem to regulate NER as well as ICL repair. This could lead to severe symptoms
like XP/CS or XFE, rather than only a catalytic impairment of the protein. In addition, studies
of the XFE patient with the p.R153 mutation exhibited a global attenuation of the
somatotrophic axis with an upregulation of Ppar ao/y to rescue energy storage. This implicates
a link between genome maintenance and systemic dampening of the growth hormone/IGF1
hormonal axis, connecting DNA damage and aging (Niedernhofer et al., 2006). Therefore, the

XPF KO cells might also present an interesting model to study accumulated aging processes.

In line with the literature, the patient allele C236R showed a lower complementation
capability than the full-length protein, confirming in vitro results that reported reduced
endonuclease activities. This leads to an XP/CS complex phenotype (Kashiyama et al., 2013).
Full complementation could also be observed for the XP patient allele R490Q, as expected for
a mildly affected patient. On the other hand, the FA patient allele R689S only showed
complete NER complementation abilities, while ICL repair was decreased. This is confirmed
by the literature, as patient cells are sensitive to the ICL inducing agent mitomycin C, but not
UV irradiation and show nearly normal UDS levels. Moreover, in vitro studies showed that

cells are proficient in NER excision, but impaired in ICL unhooking (Bogliolo et al., 2013).

To summarize this, it becomes clear that this new cellular background is a tantalizing tool for
further mechanistic analyses. Reconstituted systems present good models, but are limited by
the artificial combination of recombinant proteins, while in vivo even until now unknown

components could be involved and discovered.

5.9 Importance of XPG isoforms for personalized medicine and further
perspectives

Personalized medicine has been in the focus of research over the past decade. Differential

expression of XP splice variants between individuals and even different tissues may be

determining patient specific overall repair capacity, and thereby resistance to different

therapies could be clarified. Resistance, e.g. in chemotherapy against cancer, arises from
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different levels of DNA repair and has been shown to be a target for small molecule inhibitors
(Gentile et al., 2016). NER and ICL repair eliminate various types of DNA lesions including
UV irradiation and platinum-based therapy induced lesions. Furthermore, personal expression
levels of DNA repair genes are of special interest, as it was shown that resistances to
platinum-based therapy correlate with high expression of ERCC1 (Barakat et al., 2012).
Interaction between ERCC1 and XPA is essential for NER regulation, and XPF/ERCC1
activity can be inhibited by blocking this interaction, sensitizing cancer cells to UV
irradiation. Additionally, in silico drug screens have identified inhibitors of the XPF-ERCC1
interaction domain, disrupting the complex (Jordheim et al., 2013). Moreover, high ERCC1
expression has been correlated with poor response in different cancer entities like e.g. non-
small cell lung cancer, esophageal cancer, breast cancer, colorectal cancer, as well as head
and neck cancer (Bilen et al., 2014; Choueiri et al., 2015; Gerhard et al., 2013; Hayes et al.,
2011). Notably, testis tumors with reduced protein levels of XPF, ERCC1, and XPA could be
cured using cisplatin-based chemotherapy even in advanced metastasis stages (Welsh et al.,
2004). Expression levels of splice variants in different tissues have been shown to be more
suitable to distinguish between oncogene and non-oncogene samples than the primary gene
transcript itself (Zhang et al., 2013b). Besides, tumor-specific splice variants are often
overexpressed (Blair & Zi, 2011; Brinkman, 2004; Yi & Tang, 2011). In regard to this, the
abundance of splice variants with residual repair functions could be used as prognostic factors
for therapy outcome, as well as for personalized and targeted medicine. Therefore, repair
increasing functions and duration of skin-cancer free survival time in patients with a lack of
the primary transcript (see 4.4.1) (Thorel et al., 2004) as well as dominant negative functions

(see 4.4.3) in healthy individuals have to be weighed and evaluated in larger collectives.

Due to a limited amount of material inter-individual differences in a small collective of 20
healthy donors as well as expression differences in 20 tissues have been assessed by gRT-
PCR only for XPG and its two splice variants with residual repair function (IsoV and VI),
whereas IsoVI also displayed dominant negative effects in wildtype cells (see 4.5).
Interestingly, individuals with a high expression of isoform VI showed a low expression level
of the primary transcript, implicating a dominant negative effect of this variant on full-length
XPG expression, which could also be seen in functional repair assays (see Figure 27). In the
future, XPG mRNA levels of splice variants could be quantified in special, e.g. high-risk
cancer populations (patients with multiple dysplastic nevi and high melanoma risk, or organ
transplant recipients with high SCC risk). Clinically, as well as epidemiologically, this would

be of high importance in order to investigate beneficial or negative influences of these
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variants on tumor development, disease outcome, therapeutic efficacies, and side effects.
Inter-individual variations of DNA repair levels and association with cancer is well
documented. Therefore, implication of differences in expression levels of isoforms displays a
great prognostic value as cancer biomarker (Zhang et al., 2013b). Taken together, the
uniqueness of personal and tissue-specific expression levels, as seen in Figure 32 and Figure
33, of functionally active, alternatively spliced mRNA variants may thus be implicated in
cancer susceptibility, responses to chemotherapeutics and therapeutic success (Colmegna et
al., 2015; Hu et al., 2014; Li et al., 2013a; Sun et al., 2015).

5.10 Summary and conclusions

In conclusion, the novel and innovative CRISPR/Cas9 technique was established in the
laboratory and applied to successfully generate a viable human XPF KO cell line. A markedly
increased sensitivity to UVC, cisplatin, and psoralen activated by UVA, as well as reduced
repair capabilities for NER and ICL repair were determined. This cell line can now be used as
a valuable tool for further analyses regarding XPF’s various functions in different cellular
processes. It was shown that XPF is dispensable for ERCC1 protein stability but essential for
ERCC1 nuclear localization. Moreover, besides its essential role in NER and ICL repair,
XPF’s endonuclease activity appears to be partially essential in the HRR subpathway of DSB
repair. In the future, it might be possible to further investigate more general questions in DNA
repair, like the ongoing discussion about the essential nuclease for incising the DNA around
an ICL. This cell line could be utilized to clarify whether or not it might exclusively be XPF.
Other detailed mechanistic questions of repair pathways like NER can be studied in a setting
without residual XPF activity, as it has already been done for XPF point mutants in this thesis.
Moreover, the proposed method could be expanded to other genes of the DNA repair

machinery and in vitro as well as in vivo studies.

Furthermore, the residual repair capabilities lead to following questions regarding mechanistic
studies, for which the XPF KO cells present an excellent model cell line. The 12 N-terminal
missing aa of the inactive superfamily2 helicase-like domain of XPF may interact with the
SLX4 platform for DNA repair, as it is already described for Mus81 (Nowotny & Gaur, 2016;
Whyatt et al., 2013). In a follow-up research grant the interaction between XPF and SLX4
could be investigated by creating SLX4 CRISPR KO cells and even XPF/SLX4 double
mutants for functional repair assays. Moreover, additional interaction partner could be

identified applying proteomics and BRET analyses.
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Additionally, splice variants of XPF and XPG with residual repair capabilities, but also
dominant negative effects in NER and ICL repair, were identified. These variants show inter-
individual expression differences as well as expression differences in various tissues making
them promising prognostic marker for individual repair capability, disease outcome, and
therapy success. As these are preliminary results from a small collective of healthy donors,
analyses should be expanded to screening of a larger collective to identify actual prognostic
marker. As the same splice variants showed residual repair activity in a KO background, but
also dominant negative effects if overexpressed in a WT background, one would expect a
high expression of such splice variants to be associated with rather unfavorable disease
outcomes. This has to be further elucidated in large translational studies.
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Figure Al: Immunoblot results for wildtype XPG, the seven isoforms and two patient
alleles after overexpression in HeL a cells

Protein expression was assesed by horizontal SDS Page followed by immunoblotting after transient transfection
of HelLa cells with the different constructs (24-72h). Two different antibodies for XPG, one spanning the epitope
from amino acid 151-190 (Abcam) and the other from 650-700 (Bethyl), or an antibody directed against the
myc-tag were used. B-actin staining was used for normalization. Expression was quantified by densitometric

analysis.
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Figure A2: Subcellular localization of eGFP-tagged XPG isoforms and patient alleles

XPG isoforms and patient alleles were cloned into an pcDNA3.1(+)eGFP expression vector and overexpressed
in HelLa cells for 48h to analyze subcellular localization. Additionally, DAPI staining was performed to visualize
the nucleus. Scale bar = 50pum.
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Figure A3: Immunoblot results for protein levels of ERCCL1 splice variants over time

In order to analyze protein levels after overexpression of the splice variants in HelLa cells, horizontal SDS Page
followed by Immunoblotting was performed. Therefore, HeLa cells were transiently transfected with the
different constructs and harvested after 24h, 48h and 72h and stained with an anti- myc-tag antibody. Anti-3-
actin staining was used for normalization. Protein levels were quantified in regard to the 24h value as there is no

endogenous myc-tag protein.
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Figure A4: Subcellular localization of eGFP-tagged ERCCL1 isoforms and patient alleles

ERCC1 isoforms were cloned into an pcDNA3.1(+)eGFP expression vector and overexpressed in Hela cells for
48h to analyze subcellular localization. Additionally, DAPI staining was performed to visualize the nucleus.
Scale bar = 50pum.
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