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Abstract

Mammalian cells have developed a set of DNA repair pathways to protect the genomic
information from mutations that could lead to cancer or cell death. Each DNA repair pathway
responds to a specific kind of DNA damage. The Fanconi/BRCA pathway is one of these
specialized and highly important DNA repair networks correcting interstrand cross-links that
would lead to highly toxic double strand breaks if left unrepaired. Mutations in the
Fanconi/BRCA pathway cause a rare blood and cancer susceptibility disease called Fanconi
Anaemia. The concept of synthetic lethality is used in cancer treatment to kill specifically cancer
cells. Synthetic lethality refers to the inhibition/deficiency of two gene products that leads to
cell death while inhibition of either one alone does not affect viability. The treatment of BRCA-
deficient breast and ovarian cancers with PARP inhibitors is an application of this concept,
which proved successful in clinical trials. Fanconi genes are found regularly mutated in cancer
and so far, there are a few described synthetic lethal interactions in the Fanconi pathway, which
opens the possibility of exploiting this synthetic lethality for cancer treatment. The term
“synthetic viability” instead, refers to a genetic interaction in which a cell that is non-viable,
sensitive to a specific drug, or altered due to the presence of a genetic mutation, becomes viable
with a second mutation in a different gene. The objective of the thesis was to find novel
synthetic lethal or viable interactions between the Fanconi proteins FANCA and FANCD2 and
other DNA repair pathways. For this a method was developed, the colour competition assay
that detects synthetic lethality or viability by cytometer measurement. With the CRISPR/Cas9
method knock-out clones for FANCA and FANCD2 were generated and used with shRNA for
silencing a second gene in a DNA repair pathway. Additionally, commercial or patient cell lines
with known knock-outs in genes of other DNA repair pathways were employed and treated
with shRNA to test for synthetic lethality or viability with FANCA or FANCD2. The colour
competition assay could not discover any novel synthetic lethal interaction, it revealed a
synthetic viability interaction between FANCA and FEN1 that and a second synthetic viability
between FANCA and two proteins of the NER pathway, XPA and XPF. This discovery could lead

to potential therapeutic applications in Fanconi anaemia treatment.



Table of Contents

1

2
3

0L 0 76 L0 ot () U 1
1.1  Genomic instability and DNA IePail ... 1
1.1.1 DNA Damage and Genome INStability ... ssessssssessesans 1
1.1.2 DINA REPAIT PAtNWAYS ..cueueerieeirieecesetsesseiset e sssssse st ssssss s ssssssss st snsans 2
1.1.2.1  BQaSE EXCISION TEPAIT wcirrerererrerererressessssesessssesssssssesssssssesssssssesssssssesssssssesssssssesssssssessssssssasssnsssans 2
1.1.2.2  MiSMALCR FEPAIT oeueeeeerieeeeeeeceseieess st s e bbb bbb bbb s 4
1.1.2.3 Nucleotide excision repair and photosensitivity Syndromes ... 5
1.1.2.3.1 Xeroderma PigMENTOSUITL ...ocueeeureeeesseessesseessessesssessessesssessesssessssssessssssessessssssssssssasees 7
1.1.2.3.2 COCKAYNE SYNAIOIME .....curerrerrreesrensereseeessesmsesssessssessesssessseesssesssssssesssesssssssssssesssesssssssessans 7
1.1.2.3.3 Segmental progeria syndrome (XFE) .....ccoenenenenienessseeseesseesseesseesns 8
1.1.2.4 Interstrand cross-link repair and Fanconi anaemia.......coeeeeneeneemeesseesseeesneens 8
1.1.2.4.1 The FA COre COMPLEX...cerreereerreerreeeeeesessessseesssesssesssessseessssssessesssessssssssssssssssessssssssssans 9
1.1.2.4.2 The ID2 COMPLEX ..o sssssssssssssssssssssssssssssssssssssssss s sssssssssssssssssssnes 10
1.1.2.4.3 The downstream proteins and the unhooking of the ICL ......ccovucveeenreerennne. 11
1.1.2.4.4 Translesion SYNTRESIS ... sesssessenas 14
1.1.2.5 DNA double strand breaks rePair .......ccoeeenenmeeseeserneesseessessessessssssesssesessesssessessesns 14
1.1.2.5.1 Homologous reCOmMbDINAtioN. ... eeeseersrerreesseesseesseessesssesssesssessessssesssessessssessessnes 15
1.1.2.5.2 Non-homologous end joining and alternative DSB repair.......cccuecreenreuneen. 17

1.2 Synthetic lethality and Viability ... seessessessesssessssssasees 18
1.2.1 The concept of synthetic lethality and viability in oncology........ccoeneereeenreereenne. 18
1.2.2 Synthetic lethal/viable interaction of the FA pathway ... 20
1.3 The CRISPR/Cas9 system and gene editing........oeerneeeesrmessmeesmeesseesseessesssesssesssessssesseees 23
ODJECEIVES ..cereueereueereesrereesseeseessessses e s s ss bbb R s R EEEsEs e EseEaRE R bR et 25
Material Und Methods ... s 26
3.1 Cell lines and Plasmids ....c.ooeeeermermerseesseessseessessesssesssesssesssesssesssessssssssessssssssssssssssssssesssesssessss 26
3.2 Establishing of U20S and RPE1 know-out cell lines with the CRISPR/Cas9 method 31
3.2.1 SERNA target SEqUENCE SELECHION ...uvvureeeeeeerrerreessees s seesse s sssessaas 31
3.2.2 AVZ=Tot o) o7 o 153 1 0 ot (o) o PO TP 31
323 Lentiviral particle production ... sssesssssessesssessssssssnns 36

3.2.4 Cell transduction and CloNe SElECHION. ...ttt ssase e e s 37



3.25 Western blot validation of Knock-out clones.......enenneeneeneeneeenseseesseeesseennees 38
3.2.6 Sanger sequencing of the obtained knock-out clones ........onneecneeneeenecensernseenne. 41
3.2.7 Functional studies and SUrvival @SSays.....c.cmeereenmeuneensesnsesssessessssssessssssssssssessssssesnns 44
3.2.7.1  ColONY fOrMING ASSAY wrvurrerrerrerrrerseeseessessesssessssssssesssesssassssssssssssssssassssssssssssassssssssssssssasssanes 44
3.2.7.2 Sulforhodamine B SUIVIVAL.......oncnneseecseeseseesessesssessssssssssssesssssssssssssssssssnns 44
3.2.7.3 Micronuclei-chromosome-fragility and cell cycle .....neneennereenseneeneenn. 45
3.2.7.4  UV-SenSitiVity SUIVIVAL ..o sssssssssssssssssssssssssssssssssssssans 47
3.3  SiRNA transfection for protein KnoCK-dOWn.......nnneeneensenseseeseeseesessessseesessesssssseens 47
3.4  Cytometer based Colour Competition ASSay (CCA) ..oumrmnenmenemsnsssenssssssssssssssssssssens 48
3.4.1 Set up conditions anNd CONIIOLS ... —————— 48
3.4.2 Set up of cell lines with parental control cell line........cooeneenmeenmeeneeseceneeesseeseennes 49
3.4.3 Set up of cell lines without a parental control cell linge ......ovecneneenneneesresseeneenn. 50
344 Colour competition assay with inhibitOrs ... 50
3.45 Set up of cell liens without selection MAarker ... 50
3.4.6 Cytometer measurement and data analysis of the CCA ......conmeeenecnecenecennernneenne. 51
4 ReSUILS and DiSCUSSION ..cuueereeeemreesseerseeeseemseesseesseessesssesssesssessssssssesssessssssssesssesssessssssssssssesssessssssssesssessseeeas 52
4.1  Establishing of the U20S knock-out cell lines with the CRISPR/Cas9 method............. 52
411 Expression of Cas9 and fluorescence proteins ... eeeneeseesseesnsesssesssessnes 52
4.1.2 Characterisation of the FANCA KO ClONEe ......oceeerecereeeneeeeseesseerssesseesseesseesseessesssessnes 53
4.1.3 Characterisation of the FANCD2 KO CIONE ......ouvuniercuneeneenseiseeseeisseeseessessseesssessessesanas 56
414 Characterisation of the PARP1 KO ClONE......oeeerecerecenreeeeseesseerssessessseesseessessesssesnnes 58
4.2 Theory of Colour COMPELItION @SSAY ...ucuerreereeseerssersesssersseesssessessssssssssssesssssssesssessssssssssssssses 59
4.3  Searching for synthetic lethality or viability with the cytometer based colour
competition assay between FA and different DNA repair pathways.......cccoeeneeeneceneeen. 60
4.3.1 Colour competition assay proof of principle and synthetic lethality controls.... 60
4.3.2 Testing for synthetic lethality or viability between base excision repair and FA
PIOTEIIIS oottt teeseeset ettt e es e ess s s s bR bbb 65
4.3.3 Testing for synthetic lethality or viability between mismatch repair and FA
0 =) o PP 66
4.3.4 Testing for synthetic lethality or viability between the nucleotide excision
rePair and FA ProteinS ... sssesssees s sssssssssssssssssssssssssssessssssasessnes 68
4.3.5 Testing XPF KO and XPF mutants for synthetic lethality or viability with FA
0 =) 4 PP 69
4.3.6 Testing for synthetic lethal or viable interaction in FANCA KO background....... 74



5
6
7

4.3.7 Testing for synthetic lethal or viable interactions in FANCD2 KO background..81

4.4  Summary of the findings and future PersSPeCtiVes......rnernseeneesseessesseesseseseesssssseeanes 82
000 1 ol 103 (o) o 100N OSSP 84
REFEIEIICES .ouveureererrerere et et eess s s s s bR SRR R R 85
2 0D =TT 100



1 Introduction

1.1 Genomic instability and DNA repair

1.1.1 DNA Damage and Genome Instability

Desoxyribonucleic acid (DNA) is the molecule that stores, preserves, and passes on all
information relevant for the function of cells. The entire genetic information of a cell is encoded
in DNA and is called the genome. As the genome is necessary for the function of the cell, it is
essential to maintain the genome free of damage and lesions [1][2]. This leads to the necessity
of mechanisms to preserve the genetic information and to repair DNA. If lesions cannot be

repaired and the damage change the genetic information, this is referred to as mutation

(figure 1).
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Figure 1: Types of DNA damage and their frequency, adapted from [6]

DNA damage can lead to the accumulation of mutations, which can cause functional changes in
the encoded proteins. In extreme cases, this can result in either cell death or dysregulation of
cell growth. One way to protect an organism from aberrant cell growth is aging. Depending on
the damage, aging means either cell death or senescence which prohibits cells from
enteringfurther cell cycles [3]. This prevents cells form accumulating more damage over cell

cycles and become eventually immortal cancer cells [4][5].



1.1.2 DNA Repair pathways

DNA damage can be caused by many endogenous sources side product of metabolism such as
reactive oxygen species (ROS) or aldehydes or from exogenous origins like ultraviolet (UV) and
ionizing radiation, or toxic chemicals [6]. With this amount of assault, the potential of cells to
divide would soon be exhausted if senescence was the only way of protection. Thus, cells
evolved highly specialised multi protein pathways to detect and repair DNA damage (Figure 1).

For the purpose of this thesis, the focus will be on the major DNA repair pathways.

1.1.2.1 Base excision repair

Base excision repair (BER) is specialised in repairing non-bulky lesions mainly caused by
deamination, oxidation, or methylation of bases [7]. This repair pathway, as all following ones,
mainly take place in the nucleus of the cell where the gDNA is stored. The first step of BER is
the incision of the damaged base by one of at least eleven DNA glycosylases which hydrolyse
the N-glycosyl bond of the damaged base and create an abasic site (AP) [7]. This initial incision

is followed by end processing, repair synthesis and ligation.

The glycosylase removing the altered base depends on the type of base damage. Also, the
following steps are mediated by different proteins depending on the glycosylase involved. In
humans there are four classes of DNA glycosylases that can initiate the first step of BER repair
and they are grouped by conserved folds and motives. One is the Uracil (Ura)-DNA glycosylase
superfamily that specifically excises Ura form DNA single or double strands while it shows no
activity to Ura in RNA [8]. In humans, three Uracil-DNA glycosylases are known: UNG, TDG that
exclusively excises Ura or Thymidine (Thy) from mismatched Guanine (Gua) (Figure 1), and

SMUG1, which is only found in eukaryotes and has an affinity for Ura abducts [8][9].

Some members of the Nth superfamily of glycosylases have a FeS cluster like NTHL1, MUTYH
and MBD4 while the others only keep the Helix-turn-Helix and GPD motif. They are the most
diverse group of glycosylases which can work on oxidized purines and 8-oxoguanine-DNA

(Figure 1). To this family belong the NLTH1, 0GG1, MUTYH and MBD#4 glycosylases[8][9].

The fpg/Nei superfamily of glycosylases are bifunctional. NEIL1, NEIL2 and NEIL3 are the

human members of this group which removes oxidized pyrimidines and formamido-

2



pyrimidines. NEIL2 is associated with transcription-coupled repair. MPG is a DNA-glycosylase
that does not fit in with the other enzymes, as it is a methylpurine-DNA glycosylase [8][9]. All

DNA-glycosylases favour specific kinds of damage but have also overlapping functions.

After the removal of the base the next step is end processing, the removal of the deoxyribose
phosphate by nicking the strand 5’ to the AP site which is done by APEX1 or in specific cases by
PNKP. Following this step BER can either continue through the short-patch or the long-patch
repair. For the short-patch repair only one single nucleotide is exchanged by Pol 8 and the
strand is ligated by either DNA ligase 1 or DNA ligase 3 [7]. For the long patch repair the strand
with the nicked AP site is extended by Pol §/¢ and the created flap is trimmed by FEN1 or
proliferating cell nuclear antigen (PCNA) before it is ligated through DNA ligase 1 [7]. X-ray
cross-complementation group 1 protein (XRCC1) interacts with pol  and Ligase 3 to activate
them [10][11].

The Poly-(ADP-ribosyl)polymerase 1 (PARP1) is an enzyme most known for its therapeutic
inhibition in triple negative breast and ovarian cancer. Its therapeutic effect is thought to be
over synthetic lethality (SL), which will be discussed in more detail in chapter 1.2, through an
impairment of the BER pathway. PARP1 deficient cells that are sensitive to methyl
methansulfonate (MMS), which causes DNA damage that is repaired over BER [7][9][12][13]
and PARP1 localises to sites of BER repair [12]. Even if PARP1 has been recognized as part of
BER, its actual function in the pathway is not understood and there are conflicting evidence
regarding its participation in the pathway [14][15][16][17]. Nonetheless PARP1 is an
important enzyme in DNA damage response (DDR) and what is known is its participation in
single strand break repair (SSBR) [18]. PARP1 is a Poly-(ADP-ribosyl)transferase, which
PARylates itself, histones and non-histone proteins. PARylation is the polymerisation of ADP-
ribose residues coming from NAD+ onto target substrates by PARPs. PAR itself is a highly
negatively charged, branch-structured posttranslational modification. PARP1 senses single
strand breaks (SSBs) which are formed after a glycosylase cut or after a nuclease. Binding of
PARP1 to DNA triggers a conformational change that activates its auto-PARylation [19] to
which, DDR protein XRCC1 binds and is recruited to the site of damage [18][20]. Another
function of PARylation is the relaxation of chromatin structure by PARylating of H2AX histone,

making the DNA damage more accessible for repair proteins [21][22].



1.1.2.2 Mismatch repair

The mismatch repair (MMR) pathway recognizes and corrects wrongly incorporated bases in
the newly synthetised DNA strand. This happens during replication, repair or recombination
when the polymerase incorrectly elongates the DNA strand. It is estimated that for a proof-
reading polymerase the frequency of wrongly incorporated bases is 10-7 per nucleotide [23]
while the ratio lays way higher for non-proofreading polymerases, MMR is decreasing this
number to almost zero. For this reason mutations in genes coding for MMR cause cancer
susceptibility syndromes with a “mutator” phenotype like Lynch syndrome or hereditary non-

polyposis colorectal cancer [24].

MMR is detecting and initiating repair through a dimeric heterocomplex of the MutS (Siegel
Mutator) and MutL (Salmonella LT7 Mutator) homologs. Both are heterocomplexes as well and
can bind different subunits, thus broadens the substrate specificity as the different subunits
show preferences for different damages. In eukaryotes, MSH2-MSH6 (MutSa) is the main
subcomplex for single base mismatches or two base insertions or deletions (InDels), in contrast
MSH2-MSH3 (MutSf) repairs larger InDels, MutLa is the main repair homolog consisting of
MLH1-PMS2 [25][26].

MMR proteins recognize specifically the nascent DNA strand to repair the damage: in
prokaryotes, the recognition and discrimination between the two DNA strands is facilitated by
the unmethylated status of the newly synthetized DNA strand while in eukaryotes the

mechanism is not yet understood [27].

The binding of MutSa to a mismatch activates its ATPase activity and triggers a conformational
change that promotes the binding of MutLa so that the dimer forms a clamp that can move along
the DNA [28][29][30][31]. Then PCNA activates MutLa to incises the strand both 5’ and 3’ to
the mismatch. The MutSa homolog recruits exonuclease 1 (EXO1) to digest the daughter strand
and RPA coates the created ssDNA [32][33]. Synthesis of the new strand is dependent on
leading or lagging strand with polymerase € and polymerase & respectively filling the gap

[34][35].



1.1.2.3 Nucleotide excision repair and photosensitivity syndromes

Nucleotide excision repair (NER) can recognize and repair a variety of different DNA damages
but its main target are lesions that distort the DNA double helix such as the one caused by UV
radiation (cyclopyrimidine dimers (CPDs), 6-4 photoproducts (6-4PP)), and cyclopurines

caused by reactive oxygen species (ROS) [36][37]. NER molecular pathway is divided in two
separate sub-pathways (figure 2).
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Figure 2: Schematic of the NER pathway with the two DNA damage recognition pathways GGR and TCR, taken from
[36]




One is the global genome repair (GGR) and the other one is the transcription coupled repair

(TCR). Both share the same steps to incise, elongate and ligate the affected DNA segment.

For the GGR the sensor protein xeroderma pigmentosum group C (XPC) with the help of
RAD23B and CETN2 probes the entire genome for helix distorting lesions [36][38][39]. The
primary function of RAD23B seems to be the stabilization of XPC: after damage recognition,
RAD23B disassociates from the complex with XPC and makes it unstable allowing the
subsequent steps of the pathway to take place [40]. The XPC complex is associated with UV-
damage-binding proteins 1 (UV-DDB1) and XPE/UV-DDB2 which are necessary for detecting
CPDs as these lesions do not destabilize the DNA helix much [41][42].

In the TCR damage recognition pathway, in contrast, NER factors are only recruited when UV-
damage stalls the transcription machinery. The arrested RNA-Polymerase II is the signal that
recruits Cockayne syndrome WD repeat proteins A (CSA or ERCC8), CSB (or ERCC6), XPA-
binding protein 2 (XAB2), UV-stimulated scaffold protein A (UVSSA), ubiquitin-specific-
processing protease 7 (USP7), high mobility group nucleosome-binding domain-containing
protein 1 (HMGN1), and transcription initiation factor TFIIH (or XPB) [37][43]. It is believed
that CSA and CSB are backtracking the RNA polymerase to access the damage and recruit the

NER proteins to the site of damage [37].

After the initial step of damage recognition, the GGR and TCR converge in a common pathway
to further process the damage [38]. The XPB-XPD complex opens the double strand through its
ATPase activity and XPD opens the strand in the opposite direction [36]. The formed single
strand DNA (ssDNA) is protected by replication protein A (RPA). XPA binds to RPA and acts as
a damage verification [36]. XPA also binds to ERCC1 of the ERCC1-XPF heterodimer and recruits
it to the damage. XPF too binds to RPA and is activated by it [44]. XPF (the gene is ERC(C4)
encodes a 5° flap endonuclease that incises 5’ to the DNA lesion. After that, the PCNA is loaded
on the strand and recruits the polymerase that fills the gap. On the 3’ site of the lesion the
nuclease XPG cuts the ssDNA and creates a 22 - 30 nt gap [45] only after XPF made the incision
[46].

The 3’ hydroxyl group created by the XPF incision can be used by polymerases to initiate repair
synthesis. This filling of the gap is the last step of the repair mechanism. It can be accomplished
by DNA polymerase (DNA pol) 6, DNA pol € or DNA pol k and the ligase of the nicks by ligase 1

or ligase 3. Studies have revealed that depending on the status of cells, replicating or non-



replicating different DNA polymerases and ligases are used [47][48]. The following chapters

will discuss some of the syndromes associated with mutations in NER proteins.

1.1.2.3.1 Xeroderma pigmentosum

One of the diseases that can originate from mutations in genes involved in the NER pathway is
Xeroderma pigmentosum (XP), which is an autosomal recessive inherited disorder that is
characterised by extreme photosensitivity and a high frequency of skin cancer. This is due to
DNA damage inflicted by UV radiation from sun exposure and that in normal individuals is
repaired by the NER pathway. Some patients instead of sunburn and photosensitivity manifest
abnormal skin pigmentation and lentiginosis, a few cases show also progressive neurological
abnormalities. Ocular abnormalities and increased risk of squamous cell carcinomas (SCC) are

also common in XP patients [49].

XP is caused by inherited defects in eight XP genes (complementation groups XPA to XPG and
XPV): the proteins from XPA to XPG are involved in the removal of UV- damage as shown in
figure 2 and XPV is involved in replication bypass of UV-damage [49]. As already mentioned the
symptoms can be very varied and differ from patient to patient: mixed forms of XP and
Cockayne syndrome (CS), Segmental progeria (XFE), or Fanconi anaemia (FA) have been
described [50][51]. While it is not possible to make definite genotype phenotype correlations,
it seems that genes involved in GGR are more prone to cause XP while genes further

downstream of damage recognition are more prone to cause mixed symptoms.

XP is molecularly diagnosed by efficiency of unscheduled DNA synthesis (UDS) after UV
radiation as the newly synthesised ssDNA in the NER process can be measured and

distinguished from the DNA replication occurring during the S-phase of the cell cycle.

1.1.2.3.2 Cockayne syndrome

Cockayne syndrome (CS) is a rare genetic disease with an autosomal recessive inheritance
pattern, characterised by developmental abnormalities, microcephaly, growth retardation,
neurological and cognitive deficits, premature aging and in some cases photosensitivity which,

opposed to XP, does not lead to pigmentation abnormalities or skin cancer [52][53][54].

CS is caused by mutations in CSA and CSB but CS caused by mutations in XPB, XPD, XPG or XPF
can be accompanied by additional symptoms that are more common in XP [51][54]. The

diagnosis of CS is realized by the reduced recovery of RNA and DNA synthesis after UV radiation



[55]. CS is caused by a defect in TCR but there are some sources that implicate CSA and CSB
patients with mitochondrial diseases due to their involvement in mitochondrial DNA repair
[56][57]. But as the main difference of CS to other disorders with an underlying defect in DNA
repair is that patience do not develop cancer because of the inability of their cells to proliferate

which is caused by the defect in TCR.

1.1.2.3.3 Segmental progeria syndrome (XFE)

Segmental progeria syndrome is a collective term for rare diseases that cause symptoms
associated with premature aging in all tissues. There are some cases described where
mutations in XPF cause XFE [58][59]. One described mechanism of is the mislocalization of the
mutant protein in the cytoplasm and ineffective translocation to the nucleus for NER, these
patients suffer severe photosensitivity, neurological and musculoskeletal abnormalities as well
as hematopoietic symptoms, which very likely is due to the nuclease participating in the

Fanconi anaemia pathway [60] (see chapter 1.1.2.4).

1.1.2.4 Interstrand cross-link repair and Fanconi anaemia

Fanconi anaemia (FA) is rare genetic disease with heterogeneous clinical features but the most
common symptoms shared by patients are bone marrow failure in the first two decades of life,
a highly increased risk for SCC of the head and neck (HNSCC), hematopoietic malignancies, and
birth defects such as radial malformations, skin abnormalities, and organ abnormalities

[61][62][63][64][65][66].

There are very few correlations between genotype-phenotype and the penetrance of the
symptoms is incomplete and inconsistent. For that reason the diagnosis is done by testing the
cellular phenotype for spontaneous and interstrand cross-links (ICLs) induced increase of
chromosome breaks in mitotic cells derived from patients [67]. Another characteristic of FA
cells is the stalling of the cell cycle from the G2-phase to mitosis which is highly increased after
treatment with certain chemotherapeutics like mitomycin C (MMC), diepoxybutane (DEB),
cisplatin or psoralen [68][69][70].

As mentioned above, FA patients exhibit a highly increased cancer risk stemming from the
inability of patient cells to correctly repair ICLs. This causes a severe problem for the cancer

treatment of these patients as they are particularly sensitive to ICL inducing
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chemotherapeutics, leaving surgery as the only safe option. Noteworthy is the fact that several
genes of the FA pathway are also hereditary breast and ovarian cancer susceptibility genes like
BRCA1/FANCS, BRCA2/FANCD1, RAD51C/FANCO, PALB2/FANCN and FANCM [71][72][73].
Patients with biallelic mutations in these genes develop severe forms of FA and are more likely
to be affected by multiple cancers. Heterozygote carriers of these genes do not exhibit FA

features, but have a live long increased risk for breast and ovarian cancer [74].

FA is inherited mainly in an autosomal recessive manner by mutations in 23 genes FANCA, -C,
-D1/BRCA2, -D2, -E, -F, -G, -1, -J/BRIP1, -L, -M, -N/PALB2, -O/RAD51C, -P/SLX4, -Q/XPF, -
S/BRCA1, -T/UBE2T, -U/XRCC2, -V/REV7, -W/RFWD3, -Y/FAAP100, with the exception of
FANCB which is inherited X-chromosomal [75] and FANCR/RAD51 which has an autosomal

dominant inheritance pattern [76].

Mutations in these genes disrupt the FA/BRCA pathway that is the only repair mechanism to
counter ICLs during the S-phase of the cell cycle at stalled replication forks. ICLs are especially
difficult to repair because they covalently bind the two DNA strands together impairing
replication during which the separation of both strands is needed otherwise the replication fork
stalls. If stalled forks persist too long they turn into double strand breaks (DSB) [77], a highly
toxic DNA damage for cells. The FA/BRCA pathway repairs the DNA damage through a highly
regulated activation and inactivation of proteins and uses homologous recombination (HR), an
error-free process of DSB repair that requires the presence of a sister chromatid, to contrast
ICLs damage in the S-phase of the cell cycle. There are also evidences, that cells can repair ICLs

outside of the S-phase cell cycle over a different mechanism, similar to BER [78].

1.1.2.4.1 The FA core complex

The FA/BRCA pathway can be separated into three steps with a set of different proteins
involved in each; the first group of proteins are part of the FA core complex a multiprotein E3-
ubiquitin ligase that consists of FANCA, FANCB, FANCC, FANCE, FANCF, FANCG, FANCL as well
as Fanconi anaemia associated proteins (FAAP) 100 and FAAP20 [79][80]. This complex can be
further split in three subcomplexes, one is the A-G-20 subcomplex (FANCA, FANCG, FAAP20)
that binds to the DNA strand, C-E-F subcomplex (FANCC, FANCE, FANCF) and the B-L-100
subcomplex (FANCB, FANCL, FAAP100) which is the active ubiquitin transferring unit [80].

The complex works in concert with FANCT which is the E2-conjugating enzyme passing the

ubiquitin to FANCL [81].



The core complex activates the pathway by monoubiquitinating a heterodimer complex of
FANCD2 and FANCI (ID2). This is a key event in the FA/BRCA pathway: without it the action of
downstream proteins, which confer the actual repair, cannot take place. Mutations in any of the
proteins of the core-complex or in FANCT abolish ID2 complex monoubiquitination. An

exception is FANCM which is not necessary for ID2 ubiquitination [82].

1.1.2.4.2 The ID2 complex

The ID2-complex monoubiquitination on lysine 561 for FANCD2 and lysine 523 in FANCI [83]
[84], acts as an activation signal for the actual DNA repair. For a stable monoubiquitination of
the ID2-complex, FANCI is first phosphorylated by ATR [85], which assembles the complex,
than the monoubiquitination of FANCD?2 triggers a conformational change of FANCD2 to form
a clamp on dsDNA (Figure 3) while the monoubiquitination of FANCI sterically protects
FANCD2 monoubiquitination from USP-UAF1 mediated deubiquitination [86][87][88].
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Figure 3: Schematic assembly of the ID2-complex taken from [88]
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The ubiquitination is also necessary for the localisation into nuclear foci at phosphorylation
marked histones yH2AX and interaction with the downstream proteins which mediate the
actual repair like BRCA1 [89][90]. As mentioned in chapter 1.1.2.4 the pathway is highly
regulated through activation and inactivation of proteins. For the ID2 complex to work properly
it needs to be inactivated by the deubiquitination of FANCD2 through the ubiquitin specific
protease 1 USP1-UFA1 complex, for the DNA repair to be accomplished. Mouse embryonic
fibroblasts (MEFs) Uspl-/- exhibit a FA molecular phenotype with impaired Fancd2 foci

formation and defective HR [91].

USP1 is activated by building a complex with USP1 associated factor 1 (UAF1) that interacts
with FANCI to de-ubiquitinate FANCD2 [92]. The USP1 transcription is tightly bound to the cell
cycle with the highest expression during exit of S-phase or after passing the GzM-block when

DNA repair is complete [93].

1.1.2.4.3 The downstream proteins and the unhooking of the ICL

The classification of downstream proteins arose historically as they are not needed to
monoubiquitinate the ID2-complex and are therefore downstream of it in the pathway in
contrast to the core complex proteins which are necessary for ubiquitination which places them

upstream of the ID2 complex.

The downstream proteins mediate the actual repair of the ICL by unhooking the two strands
and creating a DSB on one of them while producing a second strand with a covalently bound
base adduct. The strand with the base adduct is repaired through translesion synthesis (TLS)
while the DSB is substrate for HR (Figure 4).
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ERCC4/FANCQ

The unhooking of the ICL is initiated by a dual incision on either side of the ICL when two
replication forks collide [94]. The SLX4 protein is a large protein that functions as a docking
platform for several endonuclease like XPF/ERCC1, MUS81-EME1 and SLX1, its enzymatic
interactor during DNA repair [95]. The SLX4-SLX1 complex participates in Holiday-Junction
(HJ) resolution, HJ are four-arm branched dsDNA structures that arise as intermediates of HR
repair. SLX4 orchestars the nucleases it docks by regulation of substrate specificity and
enhancing activity [96]. The ERCC1-XPF complex, of which XPF is the enzymatic subunit, is
involved in the incision of the converged ICL as mutations in ERCC4, the gene encoding XPF,

cause FA subtype FANCQ [97][98][99] (figure 5).
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Figure 5: Model of XPF and ERCC1 proteins with functional domains (different colours), interactions sites with different
repair proteins (gray; evidence for interaction) and known mutation sites (adapted form [103])

As stated in the previous chapters, XPF was first described as a mutated gene in Xeroderma
Pigmentosum complementation group F [100] with defects in the NER pathway but can cause

different diseases depending on the mutation [51].

The complete lack of XPF in humans seems to be incompatible with postnatal survival [101].
XPF is a 916 aa protein that forms a stable heterodimer with ERCC1 that allows for its 3’ flap
endonuclease activity. The XPF protein recognizes ssDNA through its C-terminal Helix-hairpin-
Helix HhH domain and ERCC1 binds preferentially to the dsDNA through its HhH domain, this

forms a structure specific nuclease complex that determines the cutting position [102][103].

In the highly regulated process of ICL repair the interaction between SLX4 and XPF is necessary
for proper function [96]. XPF is a 3’ flap nuclease that incises 3’ of the ICL for unhooking but, as
mentioned above, this leaves a missing nuclease for the 5’ incision. There are conflicting
evidence that brought up the possibility that XPF is cutting bilateral incisions though
interactions with RPA [104] nevertheless this needs further investigation and the involvement

of other 5’ nucleases have still to be considered.

Another nuclease complex that docks to SLX4 and is a possible candidate for the 5’ incision to
the ICL is MUS81-EME1. MUSS81 is the catalytic subunit of the structure specific nuclease
complex and cuts 3’-flaps, replication forts and splayed arms [105]. It docks to SLX4 as the XPF-
ERCC1 complex and there is probably competition in binding [106].
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The SNM1 nucleases, SNM1A and SNM1B, are processing exonucleases that digest form 5’ to 3’
past ICLs [107]. Itis probable that all nucleases are involved to process different fork structures
or repair intermediates and, that they can work in tandem or in a competitive way. New
approaches and further studies need to determine the exact involvement of these enzymes in

the unhooking of the damage, as of today there are only FA patients for the XPF mutations.

1.1.2.4.4 Translesion synthesis

Now that the ICL is unhooked DNA replication is performed above the strand that carries the
residual ICL adduct (Figure 4) by specific translesion synthesis polymerases that can bypass
gaps or damaged bases. Polymerases REV1 and/or Pol( are responsible for filling the gap
[104][108]. REV7, encoded by FANCV a recognized FA gene, is a subunit of pol( together with
REV3 POLD2 and POLD3. REV1 is a cytidine-transferase that incorporates a cytidine in an
abasic site [109].

The extended nascent strand is ligated and repaired. On the homologous strand the ICL, needs
to be eliminated by a still unknown mechanism that could involve the NER or BER proteins
while the DSB on the opposite strand is repaired by HR with the newly repaired double strand
as substrate for HR (Figure 4).

1.1.2.5 DNA double strand breaks repair

DSB are toxic DNA intermediates for cells, as they can get fused to telomers (the ends of
chromosomes) or degraded causing genetic information loss. Cells have two main mechanisms
to repair DSB, HR which as mentioned above, is an error-free way of repair and the error-prone
non-homologous end joining (NHE]). There are two more pathway to repair DSB that are prone
to cause deletions and are therefore alternatives to NHE], the microhomology mediated repair

(MHMR) and single strand annealing (SSA) [110] (figure 6).
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1.1.2.5.1 Homologous recombination

HR only functions during the S-phase or early G2-phase of the cell cycle and the reason is that
the chromosomal organization allows for an available sister chromatid as homologous
template. In the case of ICL repair the homologous template used is the strand that was repaired

through TLS.

The process of HR is initiated through 5’- end resection, followed by strand invasion and
homology search, the elongation of the strand, and resolution of the created holiday junction.
The end resection is the critical step in pathway choice for the repair of the DSB and is mediated
through the BRCA1-BRAD1 complex [111][112][113]. Historically BRCA1 was thought to
participate in the resection, based on its interaction with the MRN complex (MRE11, RAD50,
NBS1) [114], but recently there are convincing evidences that BRCA1 is preventing or
abolishing 53BP1 binding at the DSB site and therefore allowing end resection [112]. BRCA1-
BRAD1 complex recruits CTIP and the MRN complex which has a endo- and exonuclease

function. MRE11 cuts the strand close to the DSB and resects it with its 3’-5’ exonuclease activity
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[115]. Then the 3’ overhang is extended by BLM/DNAZ2 or the EXO1 exonucleases creating a

free ssDNA which is immediately coated with RPA to protect it from nucleolytic degradation.

For the strand invasion, the RAD51 (FANCR) nucleofilament formation is necessary: for this,
RAD51 needs to substitute RPA on the ssDNA and therefore the two proteins are competing
with each other. For the exchange of RPA for RAD51 the mediator protein complex BRCA2-
DSS1-PALB2 is necessary [116][117] and growing evidence suggest that under specific
circumstances the loading requires also RAD52 [118][119]. There are other mediators of strand
invasion like the five RAD51 paralogs RAD51B, RAD51C/FANCO, RAD51D and XRCC2/FANCU
[120].

The recruitment of RPA to ssDNA triggers the ATR-ATRIP (ATR interacting protein) cascade
into motion producing the phosphorylation of FANC]/BRIP1 though cyclin-dependent kinase
(CDK) which in turn is a signal for acetylating FANCJ/BRIP1 for its interaction with CTIP. This
interaction promotes end resection too, it is independent of BRCA1 but dependent on FANC]s
own helicase activity [121]. Another mediator protein is FANCW that ubiquitinates RPA for
proteasomal degradation [122]. The nucleofilament invades the dsDNA and forms a D-loop and
the strand is extended by at least polymerase eta (poln) or delta4 (pol4) [123][124]. There are
two mechanisms to resolve the D-loop: one is the synthesis dependent strand annealing (SDSA)
the other is by holliday junction resolution (Figure 7). In humans there is a preference to SDSA
as a holliday junction resolution bears the possibility of a chromosome crossover while SDSA

does not [125][126][127]. HR is completed with ligation of the DNA strand.
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1.1.2.5.2 Non-homologous end joining and alternative DSB repair

The NHE] pathway does not require a sequence homology and it is initiated by 53BP1 binding
that protects the DSB end from resection. It is active during the whole cell cycle and requires
DNA-dependent protein kinase (DNA-PK) that comprises of the heterodimer KU70/80 and the
catalytic subunit (DNA-PKc). The involved proteins anyway can change depending on the
structure of the of the DNA ends that need to be ligated [128]. For blunt DNA end this could be
only Ku-XRCC4-DNA ligase IV complex (not the DNA-PKcs) for ligation of the two ends. The
ligation can be stimulated by a complex of XRCC4 and XLF [110]. If there are incompatible ends,
for example one end has an overhang while the other is blunt, that composition needs the extra
involvement of nucleases to trim the overhang. For 5’ overhang the pathway utilizes DNA-PKcs
and Artemis, while for the trimming of 3’ overhangs a polymerase from the X-family (mainly

pol p) is required [128].

The MHMR pathway could be a back-up pathway if NHE] or HR are not working but it normally
occurs also at 10 - 20 % level in normal cells [129]. It depends on end resection up to a
microhomology sequence on both strands from 2 nt up to 20 nt (Figure 6). The homology is

stabilizing the DNA for ligation. PARP1 seems to promote MHMR [130] and Pol6 (Polymerase
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theta) is essential for MHMR. Pol8 is known to stabilize the annealing of long overhangs with a
short homology [131]. Additionally it contains a terminal transferase activity with which it can
add nucleotides to create sequence homology independent of a template [132]. If homology is
achieved, the gaps or single strands just needs to be extended and ligated by ligase 1 (LIG1) or

ligase 4 (LIG4). This pathway can create small deletions or insertion mutations.

The SSA pathway, same as the MHMR, do not relay on the KU homologues and needs a short
patch of homology. For the SSA pathway homology needs to be longer and end resection by
MRN and CtIP creates 15 - 20 nt 3’ overhangs that can be extended by EXO1, BLM or DNA2
nuclease [110][133]. The single strands are coated in RPA protein to protect them, and the
annealing is mediated by RAD52. The annealed sequence produced overhangs that need to be

trimmed for ligation by XPF-ERCC1 and/or MSH2-MSH3 (Figure 6)[134].

1.2 Synthetic lethality and viability

1.2.1 The concept of synthetic lethality and viability in oncology

Cancer is a disease caused by unregulated cell growth of abnormal cells that can invade the
nearby tissue. The unregulated cell growth is the result of accumulated mutations which give
the tumor cells a survival advantage but at the same time these mutations leave the tumor cell

dependent on other proteins or pathways to compensate for the lack of these mutated genes.

The reliance of cancer on specific pathways can be exploited for treatment in the form of SL
[135]. SL is when inactivation of two genes simultaneously leads to cell death while each of the
genes separately inactivated do not. What makes this approach so appealing is the high
specificity of the treatment, as only cancer cells that are dependent on the compensatory
pathway are affected while healthy cells are not. This approach is more readily available with
the advance of more faster and powerful methods for profiling expression and mutation
landscape of the cancer and it pushes the boundaries in the direction of personalized medicine

[136].

As mentioned PARP1 recruits XRCC1 to SSB and in its absence (or XRCC1s absence) HR, RAD51

foci and yH2AX foci are increased suggesting a dependence of cells on HR in the absence of
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PARP1. This was the first evidence of SL between PARPI and genes involved in HR such as
BRCA1 and BRCA2 (Figure 8) [137][138].
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Figure 8: Schema of synthetic lethality with between PARP1 and HR deficiency (taken form [144])

The first PARP inhibitors were already described in 1980 but the development and finally the
first registration as cancer treatment took until 2014 with Olaparib as a new class of anticancer
drug [139]. Currently there are several other inhibitors in clinical trials phase 1-3, designed on
the basis of SL: ATR, DNA-PK, WEE1 and CHK1 [140] and one PARP1 inhibitor Olaparib in phase
four. At the moment Olaparib is used for the treatment of HR defective triple negative breast

and ovarian cancers [140][141].

The mechanism of PARP1 inhibition, the main target of Olaparib, is the competitive inhibition
of the active site with NAD+. This obstructs the PARylation of PARP1 itself and of other proteins

and, moreover, it blocks the dissociation of PARP1 from DNA. This trapping of PARP1 impedes
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the other repair proteins to access the damaged DNA. This trapping effect was published very
early in the discovery PARP showing that a PARP1 free cell extract could repair a nicked

plasmid while instead a cell extract containing both PARP1 and the inhibitor could not [142].

The emerging of resistance to any cancer drug is common feature of all cancers, as the nature
of cancer cells is the accumulation of mutations that confer a selective advantage. There are
several described mechanisms that grant resistance to PARP inhibitors, one being the
restauration of the HR pathway. This is possible due to secondary mutations restabilising
BRCA1, BRCA2, RAD51C, RAD51D and PALB?2 functions [143][144]. Besides that, HR can also
be restored by loss of 53BP1 which is essential for NHE] pathway choice [145][146].

Other mechanism of resistance are the increase of PARP1 expression, increase of PARylation,
mutation of the active site of PARP1 or the removal of the inhibitor with efflux transporter

[144].

A further mechanism of resistance is called synthetic viability: an additional mutation in
another gene confers survival despite the HR deficiency and the inhibition of PARP1. One
example of synthetic viability is the stabilization of replication forks through abolishing the
excessive end resection. This is achieved by mutations in the MRE11 gene which is part of the

MRN complex and responsible for end resection in HR [147].

1.2.2 Synthetic lethal /viable interaction of the FA pathway

As introduced before the FA/BRCA pathway consist of several stages of repair steps and the HR
is just the last step to repair the created DSB. As a result of the application of SL between PARP
inhibitors and HR deficiency in cancer, and seeing that HR is part of the FA pathway, there is
now an increased interest studying in the FA pathway. For one, FA has an very intricate
association with cancer and there is multiple evidence that FA proteins are frequently mutated

in cancer, making it a potent target for SL as cancer treatment [148][149][150].

Finding synthetic lethal interactions of the FA pathway has a huge potential because FA
proteins themselves can be mutated in cancer frequently and treated with an inhibitor for the
synthetic interaction partner or the FA pathway could be inhibited broadening the application

field. At the moment there is not yet a specific inhibitor for the FA pathway but several paper
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are urging the for a development of an inhibitor that would target the FANCD2

monoubiquitination [151].

For the FA pathway various synthetic interactions were reported in the last years, one of the
most well-known interactions is the SL of FA core complex proteins including FANCD2 and
Ataxia telangiectasia mutated (ATM) [152]. This interaction could be verified in mouse double
KO of FANCG/-and ATM-/- though embryonic lethality and with an ATM inhibitor. The survival
of FA cells, at least for core complex and FANCD2 KO cells depends on an increased activation

of ATM [149][153].

ATM is a central serin/threonin protein kinase of the DNA damage response [154][155]. It is
thought to balance the pathway choice between HR and cNHE] in response to genotoxic stress
like DSB through the activation of the MRN complex (MRE11-RAD50-NBS1) but it is also
involved in the response to oxidative stress and mitophagy [156]. Several FA proteins are ATM
substrates [157] as well and it seems possible that with an impaired ICL repair the cells need
to channel DNA repair into another functional pathway like cNHE]. ATM is not the only kinase
that is synthetically lethal in the absence of the FA/BRCA pathway so are CHK1, SIK2 and WEE1
[158][159][160]. All of these kinases participate in the cell cycle.

Not only kinases are synthetically lethal with the FA/BRCA pathway, for example mutations in
the enzymes catabolizing alcohol: alcohol dehydrogenase 5 (ADH5) and aldehyde
dehydrogenase 2 (ALDH2) are synthetically lethal with FA as well. The breakdown of alcohol
starts with the generation of acetaldehyde by ADH5 and the aldehyde is than oxidized to acetate
by ALDH2. Aldehydes are known for causing ICLs and the fast breakdown of this cytotoxic by-
product of metabolism is important more so in FA cells as they lack the proper repair pathway.
This interaction could be proven by in mice [161] and in a study of Japanese FA patients, that
carry heterozygote or in rare cases homozygote mutations in ALDHZ2 [162][163], a mutation
that is more prevalent in east-Asia. This SL interaction gained more attention recently, when it
was published that in a subset of acute myeloid leukaemia ALDH?2 is frequently silenced and
the cancer cells dependent on the function of the FA pathway to repair damage caused by
endogenous aldehydes [164]. The research proposed that in ALDH2 silenced cells are
dependent on the repair of ICLs that are caused by the abundance of toxic aldehydes that
accumulate because the degradation block due to the silencing of ALDH2. If the cancer cells

lack ICL repair ICLs enrich in the DNA until triggers the p53 mediated apoptosis. This is the first
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example of the application of SL between FA and ALDH2 as a potential cancer target in a subset

of hematologic malignancy.

Further SL interactions of FA proteins were found between the DNA polymerases Poli, Pol6

[165][166] and in BRCA deficient cells with FEN1 and APEX2 [167].

All of the mentioned interactions are synthetically lethal but there also some described
synthetic viable interactions. BRCA1/2 or PALB2 and RAD52 co-inhibitions are synthetically
lethal [119], but when the Exonuclease/Endonuclease/Phosphatase Domain-1 protein

(EEPD1) is depleted in parallel, the cells are rescued [168].

It is believed that RAD52 is mediating, at stalled replication forks, a backup pathway for HR or
facilitating entrance to HR independent of BRCA1 or BRCAZ2. To initiate HR a free 3’ ssDNA
overhang is necessary at the stalled fork, to load RAD51 onto for strand invasion. For this single
strand DNA, 5’-end resection is necessary, and this would be promoted in healthy cells by
BRCA1. In cells lacking BRCA1, the EEPD1 adapts this role by cutting the stalled fork and
initiates EXO1 mediated 5‘-end resection and generates the substrate for RAD51. The presence
of EEPD1 forces the cells into HR repair through end resection, creating a dead end. If EEPD1 is
missing in the double KO cells, it is then possible to repair the damage over MHMR. This is
further corroborated by the fact that the depletion of Pol6 in triple KO cells of BRCA1, RAD52,
and EEPD1 is again synthetic lethal [168].

Another application for the concept of synthetic viability is as a potential cure for FA. There has
been work stating that the inhibition of the cNHE] pathway can rescue the FA phenotype, in
chicken DT40, in C. elegance and in a human cell line [169][170].

In the DT40 chicken cell line the depletion of Ku70 in a FANCC KO background was synthetically
viable however DNA-PK¢snor LIG4 could rescue the FA phenotype. In contrast, in the C. elegance
model, in a FCD-2 (FANCD2 homolog) background the depletion of LIG4 serves as a synthetic
viable interaction attenuating the cisplatin sensitivity [170]. In the human glioblastoma cell
line MO59] (DNA-PKcs deficient) the siRNA inhibition of FANCD2 did not sensitise the cells to
MMC as it did to the DNA-PKcs expressing cell line. Even though all these finding are promising,
so far there is no treatment available based on these interactions, but further research into

synthetic viability could be fruitful for the development of a treatment.
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1.3 The CRISPR/Cas9 system and gene editing

The CRISPR (clustered, regularly, interspaced short palindromic repeats) are patterns present
in the genomes of bacteria and archaea that code for an adaptive immune system against phages
and invading plasmids [171]. This system, like restriction enzymes, can be utilized for targeted

gene editing in cells [172].

There are three different types of CRISPR known differentiating in the sequence and structure
of the Cas proteins [173] but only type 2 systems are used in gene editing as it is the simplest
system. For an endogenous system of type 2 CRISPR/Cas9 the CRISPR-associated endonuclease
Cas9/Csnl (Cas9), the CRISPR RNA (crRNA) and the transactivating crRNA (tracrRNA) are
necessary to function. Immunity is achieved in three steps: the foreign ribonucleic acid
sequence is cut into small fragments by Cas enzymes, called protospacer and incorporated into
the CRISPR locus. Then the locus is transcribed into long precursor crRNA the tracrRNA
hybridizes to the palindromic sequence of the precursor followed by cleavage of endogenous
RNase IlI, creating mature crRNAs, which consist of one spacer and a partial repeat sequence

(Figure 9).
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Figure 9: Schema of CRISPR locus in the acquisition step with tracrRNA in grey key-shapes, Cas genes/protein in red,
the palindromic sequence in black and the different spacer/foreign DNA in different colours. The PAM sequence is
marked on the viral DNA; In the biogenesis step tracrRNA and pre-crRNA are transcribed and processed after
hybridisation with tracerRNA, the mature crRNA is integrated into a Cas9 proteins and guides the enzyme to a
homologous sequence which is cut after PAM verification. (taken from [174])
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If these mature crRNA guide the Cas9 protein to the complementary foreign nucleic acids, the
complex degrades the DNA sequences of the invading species [174] by cutting 3 bp upstream
of the PAM sequence and creating a DSB [175] . The protospacer adjacent motifs (PAMs) is an
important sequence motif for recognition of the viral genome. This PAM motif makes the
distinction between the incorporated spacer of the CRISPR locus and the actual viral genome,
that should be degraded. For that reason protospacer sequences do not contain PAM sites [176].
The identity of the PAM sequence depends on the species of the Cas9 [177].The crRNA sequence
of the Cas9 typically corresponds to foreign viral genomes as an acquired immune system, but
it can be substituted by any sequence, harbouring a PAM on the strand to be targeted by the
Cas9 protein [178].

This system is now exploited to for easy gene editing in eukaryotic cells. For it to work, it only
needs: Cas9, the crRNA, which in the setting of gene editing is more commonly called small
guide RNA (sgRNA), and either the tracrRNA or a chimeric form of sgRNA and tracrRNA, all of
the components can be introduced on a plasmid into cells. Another more temporary form of
delivery of the CRISPR/Cas9 system into cells is as riboprotein, which is common in gene
therapy where the integration of foreign DNA into the genome of the cell is unfavourable

[179][180].

As mention the Cas9 induces a site-specific DSB. The repair of this break can happen over HR
or one of the error-prone DSB repair pathways. HR repair can be exploited for inducing specific
mutations by suppling in donor sequence that carries the desired mutation while NHE]
produces mutations randomly. The sgRNA ensures a sequence specific cutting of the target gene
with minimal off-targets making it perfect for gene correcting in therapy or the creation of a
knock-down cell line for basic research. The success of this method is seen in the great variety

of modulations and applications of the CRISPR/Cas9 method.

In this work a dual plasmid approach was used through lentiviral particle delivery and a
chimeric tracrRNA-sgRNA. No donor sequence was used to insert a specific mutation but

instead clones were screened for incorrect repair and mutations.
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2 Objectives

The main objective of this thesis is to identify novel synthetic lethal and viable interactions
between DNA repair pathways with a focus on the repair of interstand cross-links by the

FA/BRCA pathway. For this aim the following subobjectives were stipulated:

e (reating FANCA and FANCD2 KO clones with fluorescent marker for testing of synthetic
lethality/viability

e Establishing a cell-based colour competition system of cytometer measurement for

testing synthetic lethality/viability in different backgrounds

e Testing for synthetic lethality/viability between DNA repair pathways through the
colour competition assay

e Find novel synthetic lethal and/or viable interaction among FA- BRCA pathway and
other DNA repair pathways
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3 Material und Methods

3.1 Celllines and plasmids

In Table 1 are all cell lines listed that were used in the thesis with their origins, culture medium and

introduced plasmids and resistances.

Table 1: Cell lines, stable integrated plasmids and culture medium (see end of table for components)

Name Tissue of origin Cell line characteristics
human transformed patient AT patient, transduced with pLKO5.sgNT.EFS.GFP,
ATM GFP ) :
fibroblast green fluorescent, medium 2
ATM KO h.uman transformed patient AT patient; ATM deficient cell line, medium 2
fibroblast
human transformed patient AT patient, transduced with pLKO5.sgNT.EFS.tRFP,
ATM tRFP ) .
fibroblast red fluorescent, medium 2
Fibroblast BRCAZ human transformed patient HR deficient, BRCA2 KO, patient cell line, medium 2
KO fibroblast
Fibroblast BRCA2Z | human transformed patient Fibroblast BRCA2 KO transduced with
KO GFP fibroblast pLKO5.sgNT.EFS.GFP, medium 2
Fibroblast BRCA2Z | human transformed patient Fibroblast BRCA2 KO transduced with
KO tRFP fibroblast pLKO5.sgNT.EFS.tRFP, medium 2
HCT116 human colorectal carcinoma Mismatch repair deficient mlh1, medium 1
fibroblasts
human colorectal carcinoma HCT116 transduced wit pLKO5.sgNT.EFS.GFP, green
HCT116 GPF ) )
fibroblasts fluorescent, medium 1
HCT116 tRFP h.uman colorectal carcinoma HCT116 transdu.ced wit pLKO5.sgNT.EFS.tRFP, red
fibroblasts fluorescent, medium 1
HEK 293 human embryonic kidney Immortalized, medium 2
fibroblast cells
human embryonic kidney HEK 293 transduced with pLKO5.sgNT.EFS.tRFP,
HEK tRFP ) .
fibroblast cells red fluorescent, medium 2
human embryonic kidney . .
HEK BRCA2 KO . HR deficient BRCA2 KO, medium 2
fibroblast cells
HEK BRCA2 KO human embryonic kidney HEK BRCA2 KO transduced with
GFP fibroblast cells pLKO5.sgNT.EFS.GFP, green fluorescent, medium 2
HEK BRCA2 KO human embryonic kidney HEK BRCAZ2 KO transduced with
tRFP fibroblast cells pLKO5.sgNT.EFS.tRFP, red fluorescent, medium 2
human embryonic kidney L . .
HEK XPF KO Deficient in NER and ICL repair, medium 1

fibroblast cells
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HEK XPF KO + wt

human embryonic kidney
fibroblast cells

HEK XPF KO transduced with pUltra + TAPtag-XPF-
HA, medium 2, puromycin resistance

HEK XPF KO + wt

human embryonic kidney
fibroblast cells

HEK XPF KO transduced with
pLKO5.sgNT.EFS.tRFP, medium 2, puromycin
resistance

HEK XPF KO + wt

human embryonic kidney
fibroblast cells

HEK XPF KO transduced with pLKO5.sgNT.EFS.GFP,
medium 2, puromycin resistance

HEK XPF KO human embryonic kidney HEK XPF KO transduced with plasmid pUltra + TAP-
C236R fibroblast cells XPF-HA with C236R, medium 2, blasticidin

L HEK XPF KO C236R transduced with
HEK XPF KO human embryonic kidney pLKO5.sgNT.EFS.tRFP, medium 2, blasticidin
C236R GFP fibroblast cells resistance

L HEK XPF KO C236R transduced with
HEK XPF KO human embryonic kidney pLKO5.sgNT.EFS.GFP, medium 2, blasticidin
C236R tRFP fibroblast cells resistance

human embryonic kidney HEK XPF KO transduced with pLKO5.sgNT.EFS.GFP,

HEK XPF KO GFP fibroblast cells medium 1, blasticidin resistance

o HEK XPF KO transduced with plasmid pUltra + TAP-
HER XPF KO human embryonic kidney XPF-HA with 225M, medium 1, blasticidin
[225M fibroblast cells resistance

L HEK XPF KO I225M transduced with
HER XPF KO human embryonic kidney pLKO5.sgNT.EFS.tRFP, medium 1, blasticidin
[225M GFP fibroblast cells resistance

L HEK XPF KO I225M transduced with
HER XPF KO human embryonic kidney pLKO5.sgNT.EFS.GFP, medium 1, blasticidin
[225M tRFP fibroblast cells resistance

Lo HEK XPF KO transduced with plasmid pUltra + TAP-
HEK XPF KO human embryonic kidney XPF-HA with L230P, medium 1, blasticidin
L230P fibroblast cells resistance

L HEK XPF KO L230P transduced with
HEK XPF KO human embryonic kidney pLKO5.sgNT.EFS.tRFP, medium 1, blasticidin
L230P GFP fibroblast cells resistance

L HEK XPF KO L230P transduced with
HEK XPF KO human embryonic kidney pLKO5.sgNT.EFS.GFP, medium 1, blasticidin
L230P tRFP fibroblast cells resistance

L HEK XPF KO transduced with plasmid pUltra + TAP-
HEK XPF KO human embryonic kidney XPF-HA with C236R, medium 2, blasticidin
R153P fibroblast cells resistance

L. HEK XPF KO C236R transduced with
HEK XPF KO human embryonic kidney pLKO5.sgNT.EFS.tRFP, medium 2, blasticidin
R153P GFP fibroblast cells resistance

L. HEK XPF KO C236R transduced with
HEK XPF KO human embryonic kidney pLKO5.sgNT.EFS.GFP, medium 2, blasticidin
R153P tRFP fibroblast cells

resistance
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human embryonic kidney

HEK XPF KO transduced with

HEK XPF KO tRFP . pLKO5.sgNT.EFS.tRFP, medium 1, blasticidin
fibroblast cells .
resistance
HeLa XPF KO human adenocacinoma transduced with sgXPF lentiCRISP_v2, medium 2,

epithelial cell line

puromycin resistance

HeLa XPF KO GFP

human adenocacinoma
epithelial cell line

HeLa XPF KO transduced with pLKO5.sgNT.EFS.GFP,
medium 2, puromycin resistance

human adenocacinoma

HeLa XPF KO transduced with

HeLa XPF KO tRFP epithelial cell line pLKOS.sgNT.EFS.tRFP, medium 2, puromycin
resistance

LoVo human adenocarcinoma Mismatch repair deficient MSH2, medium 3

fibroblasts from colon

human adenocarcinoma LoVo transduced wit pLKO5.sgNT.EFS.GFP, green
LoVo GFP . .

fibroblasts from colon fluorescent, medium 3

human adenocarcinoma LoVo transduced wit pLKO5.sgNT.EFS.tRFP, red
LoVo tRFP . :

fibroblasts from colon fluorescent, medium 3

Transformed human . .
PN fibroblasts wildtype control, medium 3

Transformed human PN transduced with pLKO5.sgNT.EFS.tRFP, medium
PN GPF i

fibroblasts 3

Transformed human PN transduced with pLKO5.sgNT.EFS.GFP, medium
PN tRFP i

fibroblasts 3

human immortalized retina transduced with lentiBLAST; p53 deficient, medium
RPE1 p53 KO . o g .

pigmented epithelium cells 1, blasticidin resistance
FANCA KO GFP pigmented epithelium cells p S8 R ’

resistance

RPE1 p53 KO tRFP

human immortalized retina
pigmented epithelium cells

RPE1 p53 KO cells transduced with
pLKP5.sgNT.EFS.tRFP, medium 1, blasticidin
resistance

u20S human osteosarcoma cell line medium 1

U20S Cas9 human osteosarcoma cell line transdu.c_ed. w1th_plasm1d lentiCas9-BLAST, medium
1, blasticidin resistance
U20S Cas9 transduced with

U20S FANCA KO human osteosarcoma cell line | pLKO5.sgFANCD2.EFS.GFP, green fluorescent,

medium 1, blasticidin resistance

U20S FANCD2 KO

human osteosarcoma cell line

U20S Cas9 transduced with
pLKO5.sgPARP1.EFS.GFP, green fluorescent,
medium 1, blasticidin resistance

U20S GFP

human osteosarcoma cell line

U20S Cas9 transduced with plasmid
pLKO5.sgNT.EFS.GFP, green fluorescent, medium 1,
blasticidin resistance
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U20S PARP1 KO
GPF

human osteosarcoma cell line

U20S Cas9 transduced with
pLKO5.sgFANCA.EFS.GFP, green fluorescent,
medium 1, blasticidin resistance

U20S Cas9 transduced with plasmid

U20S tRFP human osteosarcoma cell line | pLKO5.sgNT.EFS.tRFP, Red fluorescent, medium 1,
blasticidin resistance
human transformed patient . .
XPA corrected ) XPA KO transduced wildtype xpa gene, medium 1
fibroblast
human transformed patient XPA KO corrected transduced wit
XPA corrected GFP fibroblast pLKO5.sgNT.EFS.GFP, green fluorescent, medium 1
XPA corrected human transformed patient XPA KO corrected transduced wit
tRFP fibroblast pLKO5.sgNT.EFS.tRFP, red fluorescent, medium 1
XPA KO human transformed patient | \pp eficient XPA KO cell line, medium 1
fibroblast
human transformed patient XPA KO transduced wit pLKO5.sgNT.EFS.GFP, green
XPA KO GFP ) :
fibroblast fluorescent, medium 1
XPA KO tREP human transformed patient XPA KO transduced wit pLKO5.sgNT.EFS.tRFP, red

fibroblast

fluorescent, medium 1

Medium 1: DMEM (biowest L0104-500) with 10 % Serum (biowest FBS S181B) + 1:10000 Plasmocin
Medium 2: DMEM with 15 % Serum + 1:10000 Plasmocin
Medium 3: DMEM with 20 % Serum + 1:10000 Plasmocin
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In Table 2 are listed all bought and generated plasmids for the CRISPR/Cas9 gene editing and the

shRNA inhibition as well as the plasmid needed for the virus particle production.

Table 2: Plasmids used for clone creation and shRNA inhibition

Name

Description

lentiCas9-BLAST

Lentiviral vector of S. pyrogenes Cas9 addgene #52962, blasticidin selection
marker

3rd generation lentiviral vector, sgRNA spacer for delivery, without Cas9, GFP

pLKO5.sgRNA EFS.GFP marker, EFS Promoter driven addgene #57822
3rd generation lentiviral vector, sgRNA scaffold with spacer, without Cas9, tRFP

pLKOS.sgRNA.EFS.tREP marker EFS Promoter driven addgene #57823

pLKO5.NT.GFP pLKOS.ngNA.EES.GFP with sgRNA spacer substituted by non-human sgRNA target
as control plasmid, GFP

pLKOS.NT.tRFP pLKO5.sgRNA.EF S.tRFR with sgRNA spacer substituted by non-human sgRNA
target as control plasmid, tRFP

pLKOS5.FANCA.GFP pLKOS.ngNA.EP?S.tRFP with sgRNA spacer substituted by sgRNA for fanca target
as control plasmid, GFP

pLKO5.FANCD2.GFP pLKOS.ngNA.EES.tRFP with sgRNA spacer substituted by sgRNA for fancdZ2 target
as control plasmid, GFP

pLKO5.PARP1.tRFP pLKOS.ngNA.EES.tRFP with sgRNA spacer substituted by sgRNA for parp1 target
as control plasmid, GFP

pLKO5.PARP1.GFP pLKOS.ngNA.EES.tRFP with sgRNA spacer substituted by sgRNA for parpl target
as control plasmid, tRPF

pLKO1.shRNA.FANCA pLKO.1_shRNA TRFNOOOQZ96799 shRNA for FANCA inhibition, sigma mission
(Merck), puromycin selection marker

pLKO1.shRNA.FANCD2 pLKO.1_shRNA TRCN0000082840 shRNA for FANCD2 inhibition, sigma mission

40 (Merck), puromycin selection marker

pLKO1.shRNA.NT pLKO.1_shRNA_non-targeting, sigma mission (Merck), puromycin selection marker

pLKO1.shRNAFEN1 pLKO.1_shRNA TR.CNOOOO'O49731 shRNA for FEN1 inhibition, sigma mission
(Merck), puromycin selection marker
2nd generation lentiviral packaging plasmid, psPAX2 was a gift from Didier Trono

psPAX2 (Addgene plasmid # 12260 ; http://n2t.net/addgene:12260 ;
RRID:Addgene_12260)
3rd generation lentiviral packaging plasmid pMD2.G was a gift from Didier Trono

pENV (Addgene plasmid # 12259 ; http://n2t.net/addgene:12259 ;

RRID:Addgene_12259)
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3.2 Establishing of U20S and RPE1 know-out cell lines with the
CRISPR/Cas9 method

3.2.1 sgRNA target sequence selection

In order to generate the sgRNA for the CRISPR/Cas9 knock-out cell line the Breaking Cas web
tool was used [181] and chosen was the suggested sequences that were the closest to the N-

terminal of the protein and which had no or the least predicted off-targets.

All sequences were created over the web tool except for BRCA1 which was from a publication
[182] that stated to have obtained a BRCA1 KO clone by using the CRISPR/Cas9 method. The
sgRNA sequences that were cloned by different methods in the pLKO5 plasmid backbone are
listed in table 3.

Table 3: sgRNA sequences used for establishing KO clones

Gene Sequence 5' - 3' Exon
BRCA1 GTCTCCACAAAGTGTGACCA 2
BRCA1 _2 GACGTCTGTCTACATTGAAT 5
BRCA1 3 TTCTGAAGATACCGTTAATA 6
FANCA GGATGGTTGCCTCTAGCGTG 4
FANCD2 AACAGCCATGGATACACTTG 11
PARP1 CGAGTCGAGTACGCCAAGAG 1
Non-target | GGACGCCCTAATGCCCATCG NA

3.2.2 Vector construction

The guide sequences were constructed after the lentiviral protocol from GeCKO Lentiviral
CRISPR toolbox “Target guide sequence cloning protocol” with the exception that the
oligonucleotide sequences were ordered 5’-phosphorylated for the sense and the antisense

sequence (BRCA1, BRCA1_2, BRCA1_3 non-target and PARP1).
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The digestion reaction of the original pLKO5_GFP and tRFP plasmid is described in table 4

below. This reaction cuts the spacer and opens the backbone for ligation of the sgRNA.

Table 4: Digestion mix for cutting pLKO5 plasmid to replace the spacer

Volume in pl Content
X (1ug) Plasmid
1 BsmBI (NEB)
5 10x NEBuffer 3.1
44 -X H-0
50 total Volume

The reaction was incubated for 2 h and 30 min at 55 °C and afterwards heat-inactivated at 80
°C for 10 min. The whole reaction was loaded on a 1 % agarose gel for purification and the DNA
was isolated with the Macherey-Nagel Kit NucleoSpin Gel and PCR Clean-up with the protocol

“DNA extraction from agarose gels” with an elution volume of 10 pl.

The sense and antisense oligonucleotides ware annealed in the thermoblock following the

protocol below in a concentration of 100 uM each in a 10 ul volume.

Table 5: Protocol for annealing of the sense and antisense oligonucleotides to create the sgRNA

Temperature in Time in
°C min
37 30
95 5
RT 10
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After the annealing the oligos were diluted 1:200 for the ligation. Table 6 lists the components

of the ligation reaction of pLKO5 plasmid backbone with the annealed oligonucleotides.

Table 6: Ligation mix for the ligation of the pLKO5 backbone with the annealed sgRNA

Volume in pl Content
X (50 ng) digested Plasmid
1 diluted Oligo
5 2x Quick Ligase Buffer (NEB)
0.5 Quick Ligase (NEB)
35-X H:0
10 total Volume

The Ligation reaction was incubated 15 min at RT. The plasmids were than transformed into
St13 bacteria by pipetting the whole ligation mix onto competent cells and incubating 30 min on
ice followed by the heat-shock of 30 sec at 42 °C. Then followed up by 2 min on ice and the
addition of 250 pl SOC-Medium the bacteria were grown 1 h at 37 °C and 220 rpm. From this
suspension 100 pl were plated on a Agar plate with Ampicillin selection. While one plate was

plated with a more concentrated cell suspension both were grown overnight at 37 °C.

For the creation of the red and green control (non-targeting sgRNA; NT) plasmid as well as the
FANCA and FANCD?2 a site directed mutagenesis Kit from NEB (E0554S) was used. Primer were
created by the webtool provided by NEB “NEBaseChanger” and are listed in the table 7 below.

Table 7: Primer for the site directed mutagenesis of pLKO5 plasmid with gRNA; in lower case
overlapping sequence of the plasmid in upper case gRNA

Name 5'-3'Sequence

DSt024_FA-Af gectctagcgGTTTTAGAGCTAGAAATAGCAAG

DSt024_FA-Ar aaccatcccgCGGTGTTTCGTCCTTTCC

NT_pLKOS5 F atgcccatcgGTTTTAGAGCTAGAAATAGCAAG

NT_pLKO5 R tagggcgtccCGGTGTTTCGTCCTTTCCAC

DSt022_FANCD2_f | gtacacttgGTTTTAGAGCTAGAAATAGCAAG

DSt023_FANCDZ_r | catggctgttCGGTGTTTCGTCCTTTCC
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For the site-directed mutagenesis the PCR reaction was pipetted after the following scheme in

table 8, the PCR reaction components were provided in the kit.

Table 8: PCR pipetting scheme for site directed mutagenesis of pLKO5 sgRNA integration

Volume in pl Content
6.25 2x Q5-Master Mix
1.25 Primer Forward (5 uM)
1.25 Primer Reverse (5 pM)

12 (3 ng) Plasmid

4.3 Hz0

25.05 Total Volume

The thermocycler conditions for the site-directed mutagenesis PCR of the non-target sequence

is depicted in table 9.

Table 9: Thermocycler condition for site directed mutagenesis PCR of pLKO5 with non-targeting

sgRNA
Temperature in °C Time
95 30 sec
98 10 sec
61 20 sec x25 cycles
72 3 min 30 sec
72 2 min
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The thermocycler conditions for the site-directed mutagenesis PCR for guide RNA of FANCA

and FANCD?2 is depicted in table 10.

Table 10: Thermocycler conditions for site directed mutagenesis PCR of pLKO5 with sgRNA for

FANCA or FANCD2
Temperature in °C Time
95 30 sec
98 10 sec
62 20 sec x25 cycles
72 3 min 30 sec
72 2 min

The finished PCR was used directly for the kinase, ligase and Dpnl digestion reaction which is a

one-step reaction in the Q5-Kit with a 5 min incubation step at room temperature (table 11).

Table 11: KDL reaction to finish the site directed mutagenesis of pLKO5 with inserted sgRNA

Volume in pl Content
1 PCR product
5 2x KDL reaction buffer
1 10x KLD enzyme mix
3 H,0
10 total Volume

The plasmids created via both methods, the traditional cloning and the site-directed

mutagenesis, were transformed into bacteria via the heat-shock protocol (see above). The only

difference was the use of C2987 E.coli competent cells for the Q5-site directed mutagenesis.

From the grown bacteria of each reaction 16 colonies were picked for minipreparations

(minipreps) of bacteria, which consist of 4 ml LB-medium with 1:1000 dilution of ampicillin,

incubated overnight at 37 °C and 220 rpm shaking. From these minipreps the plasmids were

isolated by E.Z.N.A. Plasmid DNA Mini Kit I from Omega with the “Plasmid DNA Extraction and

Purification from E.coli culture”
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For the sequencing all plasmids were brought to the same concentration of 100 ng/ul for sanger
sequencing and 5 pl of plasmid (500 ng) and 5 pl Primer (hU6_seq 5°-3°
ACTATCATATGCTTACCGTAAC), in a 5 uM concentration, were sent to sequence through the
Macrogen EZ-sequencing service. The results were visualised with BioEditor or the Sequencher

bioinformatic software.

The verified plasmids were amplified in a maxiprep; 250 ml LB-medium with 1:1000 ampicillin
at 37 °C overnight and 220 rpm shaking. The next day the plasmids were isolated with
Macherey-Nagel Kit: Plasmid DNA purification NucleoBond and brought to a 1 pg/ml

concentration for further use.

3.2.3 Lentiviral particle production

To create infectious lentiviral particles, HEK cells in passage five or six were seeded ina 10 cm
diameter dish. The 4x 10¢ cells were grown in 10 ml over night and the next day the medium
(see table 1) was changed to only 9 ml of volume and supplied with 3 pl of 100 mM of
chloroquine. The cells were incubated for the duration of the preparation of the Chalphos-Kit

infection solution.

The transfection solution A for generating lentiviral particles was prepared in the order

following table 12 for one dish.

Table 12: Pipetting scheme for the generation of transfection solution A for lentiviral particle
production

Volume in pl Content

10 (10 ng) Plasmid

6.5 (6.5ng) | psAX2 packaging plasmid

3.5(3.5ng) ENV lenti VSV G plasmid

87 Calcium Solution (Calphos)
593 sterile H20
700 total Volume
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After preparing solution A, it was carefully vortexed while one volume of 2x HBS (Calphos)
Buffer was added dropwise to the transfection solution A. The finished transfection solution
was incubated for 15 min at room temperature and vortexed again before added dropwise to
the HEK packaging cells. The plates were incubated overnight, the next day the medium was
changed to fresh 9 ml medium. The following day the supernatant of the plates was collected

and stored at 4 °C while 9 ml of new medium were added to the cells.

The last day the collection of the supernatant was repeated and the all supernatant was
centrifuged in Millipore Utra-15 centrifugal filter units for concentration of the infectious
particles at 4000 rpm during 30 min at 6 °C. The collected lentiviral particle was stored in

cryovials and frozen at -80 °C until further use.

3.2.4 Cell transduction and clone selection

For the lentiviral infection to create knock-down cells lines with the CRISPR/Cas9 system
200000 cells (U20S or RPE1) were seeded in a 6-well plate and incubated overnight. The next
day the wells were supplemented with 1:1000 polybrene and incubated 1 h before the

transduction with the lentiviral particle.

U20S or RPE1 cells were first infected with the lentiCas9-Blast plasmid with 25 pl volume of
lentiviral particles in a medium of 2 ml. The cells were incubated with the virus particles for 72
h before the medium was changed to a blasticidin (2 pg/pl concentration) containing selection
medium. For the positive selection of cells that integrated the plasmid, the cells were grown for

5 days on the selection medium.

To create stable KO cell lines the pLKO5 plasmids were being transduced into the previously
selected, Cas9 expressing cells. For the transduction 200 000 cells were seeded in 2 ml medium
of a 6-well plate well and incubated 72 h. The efficiency of transfection was controlled by
fluorescence expression under a microscope first and then the cell pools were sorted for

fluorescence with the FACSAria 2 (DB Bioscience) cell sorter and regrown.

From the sorted pools, single cell clones were seeded in 96-well plates through dilution. Per

well 0,3 cells were calculated and per cell line 3x 96-well were seeded. All plates were incubated
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at 37 °Cand 5 % CO; and grown for circa 3 weeks with regular checks under the microscope for

progress.

As a fast screening method, clones were split into two wells of a 96-well plate, one well for a
fast western blot analysis, the other one to grow. For this fast screen by western blot, the clones
were washed with 1x PBS and 40 pl Laimmli-Buffer was added directly into the well, the cell
suspension was scratched from the surface and transferred to a 1.5 ml tube. The suspension
was incubated 10 min on ice and centrifuged for 5 min at maximum speed before the samples
were denatured for 5 min at 95 °C and 30 ul were loaded on a polyacrylamide gel. All clones

which showed protein bands for the desired KO were discarded.

3.2.5 Western blot validation of knock-out clones

All promising clones from the quick screening were grown in 6-well plates to confluency and
harvested by trypsinizing them. The pellets were washed and either weighted or cells were
counted beforehand. The cell were lysed with 50 ul RIPA/mg of cell pellet of 1x RIPA buffer
(Table 14) or 3x 106 cell per 50 pl respectively.

Before suspending the pellet in the RIPA (Millipore cat.no 20-188) aliquot, Benzonase (VWR
International cat.no 7074-6-3) was added to it 1:1000 to digest DNA in the sample. The
composition of RIPA buffer is noted in table 13.

Table 13: Content of RIPA buffer for protein extraction

Volume Content
1ml 10x RIPA Lysis Buffer (Millipore)
2 ml 5x cOmplete ULTRA tablets Protease inhibitor (Roche)

1 tablet 10x PhosSTOP Phosphatase inhibitor (Roche)

7 ml H20

10 ml total Volume
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Protein extraction was achieved by the following protocol:

10 min at room temperature, followed by either sonication 2x for 15 sec and 25 % amplitude

or by freezing overnight. Then 10 min of centrifugation at 10 °C at maximum speed.

The protein extract was then quantified with the Bradford method (Bio-Rad Protein Assay Dye
Reagent Concentrate #5000006) For the Bradford protein measurement the 5x Bradford
solution was diluted to 1x and pipetted 99 ul into a 96-well plate before the 1 pl protein extract
was added and incubated at room temperature for 2 min. For measurement of the absorbance

the Thermo scientific Multiskan Sky was used at wavelength 595 nm.

With the information from the protein extraction and a standard curve, the protein
concentration was calculated and 50 mg of protein was loaded on a polyacrylamide gel. The
samples were then mixed depending on the concentration with 2x Lammli buffer (sigma cat.no.

S3401-10VL) and denaturized 5 min at 95 °C.

Depending on the molecular weight of the protein gels between 5 % and 10 % polyacrylamide
were used. Gels were run for approximately 1 h at 150 V. After the running-front left the gel,
the blotting was done with the BIO-RAD Trans-Blot Turbo Transfer system onto a nitrocellulose
membrane. To avoid unspecific binding of primary antibody the membrane was blocked in a
solution of 5 % milk powder in 1x TBST (for 10x TBS: 4.85 g Tris-HCl, 16 g NaCl in 1 1 H20 pH
7.4; 1x TBST: 1:10 TBS add 1 ml of Tween) for an hour at room temperature.
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The incubation with primary antibody was overnight at 4 °C followed the next day by 4 washing
steps, each 5 min at room temperature with 5 ml of 1x TBST and the incubation with the
correlating secondary antibody 1:3000 dilution of the secondary antibody (Anit-mouse Bethyl
A90-116P, Anit-rabbit Bethyl A120-101P) in 5 % milk powder in 1x TBST for 1 h at room
temperature. 4x washing with 5 ml 1x TBST before the revealing with the gene genomic

aperture and the gene snap software.
Table 14 is a list of all used primary antibodies in this work.

Table 14: Primary antibodies and dilutions in 5 % milk in 1x TBST for Western blot revealing

Western blot revealing

Protein Reference Dilution solution
ATM ab78 1:1000 | Pierce
BRCA1 calbiochem ms110 1:800 Cresiendo
BRCA2 ab123491 1:800 Cresiendo
Cas9 ab204448 1:1000 | Pierce
Clathrin ab21679 1:1000 | Pierce

FANCA Bethyl A301-980A-M 1:1000 | Cresiendo

FANCD?2 ab108928 1:2000 | Pierce
FEN1 Bethyl A300-255A-M 1:2000 | Pierce
GAPDH ab9485 1:2500 | Pierce
PARP1 ab32138-100 1:800 Cresiendo
Vinculin ab130007 1:2500 | Pierce
XPF Invitrigen MA5-12054 | 1:1000 | Pierce
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3.2.6 Sanger sequencing of the obtained knock-out clones

For identifying the mutation of each clone, the exon which was targeted by the sgRNA was
amplified by PCR with the IBIAN®-Taq DNA Polymerase from IBIAN lab according to the

manufacturer manual.

Table 15 lists all used primer combinations for amplification of the DNA fragments for mutation

characterisation by sanger sequencing.

Table 15: Primer for PCR of mutated genomic DNA for sequencing of mutations caused by

CRISPR/Cas9
Primer name 5'-3" sequence gene
DSt005_F TAGGGGTGGATATGGGTGAA BRCA1
DSt006_R GTTGCAGTGAGCCAAGATCA BRCA1
DSt011_PARP1_1_F | CGGGTCCTCCAAAGAGCTAC PARP1
DSt012_PARP1_1_r | CAAAGCGAAAGGCAACACCA PARP1
DSt015_BRCA1_2_f | TCTTTTGAGCTCCCAGGCAC BRCA1

DSt016_BRCA1_2 r | TGATTCTAGTCTGGAGAAACACCA | BRCA1

DSt017_BRCA1_3_f | TCAAGTATCAGCTTCAAAATATGCT | BRCA1

DSt018_BRCA1_3_r | AAGGTGGGAACTGCGTCTTT BRCA1
DSt022_FANCD2_f | GGAAGATGGAGTAAGAGAAGT FANCD2
DSt023_FANCD2_r | TGCTCATTCATAGTGGGTAG FANCD2
MP_FANCA_Fw GTGAGCTGCTTGGATCATCA FANCA
MP_FANCA_Rv TACTCTCTGCTCCACAGTCA FANCA
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Table 16 shows the reaction composition for the PCR to amplify the DNA fragments targeted by
CRISPR/Cas9 for sanger sequencing.

Table 16: PCR reaction for FANCA and FANCDZ2 with IBIAN Taq

Volume in pl Component

5 PCR-Buffer 10x

1(40mM) | dNTPs

1.00 Primer
1 Primer
0.5 IBIAN-taq

1 (50 ng) DNA

40.5 H20

50 total

The PCR reaction for amplification of the DNA fragments of FANCA and FANCD2 that were

targeted by CIRSPR/Cas9 is below in table 17, the exons were amplified with the same protocol.

Table 17: Thermocycler conditions for FANCA and FANCDZ2

Temperature in C | Time
94 5 min
94 45 sec
64 1 min x20
72 1 min
72 7 min
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The PARP1 fragment was amplified with a special polymerase Kapa2G Robust PCR Kit (Kapa
Biosystems) due to its very high GC-content, the composition of the PCR reaction shown below

in table 18.

Table 18: PCR reaction after the manual of KapaZ2G Robust

Volume in pul | Component
5 Buffer A
5 Enhancer
0.5 dNTPs
1,25 Primer
1,25 Primer
0,2 Polymerase
1 (50 ng) DNA
10,80 H20
25 total

In table 19 is the thermocycler protocol described for amplifying the DNA fragment of PARP1
that was targeted with the sgRNA for creating a KO clone.

Table 19: Thermocycler conditions for PARP1

Temperature in C | Time
95 5 min
95 15 sec
60 15 sec x35
72 30 sec
72 1 min

The amplified fragments were sanger sequenced over the EZ system over Macrogen.
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3.2.7 Functional studies and survival assays

3.2.7.1 Colony forming assay

For the colony forming assay (CFA) 350 of shRNA or siRNA infected cells were seeded in 6-well
plates and incubated for 16 days. The cells were fixed with trichloro acid (TCA) which was
added directly to the medium of the wells, for a final 10 % TCA solution and incubated overnight
at 4 °C. The plates were washed 6x under flowing tap water and dried before they were stained
with 800 pl of a 0.057 % (wt/vol) sulforhodaminde B solution in 1 % acetic acid for 30 min at
room temperature and slow shaking. After the incubation the dye is washed out 3x with 1 %

acetic acid and dried. The colonies were counted manually.

3.2.7.2 Sulforhodamine B survival

The sulforhodamine B survival (SRB) is done in a 96-well plate using twelve wells per
concentration of treatment. All cell lines origin from U20S were seeded 1000 cells per well and
treated the next day with Diepoxybutane (DEB, Sigma cat.no. 202533-16) with concentrations
0, 25,50, 100 and 200 ng/ml or Olaparib (AZD-2281, Selleckchem cat.no. S1060) 0, 5, 50, 500,
5000 nM. The cells were grown for around 5 days until the wells of the untreated control
reached confluence. TCA was added to the wells to a final concentration of 10 % and incubated

overnight at 4 °C.

The plates were washed 6x under tap water and dried. After drying the wells were incubated
with 50 pl of a 0.057 % (wt/vol) sulforhadamine B solved in 1 % acetic acid for 30 min and
washed 3x with 1 % acetic acid and dried. For the measurement of absorbance at 510 nm the
stain was solved in 100 pl of 10 mM tris(hydroxymethyl)aminomethane (TRIS) at pH 10.5 and
incubated for 1 h at room temperature, shaking. The absorbance was measured with Thermo

scientific Multiskan Sky at 510nm absorbance.
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Out of the obtained dataset outlyers were identified with the interquarentil range (IQR). To

calculate the IQR first the three quarentils of the twelve samples were calculated.

1

=+ Dm
. 1

Q3= 4(n + Dth
Q2 =Q3—0Q1

With the IQR the upper and lower limit were calculated, samples under the lower limit or higher
than the upper limit were excluded from calculating the mean of each dose for the survival

curve.
Lower fence = Q1 — (Q2 * 1,5)

Upper fence = Q3 + (Q2 * 1,5)

3.2.7.3 Micronuclei-chromosome-fragility and cell cycle

On day one the cells were seeded into 96-well plates 10 000 cells for U20S and RPE1 in 200 pl
and 20-25 000 cells for the HEK cell lines. On day two the cells are treated with DEB (DEB, Sigma
catno. 202533-16) in concentrations 0, 25, 50 and 100 ng/ml and on day four the plates are

processed.

The plate was incubated on ice for 20 min followed by the aspiration of the medium and staining
of the cells with 0,025 mg/ml Ethidium monoazide (EMA; Thermo Fisher cat.no. E1374) and

incubation on ice for 30 min with exposure to visible light.

Cold 1x PBS + 2 % FBS was added to the EMA and the wells were aspirated. 50 pl of Lysis buffer
1 (before use of the lysis buffer added 4’,6-diamidino-2-phenylindole (2 ug/ml DAPI; Invitrogen
cat.mo. D21490) and RNase A (1 mg/ml; Thermo Fisher cat.no. 12091021)) were added:
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Table 20 lists all components of MN lysis buffer 1 prior to the addition of DAPI and RNase A for

the first step of lysis of the cells that are being prepared for MN measurement.

Table 20: Components of MN lysis buffer 1

s Concentration
Weight in mg in mg/ml Component
58.4 0.584 NacCl
100 1 Na3zC3Hs0(CO00)3
solve in 100 ml H,0
add 30 pl 0.3 pul/ml IGEPAL

Incubation for 1h at 37 °C to the lysis buffer 1 was added 50 pl lysis buffer 2 (before use added
DAPI (2 pg/ml)) and incubated for 30 min at RT in the dark. Table 21 shows the components of
MN lysis buffer 2 prior to DAPI addition for the completion of the cell lysis for MN measurement.

Table 21: Components of MN lysis buffer 2

. . Concentration
Weightin g in mg/ml Component
8.56 85.6 Saccharose
1.5 15 Citric acid ( CeHgO7)
solve in 100 ml H,0

The plates can be stored up to 4 days at 4 °C in the dark before measurement at the cytometer.

The cytometer measurement was done like described in “In Vitro MicroFlow® 96 Well Plate
Format” from Litron Laboratiries with the exception of the used DNA dye. Instead DAPI was
used of the SYTOX® Green nucleic acid stain. The cytometer set-up conditions are described in
the manual and measured were 75 pl volume of each sample with the MACSQant from Miltenyi.
The cell cycle histogram of DAPI stained cells was used to identify the G1 cell cycle fraction and
a gated were all events starting from 1/100t of the G1 peak and encompassing all nuclei in any

of the cell cycle phases. The Events 1/100t of the G1 peak are considered MN.
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The following clean up steps of the measured data as described in the manual was done over
the FACSs software FLOWJOW (like exclusion of duplets, and cell fragments). The cell cycle was
measured at the same time under the same conditions as the MN and samples that counted less

than 5000 nuclei were excluded from further analysis.

3.2.7.4 UV-sensitivity survival

For the determination of UVC sensitivity the cells were seeded 50 % confluence in 2 ml of
medium a 35 mm diameter dish. 24 h after seeding the medium was aspirated and the cells
were washed with 1x PBS and irradiated without liquid at 0, 2, 5, 10 and 15 J/m2 (254 nm; 15
W UVC Lamp G15-T18 Philips). The medium was added back to the cells and the surviving cells

were counted after 72 h with the Backman-Coulter cell counter.

3.3 SiRNA transfection for protein knock-down

siRNA transfections were done in 6-well plates with 200 000 cells per well independent of the
cell line. Following the seeding, the next day, the medium of the cells was changed to 1 ml of

OptiMEM (Gibco™ Thermo fisher cat.no. 31985062).

In two 1.5 ml tubes the transfection solutions were prepared separately for the siRNA and for
the lipofectamine. For the siRNA 30 pmol (3 pl of a 10 uM stock) of siRNA in 150 pl OptiMEM
per well were mixed and in the other 1.5 ml tube 9 ul of lipofectamine in 150 pl OptiMEM
(RNAIMAX Invitrogen) per well were mixed.

The solutions were incubated for 1 min at room temperature before they were pipetted
together as a mixture and incubated for 5 min at room temperature before 300 pl of the mixture
was added to the cells and incubated 16 h at 37 °C before the medium was changed to normal

DMEM cell culture medium.
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Table 22 lists all used siRNA sequences in the CCA.

Table 22: siRNA sequences for silenced genes

Gene sequence 5' - 3' Supplier
ATM AACAUACUACUCAAAGACAUU merck
ATM_as AAUGUCUUUGAGUAGUAUGUU merck
BRCA1 GUGGGUGUUGGACAGUGUA sigma
BRCA1 as UACACUGUCCAACACCCAC sigma
BRCA2 GGAUUAUACAUAUUUCGCA sigma
BRCAZ2_as UGCGAAAUAUGUAUAAUCC sigma
FANCA AAGGGUCAAGAGGGAAAAAUA sigma
FANCA_as UAUUUUUCCCUCUUGACCCUU sigma
FANCD2 esiRNA sigma
Luciferase CGUACGCGGAAUACUUCGA sigma
Luciferase_as | UCGAAGUAUUCCGCGUACG sigma
MLH1 AACUGUUCUACCAGAUACUCAUU sigma
MLH1_as AAUGAGUAUCUGGUAGAACAGUU sigma

3.4 Cytometer based Colour Competition Assay (CCA)

3.4.1 Setup conditions and controls

At first the population doubling time was established for the U20S conU2, FANCA and FANCD?2
as well as for cell line RPE1 by seeding 20 000 cell in a 6 well-plate and counting cells for time

points 24 h, 48 h, 72 h, 96 h and 120 h to calculate the doubling time.

For conU2Z and FANCA KO mutant the doubling time was 24 h independent, the doubling time
for FANCD2 KO was 25 h with this knowledge the incubation time for measuring the CCA was
decided to be at least 5 days, meaning that the cells went through at least 4 cells cycles after

treatment.

On day one the cells were seeded 200 000 cells per well (in a 6-well plate) in total and while
100 000 cells were the NT GFP control and the other half was from the same background but
carrying the NT tRFP protein. On day two the cells were treated with Diepoxibutane (DEB;
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cat.no 202533-16 sigma), Olaparib (cat.no S1060 selleckchem) siRNA or shRNA on day three
the medium was changed for lentiviral transduced shRNA to 1 pg/ml puromycin containing

DMEM medium and for siRNA as described in the anterior chapter.

On day nine the cells were measured. For longer cultures only 100 000 cells were seeded as a

standard, if the cells grew confluent before measurement they were passed to a 25 cm? flask.

To find the most complete inhibition for each shRNA the a Kkinetic experiment was carried out
for the following time points and seeding volume 24 h; 800 000 cells, 48 h; 600 000 cells, 72 h;
500 000 cells, four days 400 000 cell, six days 400 000 cells, eight days 200 000 cells, ten days
200 000 cells, 12 days 100 000 cells and 14 days 100 000 cells. The inhibition was visualized

by immunoblot detection (see table 15 for antibodies).

As proof of concept for the CCA already published SL interactions between BRCA1/2 and
Olaparib, shFEN1 or PARP1 KO and siBRCA1 and between the Fanconi pathway proteins and

siATM were used.

3.4.2 Setup of cell lines with parental control cell line

For KO cell lines that were created form a parental cell line, like U20S clone FANCA, FANCD2
and PARP1 this parental cell line U20S Cas9 was transduced with plasmid
(pLKO5.sgNT.EFS.tRFP) coding for a red fluorescent protein (tRFP) this created cell line was
used as control (conU2). conU2 or RPE1 Cas9 tRFP cells (control cell line for RPE1 Cas9 FANCA
KO GFP) were mixed 1:1 with the KO cells before seeding. 50 000 cells/colour in the 6-well

plate which makes in total 100 000 cells in one 6-well plate well.

On day two the cells were treated according to the protocol of siRNA or shRNA virus particle
above, control cells were treated with shNT. On day three the medium was changed for the cells
transduced with the lentivirus particle to a selection medium containing 1 pg/ml Puromycin,

for the siRNA to cell culture medium (see table 1 for culture medium of different cell lines).

For the cytometer measurement the cells were trypsinized and collected in 1x PBS with 2.5 %
of fetal bovine serum (FBS, serum) the total volume of the sample was 1 ml and the samples

were kept in the dark until measurement with one of the following flow cytometer: FACSCanto
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(BD Biosciences), MACSQuant® Analyzer 10 Flow Cytometer or MACSQuant® VYB Flow

Cytometer.

3.4.3 Set up of cell lines without a parental control cell line

For cell lines that had no parental or complemented contro], first the cell lines were transduced
with the pLKO5.sgNT.EFS.GFP or pLKO5.sgNT.EFS.tRFP plasmid to express GFP or the tRFP

fluorescent marker.

Instead of mixing the two cell lines beforehand, they were seeded separately and treated on day
two, the tRFP expressing cell line with NT shRNA and the GFP expressing cell line with a target
shRNA, on day three they were detached and mixed 1:1 before they were seeded in one well

with selection medium. The measurement was according to chapter 3.2.3.2

If the cells were treated additionally with a drug this was done on day three with the change of
the medium, treatment with DEB was incubated with the cells until measurement at the

cytometer.

3.4.4 Colour competition assay with inhibitors

For studies with inhibitors 200 000 cells in total in a 6-well plate were grown overnight and
treated the with the inhibitor for 24 h bevor the medium was changed to normal cell culture
medium. The cells were measured after five days of growth with the inhibitor (FEN1 inhibitor:

LNT1 Tocris Cat.No. 6510 and XPF inhibitor: NSC16168, MCE Cat.No. HY-100690)

3.4.5 Setup of cell liens without selection marker

For the siRNA transfection were selection marker are not possible non-independent replicates

in 96-well plates were chosen to be useed to homogenise the results.

The cells were treated as described in the chapter above cells without parental cell line but

instead of growing the cells after the siRNA treatment in the 6-well plates they were seeded as
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12 non-independent replicates in a 96-well plate 1000 cells/colour. The MACSQuant®
Analyzer 10 Flow Cytometer and MACSQuant® VYB Flow Cytometer are adaptable for

measurements in 96-well plates.

The resulting data was screened for outlyer as described in the SRB survival after calculating

the percentage of tRFP and GFP expressing cells.

3.4.6 Cytometer measurement and data analysis of the CCA

The measured cells were plotted as function of SSC-A vs the FSC-A and the living cell population
was selected, this population was then plotted on FSC-H vs FSC-A to see population’s
distribution of size to eliminate duplets. The single cells were than plotted as a function of PE-
A (recognizes the tRFP) and FITC-A (recognises the GFP) to see distinct populations in with

tRFP, GPF or without colour. For each sample 10 000 events of single cells were gated.

The combined amount of tRFP positive cells and GFP positive cells were set to 100 % and the
percentage of red and green expressing populations were calculated. Form this the fold

increase to the shNT or untreated control was used to plot the results.

For the plotting the GraphPad software was used and the mean as well as the standard deviation
(SD) or standard error of the mean (SEM) of the repeats was calculated by the software. We
tested for statistical significance between control cell line and the KO mutant by first testing for
a parametric distribution of the data as suggested by the software with D’Agostino-Pearson
omnibus normality test as well as with the Kolmogorov-Smirnov test with Dallal-Wilkinson-
Lillifor P-value provided by the programme. If a normality distribution was confirmed the
unpaired t-test with a significance level of <0.05 was applied. If there results were non
parametric the unpaired Mann-Whitney test was executed as suggested by the GraphPad

software.

51



4 Results and Discussion

4.1 Establishing of the U20S knock-out cell lines with the CRISPR/Cas9
method

4.1.1 Expression of Cas9 and fluorescence proteins

The purpose of this thesis was to find new synthetic lethal or viable interactions of FA proteins
with other DNA repair pathways. FANCA is a protein of the FA core-complex that
monoubiquitinates the ID2-complex, it is also the most commonly mutated FA protein. The
monoubiquitination of the ID2-complex is an essential step for recruiting the downstream
proteins to repair damage, both proteins, FANCA and FANCDZ2, have a central function in the
pathway, for that reason generating knock-down cells of these two genes was accomplished

through the CRISPR/Cas9 system.

The first step for establishing a KO cell line with the CRISPR/Cas9 system is the introduction of
the Cas9 enzyme into the chosen cell line. The addgene plasmid lentiCas9-Blast is carrying the
Cas9 nuclease and the selection marker blasticidin. The cells were transduced with lentiviral
particles and selected with blasticidin for one week. The expression of Cas9 was confirmed by
western blot (WB). Figure 10 shows a WB of U20S cells that are either not transduced with the
lentiCas9-Blast plasmid (Figure 10 pocket one) or transduced (figure 10 pocket two and three)
with Cas9 an additional fibroblast control cell line PN (figure 10 pocket three)was also

transduced.

U20Ss PN
+ + cDNA Cas9
150 kDa — P | — Caso
123 kDa — —— Vinculin

Figure 10: Western blot of Cas9 expression; 10 % PAA gel with antibodies against Cas9 and loading control Vinculin;
first pocket: U20S cells not transduced with the lentiCas9-blast plasmid carrying the Cas9, second pocket: U20S cells
transduced with lentiCas9-blast, third pocket: fibroblast cell line PN transduced with lentiCas9-blast

In the transduced cell lines there are two bands at the molecular weight of Cas9 (150 kDa) while

there is only one band in the control cell line. The untranduced U20S cells are clearly missing
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the second band which is positioned slightly lower on the membrane leading to the conclusion
that the second band on the blot, which is only present in the two transduced cell lines, is the
Cas9 protein. Therefore, the cell pool was transduced with the second plasmid (pLKOS5) that
carries the sgRNA and GPF or in the case of the control, the non-targeting sgRNA (sgNT) and
the tRFP.

The fluorescence of the cell lines was first confirmed by microscopy (figure 11) before they

were sorted by FACS and regrown for single cell clones.

Figure 11: Control of pLKOS5 transduction in U20S Cas9 cells by fluorescent microscopy; 10x Magnitude, 72 h after
transduction A: U20S Cas9 + pLKO5.sgFANCA.GFP, B: U20S Cas9 + pLKO5.sgNT.tRFP

The detection of the red fluorescent protein was possible over the PE detector of the cytometer.
The cell line U20S Cas9 + pLKO5.sgNT.tRFP will be call conU2 from here on and serves as a
control to U20S FANCA KO, U20S FANCD2 KO and U20S PARP1 KO cells.

4.1.2 Characterisation of the FANCA KO clone

After the transduction of the sgRNA and the single cell cloning, the expression of a chosen
FANCA clone was visualized on a WB (figure 12 A). As mentioned before, the main function of
the FA core complex, which FANCA is part of, is the monoubiquitination of the ID2-complex.
FANCA KO patient cells are incapable of monoubiquitinating of FANCDZ2. This deficiency can be
visualized by WB through which it is possible to detect monoubiquitinated FANCD2 as well as

the unmodified protein in healthy controls. This is what can be seen in conU2 cells in figure 12
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B, it shows two bands at 164 kDa and approximately 172 kDa for FANCD2, the

monoubiquitinated form is exactly 8.6 kDa heavier than the unmodified one.

conU2 B12
A B
wt  B12 W - HU
162 kDa —— | W— FANCA FANCD2-Ub — .
FANCDZ —— | 164 kDa
35kDa — |m— — GAPDH
Vinculin 123 kDa
C 70 210 2350
TTCTCT C%GCCGGGA\ GG"GCC cT -\GCG GGGACAGATCT GC-\CGGC ccC

contz | \ﬁ A Mﬂ[\[\f\ J\MW[\M[\ AM' WA

TICTCT C{GCCGGG% GG"GCC CT \%GCG GGG%C{G\ CT GCA\CGGC CcC

FANCA clone B12

Figure 12: Characterisation of FANCA KO clone B12, A: WB of FANCA expression; 7.5 % PAA gel, FANCA antibody and
GAPDH loading control, pocket left conU2, right pocket U20S Cas9 + pLKP5.sgFANCA.GFP clone B12; B: WB of FANCD2
monoubiquitination: 10 % PAA gel FANCDZ2 primary antibody and loading control Vinculin, pockets one and two conU2
without HU treatment and with 2 mM HU, pockets three and four U20S Cas9 FANCA clone B12 without and with 2
mM HU treatment; C: Sequence of FANCA KO clone B12; reference sequence top and clone sequence bottom, arrows
indicate the mutation position

The treatment of hydroxyurea (HU) mimics replication fork stalling at ICLs and induces an
increase in FANCD2 monoubiquitination. The conU2 cells exhibit the behaviour of healthy cells,
when unchallenged there is only a faint band for monoubuquitinated FANCD2 but with the HU
treatment the FANCD2 ubiquitination increases. In the FANCA KO clone on the other hand,
there is no second band, independent of HU treatment. This is seen in patient cells with

mutations in the core complex proteins and what would be expected of a FANCA KO clone.

The sequencing of U20S FANCA KO clone B12 for mutation characterization showed a
homozygote insertion of an adenine c.358_359insA resulting in frame shift and subsequent stop
codon (p.S120Kfs*61) (Figure 12 C). Further prove of the creation of a FANCA KO clone
provided the molecular phenotype of sensitivity to DEB and Olaparib (figure 13), as well as the
induced chromosome fragility and the stalling of FA cells at Gz/M cell cycle checkpoint (figure
13 A and B).
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Figure 13: Functional assays for characterisation of the U20S Cas9 FANCA KO clone B12 phenotype, A and B: SRB
survival assays of FANCA KO clone B12 with SD; in green U20S Cas9 pLKO5.sgNT.tRFP, in red HEK BRCA2 KO as
sensitivity control, in blue U20S Cas9 FANCA KO clone B12, left survival with increasing doses of DEB, right survival
with increasing doses of Olaparib, D and D: Chromosome fragility measure by MN and G:M block with SD; left
MN/1000 cells of conU2 compared to U20S Cas9 FANCA clone B12 treated with 50 ng/ml DEB, right G,M-block conU2
and U20S Cas9 FANCA clone B12 with 50 ng/ml DEB treatment

FA cells are highly sensitive to ICL including agents, in contrast, cells proficient for the FA
pathway like conU2 are very little effected by DEB. The created U20S FANCA KO cell line was
challenged with DEB in a SRB survival assay (figure 13 A): the conU2 cell line (green) does not
show sensitivity to DEB, in red is the HEK BRCAZ2 KO cell line used as a positive control since
BRCA2 KO cells are highly sensitive to DEB. The U20S FANCA KO cell line (in blue)
demonstrates a high sensitivity to DEB, showing the expected behaviour of a FA cell line while

the conU2 cells are unaffected.

FA upstream cells are moderately sensitive to Olaparib treatment and this is demonstrated in
figure 13 B were the U20S FANCA KO survival lies between the unaffected conU2 and the highly
sensitive HEK BRCA2 KO.
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Spontaneous and induced chromosome fragility is a hallmark of FA molecular phenotype and
is demonstrated for the generated FANCA KO clone in figure 13 C though the MN analysis of the
FANCA KO compared to the conU2 with 50 ng/ml DEB treatment. The same is valid for the G,/M
cell cycle arrest in FA cells, shown in figure 13 D in the graph. Overall, the experiments
demonstrated the creation of a stable FANCA KO cell line that is expressing GFP and behaves

like expected of a FA cell line.

4.1.3 Characterisation of the FANCD2 KO clone

One of the U20S FANCD2 KO clones was not showing protein on the WB at the size of 164 kDa
(figure 14) and this clone, U20S FANCD2 KO clone C9, was selected for sanger sequencing. The
PCR showed a homozygote insertion of approximately 200 bp (figure 14 B)

A B
1000bp
conU2 C9 conU2 (9
164 kDa ——| we——— FANCD2 -
500bp —— "
123 kDa ——/| e @ | Vinculin p— 4

100bp J—

Figure 14: Identification of a U20S Cas9 FANCD2 KO clone C9, A: WB of FANCD2 expression; 7.5 % PAA gel FANCD2
antibody and Vinculin loading control, left pocket: conU2, right pocket: U20S Cas9 FAND2 clone C9, B: SDS-PAGE of
PCR FANCD2 Exon 11; 0.8 % Agarose gel of FANCD2 Exon 11 PCR with primer from table 16, left pocket: conU2 with
expected fragment size of 570 nt, right pocket: U20S Cas9 FANCD2 clone C9 with one band at approximately 200 nt
bigger

The sanger sequencing than revealed a deletion of 5 nucleotides and at the same position as the
insertion of 238 nt resulting in a frame shift and a pre-mature stop codon (p.L295Mfs*3)
(c.883_888delinsATGACTTGAGAAAATCATTTATTAGAGTATGAAAATAAAGGACATACTTAGTTG
CCATTAAGTTACCGTTTATAGTATGTTTCTTTAAAAATTGTTTTGACTGCAAAAAATAATACATGC
TCATTATAAAAATTCAAATAATAAAAGTAGAAACAAGAAGCCTTCCATCACAATCCCCACTACCCA
GAGAACACCACTATTTAGTTTGGTATGTATCCTTCCCCGCAAAAAGGAAAAA).

The sensitivity to DEB and Olaparib was tested next. In figure 15 A and B are the graphs shown
for the SRB survival with DEB or Olaparib treatment. The FANCD2 KO clone C9 (blue) exhibit a
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high sensitivity comparable with the HEK BRCA2 KO cell line (red), this HEK BRCA2 KO cell line
serves as a positive control for DEB and Olaparib sensitivity. In contrast, the conU2 cell line

does not show any sensitivity.
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Figure 15: Characterisation of U20S FANCA KO clone C9, A and B: SRB survival assays of FANCD2 KO clone C9 with
SD; in green conU2, in red HEK BRCA2 KO as sensitivity control, in blue U20S Cas9 FANCD2 KO clone C9, left survival
with increasing doses of DEB, right survival with increasing doses of Olaparib, C and D: Chromosome fragility measure
by MN and G.M block with SD; left MIN/1000 cells of conU2 compared to U20S Cas9 FANCD2 clone C9 treated with
50 ng/ml DEB, right GzM-block conU2 and U20S Cas9 FANCD2 clone C9 with 50 ng/ml DEB treatment

In figure 15 B the graph, which depicts the sensitivity to Olaparib is shown, conU2 does not
experience sensitivity compared to HEK BRCA2 KO and U20S FANCD2 KO as already seen in
the FANCA KO clone. This proves the chemosensitivity of U2Z0S FANCD2 KO clone C9 to Olaparib

and is in accordance with the FA molecular phenotype.

Regarding the chromosome fragility of the U20S FANCD2 KO clone C9 it is, as expected, more
than the double of the conU2 at 50 ng/ml DEB dose (Figure 15 C) and the G2/M-block of the
FANCD2 KO cells is very high compared to the control. Summing up we conclude, that the

produced cell line demonstrates typical FA molecular phenotypes.
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4.1.4 Characterisation of the PARP1 KO clone

Among the clones generated using the sgRNA for PARP1, clone A3 in figure 16 was investigated
further. The WB of PARP1 did not show expression of the protein (figure 16 A). The sanger
sequencing (figure 16 B) revealed a homozygote insertion of adenine at position

cDNA.188_189insA resulting in a frame shift and a premature stop codon (S16Efs*30).
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Figure 16: Characterisation of U20S Cas9 PARP1 KO clones, A: WB of PARP1 expression,; 10 % PAA gel, PARP1 antibody
and GAPDH loading control, left pocket: conU2, middle pocket: U20S Cas9 PARP1 clone A2, right pocket: U20S Cas9
PARP1 clone A3, B: CFA of U20S Cas9 PARP1 KO clone A3 with siRNA against BRCA1, Fold increase of counted colonies
SiBRCA1 vs siLuciferase (siLuc) with different doses of siRNA normalized to conU2 and SD; C: WB of BRCA1 expression;
6 % PAA gel, BRCA1 antibody and Clathrin loading control, first and second pockets: conU2 with siLuc, third and fourth
pocket: conU2 with siBRCA1 treatment; D: Sanger sequencing of U20S PARP1 clone A3; gDNA sequence of conU2 as
reference sequence (top) and U20S PARP1 clone A3 (bottom), the arrows indicate the mutation position of inserted
adenine
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The described synthetic lethality of PARP1 with BRCA1 was used to functionally test the U20S
Cas9 PARP1 clone A3 with a Colony Forming Assay (CFA). The CFA could confirm the synthetic
lethality of U20S Cas9 PARP1 KO clone A3 with siBRCA treatment in a dose dependent manner
(figure 16 C) and together with the data from the sanger sequencing, the PARP1 WB and the
synthetic lethality, this leads to the conclusion that the created clone is indeed a PARP1 KO

clone.

For this work, U20S BRCA1 KO clones were tried to be established with the CRISPR/Cas9
system and a sgRNA published [182], stating that it successfully generated a BRCA1 KO clone
with the mentioned sequence. In the frame of this thesis it was not possible to obtain BRCA1
KO clones even using two other sgRNAs or combinations of more than one sgRNA, generated

by the BreakingCas web tool.

4.2 Theory of Colour competition assay

On of the objectives of this thesis was to establish a method to test for synthetic lethal or viable
interactions with FA proteins. The theory based on which the CCA functions is the growth
advantage that either cells with synthetic viability over healthy cells have over synthetic lethal

combinations.

In this system, different types of control cells were used depending on the cell line. Either the
parental cell line, from which the clones were created was used by transducing it with
pLKOS5.sgNT.EFS.tRFP or pLKO5.sgNT.EFS.GFP carrying a non-targeting shRNA depending if
the KO counterpart was marked with GFP or tRFP. Thus, the cells were mixed and treated with
shRNA or siRNA or inhibitor at the same time. The second control was for cell lines without a
Wt control like the LoVo and HCT116 cell line. In that case, a tRFP and a GFP expressing cell line
was generated and tRFP expressing cells were treated with shNT or siLuc (non-targeting

controls) while the GFP expressing cells were treated with shRNA or siRNA for the target gene.

A synthetic lethal interaction would result in the reduction of the GFP expressing cell line
compared to the red control and for a synthetic viable interaction an increase the GFP

expressing cell line would be seen compared to the red control.
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4.3 Searching for synthetic lethality or viability with the cytometer
based colour competition assay between FA and different DNA repair
pathways

4.3.1 Colour competition assay proof of principle and synthetic lethality controls

Preliminary experiments were run to avoid facing unforeseen interactions or growth
differences and to see how accurate cell counting is and what impact it has on the cytometer
measurement between conU2 and U20S Cas9 sgNT.GFP. The cell counting was very accurate
with a near 1:1 distribution of conU2 to U20S Cas9 sgNT.GFP when measured directly after
seeding. This distribution was kept over the measured time span of five days. However, longer
cultures showed a small growth deficit in cells expressing the tRFP protein compared to the
ones carrying the GFP. In order to keep this difference small, tRFP expressing cells were used
exclusively for controls while mutants or cells treated with shRNA silencing a gene, expressed

the GFP.

After the basic assessment the previously confirmed synthetic lethality between the established
U20S PARP1 KO and the siRNA against BRCA1 was chosen as proof of principle for the colour
competition assay (CCA). In the previous chapter a CFA confirmed the PARP1 synthetic lethal
interaction with BRCA1 to prove the creation of a PARP1 KO clone. Now this synthetic lethal
interaction should be reflected in the CCA (figure 17).
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Figure 17: Proof of principle experiment with the CCA A: CCA of conU2 vs U20S PARP1 KO clone A3 with siBRCA1
treatment; fold increase of siBRCA1 to siluc with increasing doses of siBRCA1, plotted are five independent
experiments, error bars show SD and significant was calculated for an unpaired student t test, B: WB control of conU2
vs U20S Cas9 PARP1 KO clone A3 siBRCA1 inhibition; 6 % PAA gel with antibody against BRCA1 and loading control
vinculin, left pocket: conU2 vs U20S Cas9 PARP1 KO clone A3 treated with siLuc as control, middle pocket: conU2 vs
U20S Cas9 PARP1 KO clone A3 treated with 15 pmol of siBRCA1, right pocket: conU2 vs U20S Cas9 PARP1 KO clone
A3 treated with 30 pmol of siBRCA1

In figure 17 the synthetic lethality of U20S PARP1 KO cells with siRNA for BRCA1 is confirmed
with a reduction of the fold increase of the PARP1 KO to conU2 in a dose dependent manner.
This experiment is proofing that the CCA method can detect synthetic lethality. There is a
difference in sensitivity between the CFA and the CCA (figure 17) but nevertheless the CCA
shows a significant reduction of measured U20S Cas9 PARP1 KO cells after siBRCA1 treatment.

After proofing that the CCA can reproduce the synthetic lethality of an interaction that was seen
before in the CFA, two more published, synthetic lethal interactions were tested. One is the
known synthetic lethal interactions of ATM in a FA background [152] and the other is the SL of
BRCA2 KO with FEN1 [167].
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In figure 18 the CCA of conU2 versus FANCD2 KO is plotted as fold increase to siLuc and the
ratio of tRFP to GFP positive cells was measured at different times of growth. This was done to

establish the time when the CCA is most sensitive in measuring the SL.

A 1.5

1od—= I — | = —~ ~—

0.5

Fold increase to shNT
normalized to conU2

T T T T T L] T T T

N N
S S & S S
) oY ¢ QY & QO
ENE N
& & % <<‘?* Q‘?*
SIATM
B Day 1 Day 3 Day 6 Day 9 Day 12 Day 14
- + - + = + - + - + - + SiATM
350 kDa = | (e - - -— P - ATM
123 kDa — | "N  ——— NP —— P — C— Vinculin

Figure 18: CCA of the published interaction FANCD2 with ATM to determine the time for measurement, A: CCA of
synthetic lethality control U20S Cas9 FANCD2 KO clone C9 and siATM; CCA of conU2 vs U20S Cas9 FANCD2 KO clone
C9 with treatment of siATM measurement at different time points after siRNA silencing of ATM with 30 pmol shown
as fold increase to siluc, the error bars are showing SD of two independent repeats; B: WB expression of ATM after
siATM treatment: 6 % PAA gel with antibody against ATM and loading control Vinculin of U20S Cas9 FANCD2 KO
clone C9 and siATM treatment; the placeholder sign indicate that the sample was treated with siLuc and the plus
indicate the treatment with 30 pmol siATM

As shown in figure 18 A the CCA is the most sensitive at day nine and its sensitivity is slowly
decreasing from that point on. The loss of sensitivity is probably due to the silencing of the
shRNA which occurs naturally by mutating the shRNA sequence. This silencing is also visible in
the western blot in figure 18 B, where starting from day six up to day nine the inhibition of ATM
expression, in comparison to the loading control, is the greatest. All further CCA experiments

were measured at day nine.

In conclusion, the CCA was able recapitulate the SL described between FANCD2 and ATM. In a
reverse experiment in fibroblast ATM KO patient derived cells treated with siRNA for FANCA
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and FANCD2 cells exhibited a decrease in growth reminiscent of the SL seen in figure 18
(Annex 1).

Another described SL is the interaction between BRCA2 and FEN1 [167]. In figure 19 A, the CCA
was tested for its ability to detect this interaction in HEK BRCA2 KO cells with shRNA inhibition
of FEN1. The greatest difference in ratio between the control HEK tRFP and HEK BRCA2 KO GFP
cell line is again at day nine. The shortest growing time, that had still the greatest difference

between control and KO was chosen, which in this case was also at day nine.
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Figure 19: CCA of the published interaction BRCA2KO with FEN1 to determine the time for measurement, A: CCA of
HEK tRFP vs HEK BRCA2 KO GFP and shFEN1 treatment; CCA of HEK tRFP vs HEK BRCA2 KO GFP with treatment of
shFEN1 measurement at different time points three independent repeats plotted as fold increase to shNT, error bars
are showing SD, B: WB expression of FEN1 after shFEN1 treatment: 10 % PAA gel with antibody against FEN1 and
loading control Vinculin of HEK tRFP vs HEK BRCA2 KO GFP with shFEN1 treatment

After being able to establish the sensitivity of the system with shRNA and siRNA the next step
was to proof that the CCA was able to detect the SL observed in BRCA1/2 KO cells when treated
with the PARP1 inhibitor Olaparib. For this experiment a fibroblast control cell line PN and a
fibroblast patient cell line for BRCA2 KO (figure 20 A) was used.
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The CCA was able to detect a dose dependent sensitivity to Olaparib in the BRCA2 deficient
fibroblast cell line (Figure 20, B) and synthetic lethal behaviour with shFEN1 of the same
fibroblast BRCA2 KO cell line as control (Figure 20, C). The HEK BRCA2 KO cell line also showed

sensitivity to Olaparib but to a much lesser extend (Annex 2).
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Figure 20: CCA proof of principle with PARP inhibitor Olaprarib and fibroblast BRCA2 KO, A: WB of BRCA2 expression;
6 % PAA gel with antibody against BRCA2 and loading control Vinculin, Pocket one: BRCA2 proficient Fibroblast cell
line PN, Pocket two: Fibroblast BRCA2 KO GFP cell line, Pocket three: HEK tRFP cell line BRCA2 proficient, Pocket four:
HEK BRCA2 KO GFP cell line, B: CCA of PN tRFP vs Fibroblast BRCA2 KO GFP with Olaparib treatment; CCA measured
at day five, different concentrations of Olaparib and ratio of PN tRFP vs Fibroblast BRCA2 KO GFP of four independent
experiments plotted as fold increase to untreated control, error bars show SEM, Significance of unpaired Mann-
Whitney test, C: CCA of PN tRFP vs Fibroblast BRCA2 KO GFP with shFEN1 treatment; CCA measured at day nine,
treatment with shFEN1 and ratio of PN tRFP vs Fibroblast BRCA2 KO GFP of four independent experiments, plotted as
fold increase to shNT, error bars show SEM, Significance calculated with unpaired Mann-Whitney test, D: WB of FEN1
expression in for CCA; 10 % PAA gel with antibody against FEN1 and loading control Vinculin, PN tRFP vs Fibroblast
BRCA2 KO GFP treated with shRNA; Left Pocket: PN tRFP vs Fibroblast BRCA2 KO GFP treated with shNT;, Right Pocket:
PN tRFP vs Fibroblast BRCA2 KO GFP treated with shFEN1

64



In summary these results are proof of concept that the CCA was able to detect SL induced by
shRNA, siRNA and with an inhibitor. It could recreate the synthetic lethality seen in the CFA as
well as the described synthetic lethal interactions with ATM and FEN1.

4.3.2 Testing for synthetic lethality or viability between base excision repair and FA
proteins

PARP1 is part of the BER pathway and its inhibition was shown to be synthetically lethal with
BRCA1/2, which both are proteins in the downstream part or the FA pathway. This could hint
to a synthetic lethality with other FA proteins. To assess if there is any synthetic lethality with
upstream FA proteins or with the ID2-complex shRNA was used to test this hypothesis. FANCA
is a component of the core-complex and the most frequently mutated FA complementation

group as well as shRNA against FANCD2 which is part of the ID2-complex.

Figure 21 A shows the CCA for conU2 versus U20S Cas9 PARP1 KO with shRNA treatment for
FANCA, FANCDZ2 and PARP1 as an internal control. None of the shRNA treatments showed a
difference between the ratio of conU2 and the PARP1 KO. In figure 21 B and C are the WBs of
the targeted proteins are seen. The shRNA is down regulating the expression of both proteins,
concluding that there is no synthetic lethal or viable interaction between FANCA and PARP1
and neither between FANCD2 and PARP1.
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Figure 21:Testing for SL or synthetic viability with BER protein PARP1, A: CCA of conU2 vs U20S Cas9 PARP1 KO clone
A3 with shRNA treatment; CCA of conU2 vs U20S Cas9 PARP1 KO clone A3 treated with shRNA against either FANCA
or FANCD2 the shPARP1 is used as an internal control plotted is the fold increase to shNT and normalized to conU2 of
three independent repeats and error bars show SD; B and C: WB control of FANCA and FANCD2 expression after
shRNA treatment; 7.5 % PAA gel with antibody against either FANCA or FANCD2 and loading control vinculin NT
indicates the shNT as control

4.3.3 Testing for synthetic lethality or viability between mismatch repair and FA
proteins

The commercially available cell lines LoVo and HCT116 are both from tumour origin of the
colon and both have defects in the mismatch repair. LoVo cells are mutated for MSHZ and
HCT116 are deficient for the gene MLH1. Both cell lines have a high mutation frequency due to
the deficiency in MMR which is, as discussed before, a proof reading mechanism to detect and

replace mismatched bases in the DNA.

As there are no parental cell lines available, LoVo MSH2 KO tRFP expressing cells were used to
transduce exclusively with shNT and then mixing it with a LoVo MSH2 KO GFP transduced with
either shFANCA or shFANCD2. The results were normalized to a sample of LoVo MSH2 KO tRFP
ShNT vs LoVo MSH2 KO GFP shNT, the same was done for the HCT116 cell line. None of the
experiments showed a synthetic lethal or viable interaction, while the WB control shows the

silencing of the proteins (Figure 22).
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Figure 22: Testing for synthetic lethality or viability with the CCA in MMR deficient cell lines, A: CCA of LoVo MSH2 KO
shNT vs LoVo MSH2 KO shRNA; CCA with LoVo cell deficient for MSH2, MSH2 KO tRFP shNT vs MSH2 KO GFP shNT
was used as control all sample ratios for tRFP and GFP positive cells are plotted as fold increases to this control, LoVo
MSH2 KO tRFP shNT vs LoVo MSH2 KO GFP shRNA was either treated with shFANCA or shFANCD2, samples are
normalized to the corresponding LoVo MSH2 KO tRFP shNT, error bars show SD of three independent repeat, B: WB of
FANCA expression in LoVo MSH2 KO cells and HCT116 MLH1 KO cells; 7.5 % PAA gel with antibody against FANCA
and loading control Vinculin, First Pocket: HCT116 MLH1 KO shNT, Second Pocket: LoVo MSH2 KO shNT, Third Pocket:
HCT116 MLH1 KO shFANCA, Fourth Pocket: LoVo MSH2 KO shFANCA, C: CCA of HCT116 MLH1 KO shNT vs HCT116
MLH1 KO shRNA; CCA with HCT116 cells that are deficient for MLH1, the HCT116 MLH1 KO tRFP shNT vs HCT116 MLH1
KO GFP shNT was used as control all sample ratios for tRFP and GFP positive cells are plotted as fold increases to this
control and are normalized to HCT116 MLH1 KO tRFP shNT samples were either treated with shFANCA or shFANCD2,
error bars show SD of three independent repeats, D: WB of FANCD2 expression in LoVo MSH2 KO cells and HCT116
MLH1 KO cells; 7.5 % PAA gel with antibody against FANCD2 and loading control Vinculin, First Pocket: HCT116 MLH1
KO shNT, Second Pocket: LoVo MSH2 KO shNT, Third Pocket: HCT116 MLH1 KO shFANCD2, Fourth Pocket: LoVo MSH2
KO shFANCD2

It is of note that the shRNA inhibition of FANCD2 in the HCT116 MLH1 KO background showed
aslight reduction compared to the shNT treated cells, though not statistically significant (Figure
22 bottom). Interestingly embryonic lethality in mice between MLH1 and FANCD2 has been
reported before [183]. Given that the reduction of tRFP to GFP ratio is very small and second,
that the cell line is experiencing a huge mutation burden due to the mutator phenotype of the

cell line and additionally that there is already a described embryonic lethality in mice between
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MLH1 and FANCD2, it was decided to not investigate further as this work was focusing on

finding new interactions.

4.3.4 Testing for synthetic lethality or viability between the nucleotide excision
repair and FA proteins

As a representative of the NER pathway patient derived fibroblast XPA KO were employed and
as control XPAcorr, which is the corrected patient cell line. These cell lines were already in our
group and to prove that the XPA KO cell line is indeed experiencing XP characteristics as well
as to proof that the control cell line was corrected, the cells were challenged with an UVC

survival. The result can be seen in figure 23 A.
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Figure 23: XPA KO and XPAcorr characterisation of UV-sensitivity and CCA testing for synthetic lethal or viable
interactions with FA proteins, A: CCA of XPAcorr tRFP vs XPA KO GFP treated with shRNA; CCA of XPAcorr tRFP vs
XPA KO GFP treated either with shRNA for FANCA or FANCD2 platted is the fold increase to shNT at least three
independent repeats are shown and error bars show SD and significance is calculated with an unpaired t test, B: WB
control of FANCA and FANCD2 expression after shRNA silencing; 10 % PAA gel with antibody against either FANCA
or FANCD2 and loaing control for FANCA blot GAPDH and for the FANCD2 blot Vinculin, First pocket: XPAcorr tRFP vs
XPA KO GFP shNT, Second pocket: XPAcorr tRFP vs XPA KO GFP treated for either shFANCA or shFANCD2, C: UV-
survival; UVC doses 0, 2, 5, and 10 J/m?, in green control HEK tRFP, in blue XPAcorr tRFP and in red XPA KO GFP in
percentage of viable cells
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In green is a HEK tRFP cell line as control, the XPA KO in red and XPAcorr in blue. While the XPA
KO cell line is highly photosensitive with a survival reduction of more than 50 % after 2 J/m?,
the complemented XPAcorr cell line behaves similar to the control and the survival of cells only

drops under 50 % after the highest irradiation dose of 10 J/m2.

The CCA did not reveal any synthetic lethal or viable interaction between XPA and FANCDZ, in
contrast to XPA with shFANCA. The CCA is showing a synthetic viable interaction between the
XPA KO and shRNA inhibition of FANCA (figure 23 B).

The NER pathway is divided into two sub-pathways that recognize DNA damage, the GGR and
TCR. After the damage is recognized by either of the sub-pathways, the core NER proteins are
responsible for incision, elongation and ligation of the affected DNA segment. XPA is a core
protein, that together with XPD (TFIIH) helps positioning the nuclease complex ERCC1-XPF and
XPG on the damage to make the incision. XPA is also necessary for recruitment of the ERCC1-
XPF complex to the site of damage for its function in NER [184]. This publication [184] gives
also proof that XPA and XPF physically interact. This close interaction and the relevance of XPF
in NER, makes it reasonable to assume that XPF KO cells could exhibit the same synthetic
viability to shRNA inhibition of FANCA as XPA KO cells. To address this question an XPF KO cell
line was tested for synthetic viability with shFANCA.

4.3.5 Testing XPF KO and XPF mutants for synthetic lethality or viability with FA
proteins

In order to test for the suspected synthetic viable interaction between FANCA and XPF the HEK
XPF KO cell line was used with shRNA against FANCA and FANCD?2 (figure 24 A). The CCA could
confirm the synthetic viability between XPF and FANCA. Contrary to that, XPF KO and FANCD2
inhibition (figure 24 A) was not synthetic lethal nor viable, at least under unchallenged
conditions with the CCA. The synthetic viability could be replicated in a HeLa XPF KO cell line
(Annex 3). This result does not conclude that the synthetic viability with XPA and FANCA is a
result of the inability of XPF to fulfil its function in the NER pathway but it is in supports of this
theory.
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Figure 24: Testing HEK XPF KO for synthetic lethal or viable interaction with the CCA, A: CCA of HEK tRFP vs HEK XPF
KO treated with shRNA; CCA of HEK tRFP vs HEK XPF KO GFP treated with either shRNA for FANCA or plotted is the
fold increase to shNT of four independent repeats error bars show SD and significance was calculated with unpaired
Mann-Whitney test, B: WB control of FANCA; 10 % PAA gel, HEK tRFP vs HEK XPF KO GFP with loading control GAPDH
left pocket: HEK tRFP vs HEK XPF KO GFP shNT, right pocket: HEK tRFP vs HEK XPF KO GFP shFANCA, C: WB control of
FANCD2; 10 % PAA gel, HEK tRFP vs HEK XPF KO GFP with loading control GAPDH left pocket: HEK tRFP vs HEK XPF KO
GFP shNT, right pocket: HEK tRFP vs HEK XPF KO GFP shFANCD2

XPF is anuclease thatis not only involved in the NER pathway but also in the FA/BRCA pathway,
it acts downstream in the FA/BRCA pathway during unhooking of the ICL. While FANCA and
FANCD?2 are part of the same pathway they act upstream of XPF, FANCA in monoubiquitinating
FANCD2 and the ID2-complex in recruiting the downstream proteins. The synthetic viability
seen in this experiment is between FANCA and XPF. It would be interesting to test other core-
complex proteins for synthetic lethality with XPF, to see if this viability is dependent on the
core-complex or maybe only the sub complex of FANCA, FANCG and FAAP20. This work can
exclude a synthetic viable interaction with FANCDZ2, so even if all proteins FANCA, FANCD2, and
XPF are part of the same DNA repair pathway, and all pathologic mutations in these genes cause
FA, it seems that FANCA or at least the subcomplex of FANCA, FANCG and FAAP20 has an
additional role with XPF. This additional role has likely to do with XPFs function in the NER
pathway because of the synthetic viability that is seen in XPA KO and FANCA inhibition.
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Mutations in the ERCC4 gene can cause three different syndromes depending on the mutation:
FA, XP and CS and mixed forms of the three syndromes like XFE that is accompanied by
progeria. In order to test this hypothesis that the observed synthetic viability between XPF and
FANCA is because of a deficiency in NER, a CCA was perform with XPF KO cells complemented
for XPF carrying mutations that cause these different syndromes. The HEK XPF KO and mutant
cell lines were previously created in our laboratory in the frame of a thesis [51]. These different
syndromes were used to check if the synthetic viable interaction between FANCA and XPF is

because of its participation in NER.

The following XPF mutations were used: the [225M mutation comes from an XP patient, C236R
mutation is a CS causing mutation, R153P is a mixed form causing XFE and L230P is causing FA.
These clones were tested for synthetic viability with shFANCA in the CCA, to see if this synthetic
viability is only occurring when the whole protein is missing or if it is specific to a mutation

causing one of the syndromes.

In figure 25 A the CCA is shown as a fold increase to shNT. The expected result if the suppression
of NER function of XPF is causing the synthetic lethality would show that cell lines XPF KO and
XPF KO + 1225M are synthetic viable, the mixed form that causes XFE could probably show a
slight increase in the mutant ratio compared to the shNT treated control. There should be no
synthetic viability seen with the XPF KO + L230P mutation that causes FA nor with the Wt
sequence of the protein. This is what can be seen in the graph (figure 25 A), the XPF KO cell line,
the mutant XPF KO + [225M and the XFE mixed form (XPF KO + R153P) are exhibiting synthetic
viable tendency while the mutant for CS has only a slight increase in ratio of tRFP verses GFP

and shRNA silencing of FANCA in the FA mutant or the Wt shows no synthetic viability.
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Figure 25: CCA to test for synthetic viable interaction in XPF mutants of different NER deficiency syndromes with
FANCA, A: CCA of HEK XPF KO mutants and shRNA inhibition of FANCA; CCA of HEK tRFP vs HEK XPF KO mutant
treated with shFANCA, plotted are three independent experiments that are normalized to HEK tRFP, error bars show
SEM, B: WB control of FANCA expression HEK XPF KO + C236R; 7.5 % PAA gel with FANCA antibody and loading control
Vinculin, HEK tRFP vs HEK XPF KO + C236R, C: WB control of FANCA expression HEK XPF KO; 7.5 % PAA gel with FANCA
antibody and loading control Vinculin, HEK tRFP vs HEK XPF KO, D: WB control of FANCA expression HEK XPF KO +
1225M; 7.5 % PAA gel with FANCA antibody and loading control Vinculin, HEK tRFP vs HEK XPF KO + 1225M, E: WB
control of FANCA expression HEK XPF KO + L230P; 7.5 % PAA gel with FANCA antibody and loading control Vinculin,
HEK tRFP vs HEK XPF KO + L230P, F: WB control of FANCA expression HEK XPF KO + R153P; 7.5 % PAA gel with FANCA
antibody and loading control Vinculin, HEK tRFP vs HEK XPF KO + R153P, G: WB control of FANCA expression HEK XPF
KO + wt; 7.5 % PAA gel with FANCA antibody and loading control Vinculin, HEK tRFP vs HEK XPF KO + wt

It is not possible to make concrete conclusions with the high variation in the individual

experiments but there seems to be a tendency that the mutations causing XP or the mixed form

XFE are more likely to have an impact on this synthetic viability.
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Testing more XPF mutants causing these syndromes could provide more insight into this.
Another possible step to characterise this synthetic viability could be the testing of XPC
deficient cells for synthetic viability with FANCA. XPC is a protein that participates only in the
GGR recognition of the DNA damage. If there would be a synthetic viability between XPC and
FANCA it would mean, that the mechanism of synthetic viability is not dependent on supressing
XPF function in NER but that it is a more general concept involving the GGR. Nevertheless it
would be interesting to confirm with further experiments if the XPA synthetic viability with
shFANCA is over its interaction with XPF by double inhibition of XPA and XPF or with a XPA

mutant that is not able to localise to the site of damage.

XPF shRNA and inhibitor were ordered for testing this synthetic viability in FANCA KO cells but
none of the ordered shRNAs against XPF were reducing XPF expression and the results of the

XPF inhibitor experiments are inconclusive probably due to handling issues of the inhibitor.

Taken together, the findings of synthetic viability in XPA KO and XPF KO after silencing FANCA
and the synthetic viability in the XPF KO, XPF KO + [225M mutant but not in the FA XPF KO +
L320P mutant supports the hypothesis that the synthetic viability is due to the suppression of
XPF function in NER. As mention, this could mean that the XPA synthetic viability is due to its
interaction with XPF as the protein (XPA) is necessary to recruit ERCC1-XPF to the site of
damage during NER [184].

Another possibility for the synthetic viable interaction of FANCA and XPF could be the
involvement of FANCA in the SSA subpathway of DNA repair in which XPF is participating too
[110][185]. As FANCA is promoting SSA it could very well be, that in cells lacking XPF, the repair
pathway is stuck without XPF and cannot complete repair. The depletion of FANCA would in

that case channel repair directly into a different repair pathway, giving the cells an advantage.
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4.3.6 Testing for synthetic lethal or viable interaction in FANCA KO background

In search of synthetic lethal or viable interaction the established FA clone U20S Cas9 FANCA
KO clone B12 GFP, which will be called FANCA KO was tested with the CCA. First the established
SL with ATM inhibition was tested by siRNA silencing (Figure 26) as was done with the U20S
FANCD2 KO clone (figure 18) and the U20S PARP1 KO clone (figure 17).
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Figure 26: Establishing the synthetic lethality of the FANCA KO clone with siATM, A: CCA of conU2 vs U20S FANCA KO
with siATM treatment; CCA of conU2 and FANCA KO with siATM treatment, measurement at day nine, plotted is the
fold increase to siLuc and error bars show SD of six independent experiments, significance is calculated with unpaired
t test B: WB of ATM expression; 5 % PAA gel with antibody against ATM and loading control Vinculin, conU2 vs FANCA
KO with siATM treatment

Next, FANCA KO cells were checked for synthetic lethal or viable interactions. In figure 27 A the
CCA is shown with shRNA against FANCA as control, FANCD2, PARP1 and FENI1. It
demonstrates that the internal control has no growth advantage nor disadvantage, there is a
slight reduction in growth with shRNA for FANCD2 as well es for PARP1 but this work focused
on the prominent synthetic viability between FANCA KO and FEN1.

After the discovered synthetic viability a CFA should confirm the synthetic viability but even
with different methods of infection or seeding the results remained inconclusive with very high
variations between the samples and repeats. Instead, for confirmation of this interaction the

CCA was repeated in a different cell line that is not of tumor origin.
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Figure 27: Testing for synthetic lethal or viable interaction with the CCA in FANCA KO cells, A:CCA of conU2 vs FANCA
KO shRNA treatment: CCA of conU2 vs FANCA KO and shRNA treatment of shFANCA (control), FANCD2, PARP1 and
FEN1 plotted is the fold increase to shNT and error bars show SD of at least three independent experiments,
significance test unpaired Mann-Whitney, B: WB of FANCD2 expression: 7.5 % PAA gel with antibody against FANCD2
and loading control vinculin, conU2 vs FANCA KO treatment with either shNT control or shFANCD2 C: WB of FANCD2
expression: 10 % PAA gel with antibody against PARP1 and loading control vinculin, conU2 vs FANCA KO treatment
with either shNT control or shPARP1 D: WB of FEN1 expression: 10 % PAA gel with antibody against FEN1 and loading

For this reason another FANCA KO in the RPE1 background, was generated from a RPE1 p53

KO cell line that was a gift from Daniel Durocher’s laboratory. FANCA WB control detected no

protein in clone RPE1 Cas9 FANCA KO A1 (figure 28 A), there was also no detectable FANCD2

monoubiquitination (figure 28 B) and the SRB survival with DEB as well as the MN assay

confirmed the FA phenotype (figure 28 C and 28 D).
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Figure 28: Characterisation of RPE1 Cas9 FANCA KO clone A1, A: WB control of FANCA expression in RPE1 Cas9 FANCA
KO clones; 7.5 % PAA gel with antibody against FANCA and loading control GAPDH, loaded are from left to right; U20S
Cas9 FANCA KO clone B12, RPE1 Cas9 tRFP, RPE1 Cas9 FANCA KO clone A1 GFP, RPE1 Cas9 FANCA KO clone A2 GFP,
B: WB control of FANCD2 monoubiquitination; 10 % PAA gel with antibody against FANCD2 and loading control
GAPDH, first pocket: RPE1 Cas9 tRFP non-treated, second pocket: RPE1 Cas9 tRFP treated with 2mM hydroxyurea,
third pocket: RPE1 Cas9 FANCA KO clone A1 GFP non-treated, fourth pocket: RPE1 Cas9 FANCA KO clone A1 GFP treated
with 2 mM hydroxyurea, C: SRB survival of RPE1 Cas9 FANCA KO clone A1 after DEB treatment and SD; In green
parental control cell line RPE1 Cas9 tRFP, in blue the RPE1 Cas9 FANCA KO clone A1 GFP, in red the positive control for
sensitivity HEK BRCA2 KO, D: MIN of RPE1 Cas9 tRFP and RPE1 Cas9 FANCA KO clone A1 GFP; RPE1 Cas9 tRFP and
RPE1 Cas9 FANCA KO clone A1 GFP were treated with 50 ng/ml of DEB, plotted is SD of three independent experiments.

The Sanger sequencing revealed two heterozygote mutations in FANCA exon 4 c.358dupA
(p-S120Kfs*61) and c.354_360delCTCTAGC (p.S119Wpfs*17).

After confirming the RPE1 Cas9 FANCA KO clone, the CCA was repeated with the established
KO for FANCA and shRNA inhibition of FEN1, in figure 29. For simplification the parental
control cell line RPE1 Cas9 tRFP is called RPE1 tRFP and RPE1 Cas9 FANCA KO clone A1 GFP is
called RPE1 FANCA KO. The CCA could confirm the synthetic viability in a non-tumorgenic
background (figure 29), the difference in ratio was not as pronounced as in the U20S sample
but it was significant nevertheless. This finding confirms that the observed synthetic viability

is not an tumorgenic artefact.

In order to find out more about the mechanism of the synthetic viable interaction some
molecular characteristics of FANCA KO cells were studied to see if the sShFEN1 inhibition had

an effect on them.
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Figure 29: Confirmation of synthetic viable interaction of FANCA with FEN1 in the REP1 FANCA KO clone, A: CCA of
RPE1 tRFP vs RPE1 FANCA KO with shFEN1 treatment; CCA of RPE1 tRFP vs RPE1 FANCA KO clone A1 GFP with shFEN1
treatment plotted is the fold increase to shNT of four independent experiments shown is SD and significance was
determined by unpaired Mann-Whitney test, B: WB control of FEN1 expression; 10 % PAA gel with antibody against
FEN1, loading control GAPDH, loaded is RPE1 tRFP vs RPE1 Cas9 FANCA KO clone A1 with shNT treatment left and
ShFEN1 treatment right

The most important function of FANCA is the participation in the multiprotein ubiquitin ligase
complex that is responsible for the monoubiquitination of FANCD2. A WB of FANCD2 could
show if sShFEN1 inhibition was able to restore FANCD2 monoubiquitination in FANCA KO cells
(Figure 30 A) and if reconstitution of the FA pathway was responsible for the growth advantage.
In figure 30 A the WB for the FANCD2 monoubiquitination is shown. FANCA KO cells do not
exhibit a second band for monoubiquitinated FANCD2, in neither of the samples treated with
HU or untreated, which leads to the conclusion that FEN1 inhibition is not reconstituting the
monoubiquitination. In contrast to that, the conU2 control shows in all samples a second band

for monoubiquitinated FANCD2 at approximately 172 kDa.

As there was no effect on monoubiquitination the influence of FEN1 on chromosome fragility
was explored. FEN1 is a 5’-flap endonuclease that has also exonuclease and gab-nuclease
function, it is involved in the BER pathway by cutting the created long-patch flaps and prime
the DNA for ligation. It is also involved in the Okazaki-fragment maturation in the removal of
RNA primer, in telomere stability and in the DNA fragmentation of apoptotic cells. Because of
its function as endonuclease in DNA repair and the high chromosome instability in FA cells it

was not unreasonable to theorise that FEN1 could play a role in the chromosome fragility.
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Figure 30: Study of the FANCA FEN1 synthetic viable interaction of restoring the FA pathway, A: WB of FANCD2
monoubiquitination with or without shFEN1 treatment; 7.5 % PAA gel with antibody against FANCD2, loading control
Clathrin, first pocket: conU2 shNT treated, second pocket: conU2 shFEN1 treated, third pocket: U20S FANCA KO
ShFEN1 treated, fourth pocket: U20S FANCA KO shNT treated, fifth pocket: conU2 shNT treated and 2mM hydroxyurea,
sixth pocket: conU2 shFEN1 treated and 2mM hydroxyurea, seventh pocket: U20S FANCA KO shFEN1 treated and 2
mM hydroxyurea, eighth pocket: U20S FANCA KO shNT treated and 2 mM hydroxyurea, B: MN of conU2 and U20S
FANCA KO GFP treated with either shNT or shFEN1; cells are treated with 5 ng/ml DEB, plotted are three independent
experiments and SD, C: Cell cycle Go/M block of conU2 and U20S FANCA KO treated with either shNT or shFEN1;
cells are treated with 50 ng/ml DEB plotted are three independent experiments and SD, D: WB control of FEN1
expression in, left conU2 and right U20S FANCA KO; 10 % PAA gel with antibody against FEN1 and loading control
GAPDH conU2 or U20S FANCA KO are treated with shNT or shFEN1

A MN assay was employed to measure chromosome fragility and the cell cycle to determine if
FEN1 inhibition is attenuating the chromosome fragility associated with FA cells or if it has an
influence of the stalling of FA cells in the G2/M cell cycle arrest. The results are shown in figure
30 B the MN and figure 30 C the Gz/M cell cycle arrest. There was no effect on neither
chromosome fragility nor on G2/M block. In the graph for the cells cycle (figure 30 C) the FEN1
treated samples look a little bit higher but with a higher standard deviation. Concluding that
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neither FANCD2 monoubiquitination nor the alleviation of chromosome fragility is responsible

for synthetic viability of shFEN1 treated FANCA KO cells.

A different approach was to see if the synthetic viability had an influence on the sensitivity of
the FANCA KO cells to DEB (figure 31 A). That was not the case which is in accordance the MN

assay that showed that FEN1 inhibition had no effect on chromosome fragility.
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Figure 31: Testing for a reduction in chemosensitivity and validation of the synthetic viable interaction between FANCA
and FEN1 with FEN1 inhibitor, A: CCA of conU2 vs U20S FANCA KO with either shNT or shFEN1 treatment; all samples
are treated with 50 ng/ml DEB and plotted is the fold increase and SD of three independent experiments normalized
to conU2, B: CCA of conU2 vs U20S FANCA KO with treatment of LNT1 FEN1 inhibitor; conU2 vs U20S FANCA KO
treated with 5 uM of FEN1 inhibitor LNT1 plotted is the fold increase of LNT1 treated cells to DMSO treated cells SD of
six independent results and significance was tested with unpaired Mann-Whitney test, C: WB of FEN1 control for CCA
with DEB; conU2 vs U20S FANCA KO treated with either shNT or FEN1

Lastly the use of a FEN1 inhibitor LNT1 with the CCA could confirm the synthetic viable
interaction of FANCA and FEN1 (figure 31 B). The inhibitor LNT1 could recreate the synthetic
viability seen with shRNA inhibition. The publication describing the inhibitor states that its
function is not degrading the protein but acts as a competitive and uncompetitive inhibitor
[186]. It is likely to assume, with this information, that the inhibition of the enzymatic function

of FEN1 or the substrate binding is probably responsible for the synthetic viability.

Taken together, synthetic viability could be replicated in two different cell lines one with tumor
origin and one retinal epithelium cell line. The synthetic viability could be recreate with an

inhibitor for FEN1 and the viability is only present if cells are not challenged with cytotoxic
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agents like DEB. This work excludes that FEN1 inhibition is reconstituting the FANCD2
ubiquitination and it does not attenuate the chromosomal fragility measurable with the MN

assay neither has it any influence on the cell cycle G2/M block.

Nevertheless this is the first time that this interaction could be described and even if it has no
effect on the sensitivity to cytotoxic agents it seems to improve the cell growth of FANCA cells
without increasing the chromosome fragility. It also seems unlikely that FEN1 inhibition
changes the cell cycle progression as the shFEN1 treated FANCA KO cells exhibit the same
pattern of Gz/M block as the shNT treated. It is more probable that the synthetic viability of
shFEN1 inhibition is due to the enzymatic function of FEN1, as the inhibitor experiments
suggest. This leads to the question if FANCA is somehow inhibiting or regulating FEN1 activity.
There is a publication proofing that FANCA is not only physically interacting with FEN1 but also
itis stimulating FEN1 5’-flap nuclease activity [187]. The publication suggesting a role of FANCA
stimulation of FEN1 during replication when Okazaki fragment maturation, as FANCA is
stimulating FEN1s 5’-flaps endonuclease activity. Maybe the loss of FANCA is inhibiting this
FEN1 activity and that leads to a slower replication fork progression or stalling of the
replication fork by FEN1. In healthy cells this could be avoided by FANCA stimulation and in

cells were both proteins are missing.
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4.3.7 Testing for synthetic lethal or viable interactions in FANCD2 KO background

After the discovery of the synthetic viable interaction between FANCA KO cells and FEN1 it was
questioned, if the results could be replicated in the FANCD2 KO background. SL for the created
U20S FANCD2 KO and siATM was already established the in figure 19.

The CCA revealed that there is no synthetic viability between FEN1 and FANCD2 KO as expected
there is no impact of growth with shFANCA and the internal control for shAFANCD?2 (figure 32).
This result is not surprising as seen before with the shRNA inhibition of FANCD2 in the different
DNA repair pathways did not reveal any synthetic lethal or viable interaction. It is not possible
to make a statement for the interaction with shPARP1 as the error bar is too big for any

conclusion.
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Figure 32: Testing with the CCA for synthetic lethal or viable interactions in FANCD2 KO, A: CCA of conU2 vs U20S
FANCD2 KO clone C9 with shRNA treatment: conU2 vs U20S FANCD2 KO treated with shRNA against FANCA, FANCD2
internal control, PARP1, FEN1 plotted is the fold increase of shNT and normalized to conU2, error bars show SED of
three independent experiments, B: WB control of FANCA expression: 7.5 % PAA gel, conU2 vs U20S FANCD2 KO with
ShNT or shFANCA treatment, C: WB control of PARP1 expression: 7.5 % PAA gel, conU2 vs U20S FANCD2 KO with shNT
or shPARP1 treatment, D: WB control of FEN1 expression: 10 % PAA gel, conU2 vs U20S FANCD2 KO with shNT or
ShFEN1 treatment
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4.4 Summary of the findings and future perspectives

The established method, the colour competition assay, was able to detect described synthetic
lethal interactions with shRNA, siRNA and inhibitor. Nevertheless the CCA was unable to detect
synthetic lethal or viable interactions with shFANCA or FANCD2 and BER protein PARP1 or the
MMR proteins MSH2 and MLH1.

Instead the CCA revealed a synthetic viable interaction with XPA and shFANCA that could be
due to its interaction with XPF. Another CCA with XPF KO cells revealed a viable interaction
between XPF KO and shFANCA which supports the idea that the synthetic viable interaction
with XPA is due to its recruiting function of XPF in NER. The synthetic viability of XPF with
shFANCA could be confirmed in two different cell lines, in of non-tumorogenic origin and of
tumor origin, HEK and HeLa cells. The results of the XPF mutant experiments with the CCA
showed the tendency that the viability could be related to XPF function in NER. In contrast to
these findings the CCA was unable to detect synthetic lethality or viability with shFANCD2 in
XPA KO or XPF KO cells.

Furthermore the CCA revealed another synthetic viable interaction between FANCA and FEN1.
The findings were replicated in a second cell line that was non-tumorgenic and additionally an
inhibitor for FEN1 could recapitulate the synthetic viability. This interaction had no impact on
monoubiquitination of FANCD2, chromosome fragility or the cell cycle arrest of the treated
FANCA KO cells. Neither did it had any rescuing effect on DEB sensitivity which concludes that
a reconstitution or rescue of the FA pathway is not the cause for this synthetic viable
interaction. Instead the inhibitor experiments suggest that the viable interaction is due to the

enzymatic function or substrate binding of FEN1.

[t is interesting that two synthetic viable interactions with FANCA are with proteins that have
5’- flap endonuclease activity and that viability is only with FANCA not with FANCD2. It would
be interesting to examine if other proteins of the core-complex are also synthetic viable with
these nucleases or if other repair nucleases are synthetic viable with FANCA KO. These results
suggest that FA proteins, even if they are in the same pathway have more distinct functions, it
would be of interest to test more proteins of the core-complex to see if they also show synthetic

viabilities or if FANCA takes a special role.
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Overall these findings bear the possibility for potential applications in FA treatment. The
synthetic viable interactions are improving FANCA KO cell growth and for the interaction with
FEN1, this work could additionally prove, that it is not inducing further DNA damage in treated
cells. As FA patients most common symptom is bone marrow failure due to its exhaustion,
improving cell growth seems to be a good starting point to investigate its potential for future
treatments. Another possibility are short term applications such as improving FA cell growth
for the mobilisation of hematopoietic stem cells in FA patients that undergo gene therapy
[188][189]. This treatment is only available for FA patients that have mutations in the FANCA
gene and one of the main concerns with this therapy is the quantity of harvested hematopoietic
stem cells. This could be a first step to tackle this issue with a synthetic viability approach as
FEN1 as well as XPF are druggable proteins. In any case this work revealed three novel synthetic

viable interactions with FANCA that could be exploited in the future for potential treatments.
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5 Conclusions

The aim of this thesis was to find novel synthetic lethal or viable interaction between FANCA or
FANCD2 with other DNA repair pathways with the newly developed cytometer-based colour

competition assay.

e The CCAwas notdiscovering a novel synthetic lethality between FANCA or FANCD2 and
other DNA repair pathways.

e The CCA was not detecting any synthetic viability or lethality with between PARP1 KO
and FANCA or FANCD2. Neither were there any findings for MMR proteins MSH2 and
MLH1

e Anovel synthetic viability interaction was revealed between FANCA and XPA4, it is likely
that this is due to the interaction of XPA with XPF.

e The novel synthetic viability interaction between FANCA and XPF/FANCQ, was
identified in HEK and HeLa cells. Further studies with pathway specific mutants of XPF

suggest that the synthetic viability is probably due to inhibition of XPF’s activity in NER.

e Novel synthetic viability between FANCA and FEN1 was detected in U20S and RPE1
cells. Inhibition of FEN1 does not rescue chemosensitivity, chromosome fragility or
G2 /M cell cycle arrest of FANCA cells, suggesting that the observed synthetic viability
is not explained by resurrection of the FA/BRCA pathway. The synthetic viability could
be mimicked with an inhibitor for FEN1 which makes it probable that the viability is

caused by the enzymatic function of FEN1.
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7 Annex

Annex 1: CCA of Patient ATM KO fibroblasts with siRNA against FANCA or FANCD2
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Annex 1: Proof of principle of the CCA as reversed experiment in ATM KO cells for synthetic lethality with FANCA and
FANCD2, A: CCA of ATM KO tRFP siLuc vs ATM KO GFP siFANCA: ATM KO tRFP siLuc vs ATM KO GFP siFANCA fold
increase to ATM KO tRFP siLuc vs ATM KO GFP siLuc, B: CCA of ATM KO tRFP siLuc vs ATM KO GFP siFANCD2: : ATM
KO tRFP siLuc vs ATM KO GFP siFANCD?2 fold increase to ATM KO tRFP siLuc vs ATM KO GFP siLuc, C and D: WB control
of FANCA or FANCD2 expression after siRNA silencing: 7.5 PAA gel antibodies against either FANCA or FAND2 and
loading control Vinculin or GAPDH
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Annex 2: CCA of HEK BRCA2 KO cells with Olaparib treatment or shFEN1 treatment
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Annex 2: Proof of principle of the CCA in HEKC BRCA2 KO cells with shFEN1 and Olaparib treatment, A: CCA of HEK
tRFP vs HEK BRCA2 KO GFP with Olaparib treatment: CCA measured at day five, different concentrations of Olaparib
and ratio of HKE tRFP vs HEK BRCA2 KO GFP of three independent experiments plotted as fold increase to untreated
control, normalized to HEK tRFP, error bars show SD, B: CCA of HEK tRFP vs HEK BRCA2 KO GFP with shFEN1
treatment: measurement at day nine, plotted six independent experiments as fold increase to shNT, error bars show
SD and the significance is calculated with the unpaired student t test, C: WB of FEN1 expression in for CCA: 10 % PAA
gel with antibody against FEN1 and loading control Vinculin, HEK tRFP vs HEK BRCA2 KO GFP treated with shRNA; Left

Pocket: HEK tRFP vs HEK BRCA2 KO GFP treated with shN,, Right Pocket: HEK tRFP vs HEK BRCA2 KO GFP treated with
ShFEN1
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Annex 3: CCA of HeLa XPF KO tRFP vs HeLa XPF KO GFP treated with shRNA for FANCA
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Annex 3: Confirmation of synthetic viability in HeLa cell line between XPF KO and FANCA, A: CCA of Hela tRFP vs Hela
XPF KO GPF treated with shFANCA: plotted is the fold increase of four independent experiments error bars show SD
and significance was tested with unpaired Mann-Whitney, B: WB control of FANCA expression after shRNA
treatment: 7.5 % PAA gel with antibody against FANCA and loading control GAPDH
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