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Abstract English 

The continuous repair of DNA damage is a prerequisite for the maintenance of 

genome integrity. Therefore, cells have evolved a complex network of DNA damage 

repair mechanisms to deal with diverse forms of genomic lesions. Defects in those 

mechanisms frequently lead to diseases associated with cancer susceptibility, 

including Fanconi anemia (FA). Using a genome-wide CRISPR knock-out library as 

well as insertional mutagenesis, we identified synthetic viable (genetic suppressor) 

interactions in human haploid cells, deficient for FA complementation group C 

(FANCC). Here we show that the phenotype of ∆FANCC cells can be suppressed by 

additional loss of the BLM helicase complex. We demonstrate that this synthetic 

viable effect is not specific to ∆FANCC cells by confirming this interaction in cells 

deficient for FA complementation group I and D2 (FANCI and FANCD2) that function 

downstream of the FA core complex. This thesis demonstrates that systematic 

genome-wide screens can be used to identify genetic synthetic viable interactions for 

defects in the DNA damage response. 
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Zusammenfassung 

Die kontinuierliche Reparatur von DNA Schäden ist die Voraussetzung für die 

Aufrechterhaltung der genomischen Integrität. Um mit den verschiedenen Arten von 

genetischen Läsionen umzugehen, entwickelten Zellen deshalb ein komplexes 

Netzwerk an DNA Reparatur Mechanismen. Defekte in diesen Mechanismen führen 

häufig zu Krankheiten die mit erhöhter Krebs-Anfälligkeit einhergehen, 

beispielsweise Fanconi Anämie (FA). Mithilfe einer Genom-weiten CRISPR 

funktionsverlust-Bibliothek, sowie Insertionsmutagenese, identifizierten wir 

synthetisch-lebensfähige Interaktionen in humanen haploiden Zellen, die einen 

Defekt in FA Komplementationsgruppe C (FANCC) tragen. Hier zeigen wir, dass der 

Phänotyp von ∆FANCC Zellen durch den zusätzlichen Verlust des BLM 

Helikasekomplexes supprimiert werden kann. Wir demonstrieren, dass dieser 

synthetisch-lebensfähige Effekt nicht spezifisch für ∆FANCC Zellen ist, indem wir 

diese Interaktion in Zellen bestätigen, die Defekte in FA Komplementationsgruppe I 

und D2 (FANCI und FANCD2) tragen. Diese Arbeit demonstriert, dass systematische 

Genom-weite Screens dazu geeignet sind, genetische synthetisch-lebensfähige 

Interaktionen für Defekte in der DNA Schadensreaktion zu identifizieren. 
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CHAPTER ONE: INTRODUCTION 

On average, each cell in the human body receives tens of thousands of DNA lesions 

per day (Lindahl and Barnes, 2000). These lesions are challenging the maintenance 

of the genomic integrity by blocking transcription and replication and potentially 

leading to mutations and chromosomal instability. They arise due to endogenous 

events such as mismatches during DNA replication, insufficient topoisomerase I and 

topoisomerase II activity, reactive oxygen species (ROS) generated by metabolic- or 

immune cell activity during inflammation, as well as the production of reactive 

metabolic byproducts such as aldehydes. DNA damage also occurs due to 

exogenous sources such as ionizing radiation (IR), ultraviolet light (UV) and tobacco 

smoke or pharmacological interventions like chemotherapeutic agents. The induced 

lesions include single- and double strand breaks, bulky adducts, interstrand 

crosslinks, abasic sites, DNA mismatches and alterations to the DNA sugar 

backbone. To allow the maintenance of genomic integrity, cells have evolved various 

mechanisms that facilitate the repair of those lesions, known as DNA damage 

response (DDR) pathways. The following introduction consists of three subchapters. 

The first subchapter (1.1) will give an overview over the major DDR pathways in 

human cells, whereby the Fanconi anemia pathway will be discussed in particular 

detail, since Fanconi anemia is the main focus of this thesis. The second subchapter 

(1.2) will introduce the concept of genetic synthetic interactions, describing the 

background and applications of synthetic lethal- and synthetic viable interactions. 

Subchapter three (1.3) will outline possible screening tools for the systematic 

identification of synthetic interactions in a genome-wide manner. 

 

1.1 DNA repair pathways 

This chapter provides an overview over the major DDR pathways, including 

translesion synthesis, direct repair, mismatch repair, nucleotide excision repair, base 

excision repair, non-homologous end joining, homologous recombination and the 

Fanconi anemia pathway. 

 

1.1.1 Translesion synthesis (TLS) 

During replication, damaged DNA bases or adducts may stall replications forks, 

leading to genomic instability (Prakash et al., 2005). Despite the multitude of DNA 

repair mechanisms, during each cell cycle, the replication machinery is likely to 

encounter DNA lesions that would arrest canonical DNA synthesis. To allow mitotic 
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progression in spite of those lesions, cells have evolved mechanisms to allow for 

DNA damage tolerance and the completion of the cell cycle. Specialized TLS DNA 

polymerases have unique features that enable them to synthesize DNA past 

damaged bases. In an initial step, the stalled replicative polymerase is replaced with 

a TLS polymerase, which inserts bases opposite to the lesion in an often error-prone 

manner. Extension of the incorporated base is either performed by the same- or a 

second TLS polymerase (Sale et al., 2012). After the replication fork has passed, the 

damaged bases can be excised. The most abundant class of TLS polymerases 

belongs to the Y-family, which, in mammalian cells, consists of four members 

encoded by REV1 (encoding REV1), POLH (encoding Polη), POLI (encoding Polι) 

and POLK (encoding Polκ) (Ohmori et al., 2001). 

REV1 acts as a scaffold that interacts with Polη, Polι and Polκ, as well as the B-

family TLS polymerase Pol ζ (Nelson et al., 1996; Sale et al., 2012). It incorporates 

deoxycytidine monophosphate (dCMP) opposite deoxyguanosine (dG) and abasic 

sites, generating mutations at G-C base pairs. Polη accumulates in replication foci 

and allows the bypassing of T-T cyclobutane pyrimidine dimers (CPDs), generating 

mutations at A-T base pairs. Defects in Polη lead to Xeroderma pigmentosum variant 

(XPV) that is associated with increased incidence of UV-induced skin cancers due to 

defective replication of UV-damaged DNA (Masutani et al., 1999). Polι also 

accumulates in replication foci and has a high fidelity in replicating template 

deoxyadenosine (dA), but is error prone in replicating deoxythymidine (dT). Polκ can 

accurately bypass N2-dG adducts, but is prone to making -1 frameshift mutations. 

TLS DNA polymerases allow cells to tolerate potentially lethal damage, which, due to 

their error-prone activity, is often accompanied by unwanted mutagenesis. The 

activity of Y-family polymerases is therefore strictly regulated in order to stay limited 

to damaged DNA sites. 

 

1.1.2 Direct repair (DR) 

Direct DNA repair allows cells to reverse covalently bound DNA adducts via single 

repair proteins, without the necessity of an incision in the DNA backbone. To date, 

three major mechanisms of direct DNA repair have been identified: photolyase-, 

alkyltransferase- and dioxygenase-mediated direct DNA repair (Eker et al., 2009). 

Photolyases can reverse DNA damage caused by UV-radiation that can result in two 

types of lesions: CPDs and the pyrimidine pyrimidones (6–4) photoproducts (6–4 

PPs). Both can be repaired by photolyases that are specific to each of the two 

lesions. Photolyases require blue or near-UV light in order to repair UV-induced DNA 

damage. Alkyltransferases can directly reverse alkylation damage. Alkylating agents 
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are commonly used as chemotherapeutic drugs and can generate various base 

adducts including methyl groups and bulky alkyl additions (Drabløs et al., 2004; Fu et 

al., 2012; Shrivastav et al., 2010). The effects of alkylating agents can be reversed 

by two direct DNA repair pathways: O6-alkylguanine-DNA alkyltransferases (AGTs) 

that reverse O6-alkylated guanines and AlkB family dioxygenases that reverse N-

alkylated lesions that block Watson-Crick DNA pairing. AlkB family dioxygenases can 

reverse alkylation damage via oxidation by using an iron(II) site to activate an O2 

molecule for oxidation of the alkyl group, resulting in an unmodified base and 

formaldehyde (Drabløs et al., 2004; Falnes et al., 2007; Koivisto et al., 2004; Yi et al., 

2009). Only a small subset of DNA lesions can be repaired via direct repair 

mechanisms. However, their essentially error-free repair property makes them 

particularly valuable for the maintenance of genomic integrity. 

 

1.1.3 Mismatch repair (MMR) 

In the course of DNA replication, the newly synthesized strand commonly includes 

errors such as insertions, deletions and mis-incorporated bases, threatening the 

superhelical structure of the DNA. Evolutionary highly conserved MMR core proteins 

can be recruited to the erroneously replicated new DNA strand, recognize and 

remove mismatches, resynthesize the DNA and complete the repair by ligating the 

nick. Defects in MMR lead to spontaneous mutations and increased cancer 

susceptibility. Eukaryotic MMR is initiated by binding of MutSα (MSH2/MSH6 

heterodimer) to single base-base mismatches, self-complementary insertion-deletion 

loops (IDLs), or 1-2 base insertions or deletions (Kunkel and Erie, 2015). Mismatches 

longer than 2 base pairs are recognized by MutSβ (MSH2/MSH3 heterodimer) 

(Drummond et al., 1995). In a next step, the MutLα (MLH1/PMS2 heterodimer) 

endonuclease is recruited to MutSα or MutSβ (Hombauer et al., 2011). The action of 

MutLα is directed via the proliferating cell nuclear antigen (PCNA) to one strand. 

PCNA permits loading of the replication factor C (RFC), allowing the interaction 

between PCNA and the MutLα endonuclease, which is excising the mismatch at the 

3’ site of the DNA. The resulting nick is excised by the 5’-exonuclease 1 (Exo1). 

Replication protein A (RPA) is subsequently recruited to the single stranded DNA 

(ssDNA) and the DNA is resynthesized by DNA polymerase δ. Mutations in the MutS 

and MutL homologues are associated with hereditary nonpolyposis colorectal 

cancers (HNPCCs), which are therefore classified as tumor suppressors. 
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1.1.4 Nucleotide excision repair (NER) 

NER removes helix-distorting and bulky DNA adducts such as those caused by 

tobacco or UV-radiation. Around 30 proteins are known to be involved in the NER 

pathway, which can be divided into two sub-pathways: global genomic NER (GG-

NER) and transcription coupled NER (TC-NER). GG-NER prevents mutagenesis by 

repairing helix-distorting lesions whereby loss of GG-NER leads to cancer 

predisposition. TC-NER enables unperturbed gene expression by removing 

transcription-blocking lesions. Defects in TC-NER lead to UV-hypersensitivity and 

premature aging conditions such as Cockayne syndrome (Marteijn et al., 2014). Both 

sub-pathways differentially recognize DNA damage, but utilize the same basic main 

steps to repair damaged DNA: recognition of DNA damage, excision of the damaged 

DNA strand, DNA synthesis and ligation. 

 

Global genome repair pathway (GG-NER) 

In GG-NER, the genome is examined for helix distorting lesions by the damage 

sensor protein XPC (Sugasawa et al., 1998). XPC is able to bind nucleotide 

mismatches and DNA structures that can destabilize the helix structure and thereby 

initiate GG-NER. For lesions that do not severely alter the helical structure, such as 

UV-induced CPDs, the UV–DDB (ultraviolet radiation–DNA damagebinding protein) 

complex, comprising DDB1 and DDB2, binds to the lesion first and facilitates 

subsequent binding of XPC, which in turn provides a substrate for binding of the 

transcription initiation factor IIH (TFIIH) complex, which consist of ten protein 

subunits and acts as transcription initiation and repair factor (Riedl et al., 2003; 

Scrima et al., 2008; Volker et al., 2001; Wakasugi et al., 2002). Upon loading onto 

DNA by XPC, the TFIIH complex scans the DNA in 5’-3’ direction. Two of its 

components, the DNA helicases XPB and XPD, open the DNA surrounding helix-

distorting lesions (Compe and Egly, 2012; Tapias et al., 2004). It is suggested that 

XPD contains an internal channel, through which only undamaged ssDNA, but not 

damaged DNA can pass (Fan et al., 2008; Liu et al., 2008; Mathieu et al., 2013; 

Pugh et al., 2012; Wolski et al., 2008). The XPA protein, which is a part of the TFIIH 

complex and due to its diverse functions plays a central role in coordinating NER, 

detects nucleotides with altered structures in ssDNA (Camenisch et al., 2006; 

Sugasawa et al., 2009). After detections, 5’ and 3’ lesion excision is catalyzed by the 

XPF-ERCC1 and XPG endonucleases in proximity to the lesion site, leaving behind a 

22-30 nucleotide (nt) single-strand gap that is protected from endonucleases by 

binding of RPA and elicits further DNA damage signaling (Fagbemi et al., 2011). The 

5’ incision elicits gap-filling DNA synthesis, which, together with ligation of the 
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synthesized DNA fragment, is executed by PCNA, RFC, DNAPolε or DNAPolκ, 

DNAPolδ, DNA ligase 1 or XRCC1–DNA ligase 3 depending on the cell cycle stage 

(Marteijn et al., 2014; Moser et al., 2007; Ogi et al., 2010; Staresincic et al., 2009). 

 

Transcription coupled repair pathway (TC-NER) 

TC-NER is activated when RNA polymerase II (RNA Pol II) is stalled during 

transcription due to lesions in the template strand, leading to the recruitment of 

Cockayne syndrome protein A (CSA) and Cockayne syndrome protein B (CSB), 

which are required for the assembly of the TC-NER machinery, including 

UVstimulated scaffold protein A (UVSSA), XPAbinding protein 2 (XAB21), the high 

mobility group nucleosomebinding domaincontaining protein 1 (HMGN1) and 

additional core NER factors (Fousteri et al., 2006; Vermeulen and Fousteri, 2013). 

CSB is protected from CSA-dependent degradation by the ubiquitin-specific-

processing protease USP7 (Schwertman et al., 2012). An essential step in TC-NER 

is the removal of the stalled RNA Pol II to allow the NER incision machinery access 

to the lesion. In the case of CPDs, RNA Pol II covers about 35 nucleotides on the 

transcribed strand (Tornaletti et al., 1999). Several RNA Pol II-removal mechanisms 

have been proposed, such as dissociation from the DNA strand, degradation as well 

as backtracking. Backtracking, a process commonly associated with transcriptional 

proofreading, is currently thought to be the most probable mechanism of RNA Pol II 

removal. CSB is thought to play a role in backtracking due to the observed 

translocation activity of CSB in DNA–protein complexes (Beerens et al., 2005; 

Citterio et al., 2000). 

 

1.1.5 Base excision repair (BER) 

The BER pathway corrects small, non-helix-distorting DNA lesions throughout the 

cell cycle by excising damaged bases and abasic sugars and protects against 

cancer, aging and neurodegeneration (Jeppesen et al., 2011; Krokan and Bjørås, 

2013; Wallace et al., 2012). Lesions targeted by BER often result from spontaneous 

deamination, oxidation or alkylation due to spontaneous DNA decay or 

environmental factors such as radiation or cytostatic drug treatment (Lindahl, 1993). 

BER steps include excision of the base, incision, end processing, repair synthesis 

and ligation. Initially, lesion-specific DNA glycosylases bind to the minor DNA groove, 

kink the DNA and flip the damaged base out of the major groove to enable its 

removal and to generate an apurinic/apyrimidinic site (AP site, also called abasic 

site) (Huffman et al., 2005; Krokan and Bjørås, 2013). In mammalian cells, there are 

at least 11 different DNA glycosylases that can initiate BER. Each one of them 
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recognizes a small number of base lesions with varying degrees of selectivity. 

Glycosylases are subdivided into mono- and bifunctional glycosylases. 

Monofunctional glycosylases have glycosylase activity only and require AP 

endonucleases to cleave an AP site. Bifunctional glycosylases additionally have AP 

lyase activity themselves and can convert lesions into single-strand breaks without 

requiring AP endonucleases (Fromme et al., 2004). Ligation can only occur, when 

the DNA strand break has a hydroxyl group at its 3’ end and a phosphate at its 5’ 

end. In human cells, this is ensured by the polynucleotide kinase-phosphatase 

(PNKP) that promotes the formation of these ends during BER by phosphorylating 5’ 

hydroxyl ends and removing phosphates from 3’ ends. Lesions can be further 

processed either by ‘short patch’ BER or ‘long patch’ BER. In short patch BER, a 

single nucleotide gap is generated and subsequently filled and ligated. It is equally 

efficient in proliferating and non-proliferating cells and requires proteins such as 

DNA polymerase β (Pol β), DNA ligase I or III (LIG1, LIG3), poly (ADPribose) 

polymerase 1 (PARP1) and XRCC1. Long patch BER repair primarily happens in 

proliferating cells, whereby a 2-10 nucleotide gap is generated and filled (Almeida 

and Sobol, 2007; Fortini and Dogliotti, 2007; Lindahl, 2001; Robertson et al., 2009; 

Svilar et al., 2011; Wallace et al., 2012). Key long patch repair factors include DNA 

polymerase δ/ε, PCNA, the flap endonuclease FEN1, and LIG1. The choice between 

short- and long patch BER is depending on the specificity of the initiating 

glycosylase, the cell type and the cellular availability of BER factors (Bauer et al., 

2011; Fortini et al., 1999; Narciso et al., 2007; Tichy et al., 2011). The choice of long 

patch repair is also directed by the chromatin protein high mobility group box 1 

(HMGB1) that interacts with APE1 and FEN1 (Liu et al., 2010b; Prasad et al., 2007). 

Some BER proteins were shown to play a role in adaptive immunity and epigenetics. 

 

1.1.6 Non-homologous end joining (NHEJ) 

DNA double strand breaks (DSBs) are common events in eukaryotic cells and 

among the most deleterious forms of DNA damage, potentially leading to 

chromosomal aberrations, cellular senescence or apoptosis. Two major pathways 

can repair DSBs: homologous recombination (HR) and non-homologous end joining 

(NHEJ) (Davis and Chen, 2013; Lieber, 2010). NHEJ is active throughout the cell 

cycle and is likely to play the major role in DSB repair in human cells (Burma et al., 

2006). It is also essential for V(D)J recombination and class switch recombination 

during lymphocyte development (Malu et al., 2012). NHEJ can ligate any type of 

DNA break ends without the need of a homologous DNA template, hence the name 

non-homologous end joining. NHEJ can be divided into sequential steps: 1) DNA end 
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recognition and complex assembly, 2) bridging of DNA ends, 3) DNA end processing 

4) ligation and complex dissolution. In the first step, the Ku heterodimer, consisting of 

Ku70 and Ku80, is binding to the DSB (Mari et al., 2006; Uematsu et al., 2007). The 

Ku proteins have high affinity to DNA ends and are highly abundant in cells, which 

allows their rapid recruitment to DSBs (Blier et al., 1993; Downs and Jackson, 2004; 

Mimori et al., 1986; Walker et al., 2001). The Ku heterodimer acts as a scaffold and 

promotes the recruitment of the NHEJ core factors DNA-dependent protein kinase 

catalytic subunit (DNA-PKcs) (Uematsu et al., 2007), X- ray cross complementing 

protein 4 (XRCC4) (Costantini et al., 2007; Mari et al., 2006; Nick McElhinny et al., 

2000), DNA Ligase IV (LIG4) (Costantini et al., 2007), XRCC4-like factor (XLF) (Yano 

et al., 2008) and Aprataxin-and-PNK-like factor (APLF) (Grundy et al., 2013; Kanno 

et al., 2007; Macrae et al., 2008). These factors interact with each other and form a 

stable complex at the DSB site. Upon binding of DNA-PKcs to the Ku-DNA complex, 

the Ku heterodimer translocates inwards on the dsDNA and the kinase activity of 

DNA-PKcs gets activated (Falck et al., 2005; Gell and Jackson, 1999; Singleton et 

al., 1999). Autophosphorylation of DNA-PKcs is thought to induce a conformational 

change that allows the binding of end processing enzymes to the DSB. XRCC4 

directly interacts with the Ku70 subunit of the Ku heterodimer, does not possess 

enzymatic activity and acts as a second scaffold, allowing the recruitment of 

additional NHEJ factors to the DSB. It can form homodimers and tetramers, interacts 

with LIG4 and allows the recruitment of polymerase μ and the Werner syndrome 

RecQ like helicase (WRN), highlighting the importance of XRCC4 for the recruitment 

of processing enzymes (Cooper et al., 2000; Karmakar et al., 2002; Kusumoto et al., 

2008). APLF is thought to promote the assembly of the NHEJ complex and is 

required for the retention of XRCC4, LIG4, and XLF at the DSB (Grundy et al., 2013; 

Rulten et al., 2011). In the second step, DNA ends are bridged and end stability is 

promoted. Upon binding of Ku70/Ku80, the heterodimer protects the DNA ends from 

non-specific processing, which could otherwise lead to genomic instability and holds 

the DNA break sites in close proximity to one another (Pang et al., 1997; Soutoglou 

et al., 2007), together with DNA-PKcs, which is recruited to the DSB site by the Ku 

heterodimer and likely promotes the formation of an end-stabilizing synaptic complex 

(Cary et al., 1997; Weterings and van Gent, 2004). Additional bridging of the DNA 

ends is achieved through the formation of super helical filaments by the XRCC4-XLF 

complex that also recruits further end processing enzymes. In the third step, DNA 

ends are processed into a ligatable form by different end processing enzymes, 

depending on the nature of the break (Andres et al., 2012; Hammel et al., 2010, 

2011; Malivert et al., 2010). Resection enzymes include Artemis, WRN and APLF. 
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The processed DNA gaps are subsequently filled by the template-dependent 

polymerase μ and the template-independent polymerase λ (Moon et al., 2007; Nick 

McElhinny et al., 2005; Ramadan et al., 2004). In the fourth and final step, the broken 

ends are ligated by LIG4, which can ligate across gaps and ligate incompatible DNA 

ends (Gu et al., 2007). XRCC4 stabilizes LIG4 and stimulates its ligation activity 

(Grawunder et al., 1997). 

When the NHEJ pathway is inactivated, DSBs can be repaired by ‘alternative NHEJ’ 

(alt-NHEJ), also known as ‘microhomology-mediated end joining’ (MMEJ), which 

functions independent of Ku proteins, LIG4 and DNA-PKcs (Wang and Xu, 2017). 

Several reports found alt-NHEJ to be dependent on PARP1 that binds to single 

strand breaks (SSBs) and DSBs and acts as a DNA damage sensor in an early step 

of alt-NHEJ (De Vos et al., 2012; Hassa et al., 2006). The pathway relies on exposed 

microhomologous sequences flanking the broken DNA ends and is associated with 

DNA deletions surrounding the original DSB site and chromosomal translocations. In 

a first step, 5’-3’ end resection exposes microhomologous regions on both ends of 

the broken DNA. The microhomologous sequences are then annealed, forming an 

intermediate structure with 3’-flap and gaps on both break sides, which are 

subsequently removed by endonucleases such as XPF/ERCC1. Polymerases fill in 

the gaps and in a final step, DNA ligase III/I (LIG3/LIG1) mediate end ligation. Since 

MMEJ removes a substantial part of the DNA surrounding the break site, it is a highly 

mutagenic repair pathway. 

 

1.1.7 Homologous recombination (HR) 

Homologous recombination is the most error-free mechanism that allows cells to 

repair DSBs. During HR, DSBs are repaired using sister- daughter- or homologous 

chromosomes as a template. This ensures a higher probability of joining the correct 

ends compared to NHEJ, but limits HR to the S- and G2 phase of the cell cycle. 

Although HR is a highly complex mechanism with several sub-pathway choices, it 

can be divided into four basic steps: Initiation (DNA resection); homologous DNA 

pairing and strand exchange; branch migration and dissolution and resolution of 

Holiday junctions (Kowalczykowski, 2015). To initiate HR, broken DNA ends are 

processed to produce ssDNA that allows the formation of RecA/RAD51 filaments. 

This is achieved via recombination-specific helicases and nucleases (Symington, 

2014). The CtIP-regulated MRN complex consists of Mre11, Rad50 and Nbs1 and 

initiates HR by binding to dsDNA breaks and resecting from 3’ to 5’ (Paull and 

Gellert, 1999). After this initial processing, further resection generates larger regions 

of ssDNA that are required for further progression of HR (Lamarche et al., 2010). 
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This resection requires the helicase activity of the RecQ helicase BLM, as well as the 

nuclease activity of DNA2 and generates kilobase-sized 3’ ssDNA overhangs 

(Mimitou and Symington, 2008; Zhu et al., 2008). The helicase activity of BLM is 

stimulated by TOPOIIIα, RMI1 and RMI2, which together form the ‘BLM complex’ 

(sometimes referred to as ‘BTR complex’), as well as by DNA2 (Daley et al., 2014). 

Besides BLM, another RecQ helicase called WRN also interacts with DNA2 and 

contributes to long-range resection of DSBs (Sturzenegger et al., 2014). 

Alternatively, long-range resection can be carried out by the exonuclease EXO1, 

whereby its affinity to DNA ends is increased by BLM and its processivity is 

increased by EXO1 (Tomimatsu et al., 2012). The resection product is protected from 

BLM-dependent disruption by RAD51 (Nimonkar et al., 2008). After resection, 

RAD51 binds to the ssDNA and assembles into filaments that allow pairing of 

homologous DNA and strand exchange in an ATP-dependent manner that is 

stimulated by RPA. The RAD51 filaments on ssDNA are termed ‘presynaptic 

complex’, due to their formation before the ‘synaptic’ DNA pairing step. The 

presynaptic complex searches for DNA sequence homology and mediates the 

pairing and exchange of DNA strands. The assembly of RAD51 onto RPA-bound 

ssDNA is mediated by BRCA2, which delivers RAD51 molecules to the ssDNA 

(Jensen et al., 2010; Liu et al., 2010a). The annealing to the homologous sequence 

is mediated by RAD52 (Jensen et al., 2010). RAD51 interacts with the tumor 

suppressor PALB2, which stimulates joint DNA molecule formation (Buisson et al., 

2010; Dray et al., 2010). Helicases such as BLM or FANCM bind to the resulting 

structure with high affinity and promote branch migration (Gari et al., 2008; Karow et 

al., 2000). The joint duplexes form an intermediate structure called double Holiday 

Junction (dHJ) (Holliday, 2007; Matos and West, 2014). The separation of the joint 

molecules can happen in two distinct ways: either ‘dissolution’, resulting in non-

crossover (NCO) recombinants or ‘resolution’, resulting either in crossover (CO) or 

NCO recombinants. Dissolution is mediated by the BLM complex, consisting of the 

BLM helicase (BLM), the topoisomerase IIIα (TOP3A), RMI1 and RMI2, which were 

shown to migrate and decatenate dHJs (Cejka et al., 2010; Ellis et al., 1995; Wu and 

Hickson, 2003). This complex can separate and unlink the DNA molecules 

topologically (Wu and Hickson, 2003). Cells that lose the ability of dissolution due to 

BLM loss-of-function show an increased frequency of COs, resulting in excessive 

sister chromatid exchanges (SCEs) (Ray and German, 1984). The associated 

disease is called Bloom syndrome, which is an autosomal recessive disorder, 

characterized by short stature, cancer predisposition and genomic instability (Karow 

et al., 2000; Straughen et al., 1998). In these cells, the formation of COs is largely 
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depending on MUS81-EME1, SLX1-SLX4 and GEN1, which mediate the resolution 

of dHJs (Wechsler et al., 2011; Wyatt et al., 2013). The MUS81-EME1 complex 

forms a structure-selective nuclease that cleaves HJs (Amangyeld et al., 2014; Pepe 

and West, 2014). SLX1-SLX4, which can also cleave HJs, binds to MUS81-EME1 to 

form a hetero-tetrameric complex that cleaves dHJs more effective than both 

complexes alone (Fekairi et al., 2009; Svendsen et al., 2009; Wyatt et al., 2013). 

GEN1 acts as a debranching enzyme that removes unprocessed HJs and Y-forks 

that remain after unfinished recombination and replications. HR is a universal 

biological mechanism that is conserved across all three domains of life as well as 

viruses. The proteins involved in HR are topics of intensive research, due to their 

association with various forms of cancer. 

 

1.1.8 Fanconi anemia (FA) 

The Fanconi anemia pathway protects genomic integrity by repairing DNA interstrand 

crosslinks (ICLs), which are covalently binding the Watson and Crick strands of DNA 

and thereby impede transcription and replication (Kottemann and Smogorzewska, 

2013). Proteins within the FA pathway are called FA complementation groups, whose 

gene symbols carry the root FANC, followed by a letter that is assigned in 

alphabetical order, according to the discovery of their role in FA. In humans, defects 

in the FA signaling pathway lead to a rare disease ‘Fanconi anemia’ that affects 

about 1 in every 100.000 births and is associated with severe conditions such as 

bone-marrow failure, susceptibility to solid tumors and acute myeloid leukaemia 

(AML), infertility and congenital abnormalities (Auerbach, 2009; Rosenberg et al., 

2011). FA is inherited in an autosomal recessive manner, except for FANCB, which 

is located on the X-chromosome. So far, 22 genes are considered FA 

complementation groups (Table 1) (Fanconi anemia complementation groups | 

HUGO Gene Nomenclature Committee). The FA complementation group most 

frequently mutated in FA patients is FANCA with a patient frequency of 64%, 

followed by FANCC with 12% and FANCG with 8% (Wang and Smogorzewska, 

2015). 
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FANC gene Synonyms 

FANCA FACA, FANCH, FAA, FA-H, FAH 

FANCB FAB, FLJ34064, FAAP95 

FANCC FACC, FAC, FA3 

FANCD1 BRCA2, FACD, FAD, FAD1, BRCC2, XRCC11 

FANCD2 FACD, FAD, FA-D2 

FANCE FACE, FAE 

FANCF FAF 

FANCG XRCC9, FAG 

FANCI KIAA1794, FLJ10719 

FANCJ BRIP1, OF, BACH1 

FANCL PHF9, FLJ10335, FAAP43, Pog 

FANCM KIAA1596, FAAP250 

FANCN PALB2, FLJ21816 

FANCO RAD51C, RAD51L2 

FANCP SLX4, BTBD12, KIAA1784, KIAA1987 

FANCQ ERCC4, XPF, RAD1 

FANCR RAD51, RAD51A, RECA, HsRad51, HsT16930, BRCC5 

FANCS BRCA1, RNF53, BRCC1, PPP1R53 

FANCT UBE2T, HSPC150 

FANCU XRCC2 

FANCV MAD2L2, MAD2B, REV7, POLZ2 

FANCW RFWD3, FLJ10520, RNF201 

Table 1: Overview of all characterized FA complementation groups in 

alphabetical order. FANCK has not been used for nomenclature to avoid verbal 

confusion with FANCA. FANCH was later merged into FANCA, since the sole 

identified FANCH patient in retrospect turned out to be a FANCA patient (Joenje et 

al., 2000).  

 

Cells derived from FA patients show increased sensitivity to DNA interstrand 

crosslinking agents such as mitomycin C (MMC) or diepoxybutane (DEB), which is 

why those agents are commonly used for the diagnosis of FA (Auerbach, 2009). 

These compounds constitute potential exogenous sources of ICLs, together with 

chemotherapeutic agents such as Cisplatin (Clauson et al., 2013). However, most 

people, including FA patients, never come into contact with those crosslinking agents 

throughout their lives, indicating a role of endogenous crosslinking sources in FA. 

Oxidative stress can form the nucleophilic crosslinking agents malondialdehyde and 

acrolein from lipid peroxidation. The most intensively studied endogenous source of 

ICLs in FA however are reactive aldehydes that are by-products of alcohol 

detoxification and histone demethylation. 
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The FA pathway is involved in numerous cellular functions, resulting in a multitude of 

biological effects upon disruption. One is the dysfunction of haematopoietic (and 

other) stem- and progenitor cells, resulting from elevated p53 signaling in stem cells 

that impairs cellular differentiation, resulting in a reduced stem cell pool at birth. This 

is thought to be responsible for the developmental abnormalities and infertility of FA 

patients. The FA pathway also functions as a barrier to more mutagenic repair 

pathways such as NHEJ, thereby suppressing the accumulation of genomic 

mutations and preventing tumorigenesis. Finally, the FA pathway was shown to 

preserve replication-fork stability during S-phase. This interaction with various 

genome maintenance pathways makes FA signaling an excellent research topic to 

investigate the interplay of cellular networks, which will subsequently be discussed in 

further detail. 

 

Fanconi anemia and ICL repair: The FA proteins work together to enable ICL repair 

by coordinating nucleases for cutting out the ICL and further nucleolytic processing 

needed for TLS and HR. Unrepaired ICLs lead to an accumulation of stalled 

replication forks in S phase, which leads to the activation of the FA pathway by ATR 

mediated phosphorylation of the FA core complex, which consists of FANCA, B, C, 

E, F, G, L, and M, as well as accessory proteins such as FAAP20 and FAAP24. 

Upon recruitment of the core complex to the stalled replication fork, the catalytic E3 

ligase FANCL together with the E2 ligase UBE2T, ubiquitinate the downstream I-D2 

complex, consisting of FANCI and FANCD2 (Alpi et al., 2008; Machida et al., 2006; 

Meetei et al., 2003). This is considered to be the main activation step in FA signaling, 

whereby FANCD2 is monoubiquitinated at Lys561 and FANCI to a lesser extent at 

Lys523 (Smogorzewska et al., 2007; Taniguchi et al., 2002). This ubiquitination is 

stimulated by the presence of DNA, suggesting its occurrence on chromatin (Sato et 

al., 2012). The components of the FA core complex as well as the I-D2 complex were 

shown to bind to ICLs in a replication independent manner (Shen et al., 2009). The 

phosphorylated I-D2 complex orchestrates the actions of further repair factors such 

as SLX4/FANCP, which acts as a scaffold for the nucleases XPF/FANCQ-ERCC1, 

MUS81-EME1 and SLX1 (Andersen et al., 2009; Fekairi et al., 2009; Muñoz et al., 

2009; Svendsen et al., 2009). At the site of DNA damage, these nucleases make 

incisions on both sides of the cross-linked nucleotides, ‘unhooking’ the ICL. In this 

process, XPF-ERCC1 is the most important nuclease for ICL resistance, while 

MUS81-EME1 and SLX1 play less prominent roles (Bhagwat et al., 2009; Kim et al., 

2013). Other, non-SLX4-bound nucleases such as FAN1 and SNM1A are involved in 

this incision step as well. The SNM1A exonuclease prepares the DNA substrate to 
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be further processed by TLS polymerases, which facilitate the repair of one DNA 

duplex that then acts as a template for the repair of the other strand using HR (Wang 

et al., 2011). After activation, the I-D2 complex needs to be de-ubiquitinated by 

USP1.  

 

Tumorigenesis upon loss of FA components: The most common tumor 

susceptibility in FA patients is a predisposition for AML, which may derive from the 

same stem cell instability that triggers the anemia phenotype, followed by squamous 

head and neck cell carcinomas. These disease phenotypes are characteristic for 

patients with homozygotes mutations in FANC genes, however downstream effectors 

of FA signaling that are directly involved in HR can increase the tumor susceptibility 

even when mutated in only one copy (Deans and West, 2011; Meindl et al., 2010; 

Rafnar et al., 2011; Rahman et al., 2007; Seal et al., 2006; Tischkowitz et al., 2007; 

Walsh et al., 2011). Those factors include FANCD1/BRCA2, FANCN/PALB2, 

FANCJ/BRIP1 and FANCO/RAD51C. Their stronger correlation with cancer stems 

from their general involvement in DNA repair that is not confined to the FA pathway, 

as it is the case with members of the FA core- or I-D2 complex. 

 

Sensitivity to replication stress: Besides its role in ICL repair, the FA pathway is 

required for the protection of replication-forks under stress conditions. Even in cells 

not treated with ICL-inducing agents, the I-D2 complex gets monoubiquitinated 

during S-phase (Howlett et al., 2002). Also non-ICL inducing agents such as 

hydroxyurea (HU) induce FA signaling by depleting nucleotide pools, exposing the 

cells to replication stress (Howlett et al., 2005). 

 

Interaction with other repair pathways: The FA pathway intersects with numerous 

other DNA repair pathways. Especially interactions of FA with the BLM helicase, 

which was discussed in detail in the section ‘1.1.7 Homologous recombination’, were 

shown to occur at a clinical and a molecular level. Loss of BLM leads to the 

autosomal recessive disease called Bloom syndrome. Some individuals with BLM 

mutations were diagnosed with FA, due to their symptomatic overlaps, which include 

pigmentation lesions, immunological defects, reduced fertility, short stature, genomic 

instability and cancer predisposition (Ellis and Offit, 2012). BLM participates in the 

dissolution of dHJs, which are an intermediate structure in HR (Wu and Hickson, 

2003). On a molecular level, the FA core complex physically interacts with the BLM 

complex via FANCM, forming a super-complex at sites of replication forks that are 

impeded by ICLs (Deans and West, 2009). Also molecular interactions between BLM 
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and FANCJ at stalled replication forks have been described (Suhasini et al., 2011). 

Both the FA I-D2 complex and BLM were shown to localize to ultrafine anaphase 

bridges, which are narrow DNA structures that from between condensed DNA during 

anaphase as a result of unresolved recombination intermediates (Chan et al., 2009). 

Additionally, SLX4/FANCP was shown to collaborate with BLM during the resolution 

of dHJs (Wechsler et al., 2011). Another repair pathway that is closely linked to the 

FA pathway is NHEJ. The FA pathway is thought to play a role in pathway choice, 

whereby it funnels the repair of ICL induced DSBs towards HR, instead of the more 

mutagenic NHEJ pathway. This is thought to contribute to the chromosomal 

abnormalities, observed in the absence of FA signaling upon induction of ICLs. 

Previous studies in different cellular and genetic backgrounds have demonstrated, 

that the sensitivity of FANC deficient cells to ICL-inducing agents can be alleviated 

by additional loss of NHEJ components. This was shown in C. elegans, where loss of 

LIG4 reduced crosslink sensitivity in a fcd-2 (FANCD2) deficient background (Adamo 

et al., 2010). In chicken DT40 cells, loss of Ku70 partially rescued crosslink 

sensitivity in a FANCC deficient background (Pace et al., 2010). In mouse embryonic 

fibroblasts (MEFs), inhibition of DNA-PKcs by NU7026 lead to a partial rescue of 

crosslink sensitivity in Fanca and Fancc deficient cells (Adamo et al., 2010). In 

human, cells depleted for FANCD2 by small interfering RNA (siRNA) showed 

decreased sensitivity to ICLs in a DNA-PKcs deficient background. Likewise, 

inhibition of DNA-PKcs lead to partial rescue of sensitivity to ICLs in HeLa cells 

depleted for FANCA as well as FANCD2. Finally, depletion of KU80 via siRNA 

resulted in partial rescue of crosslink sensitivity in FANCD2- as well as FANCC 

deficient patient cells (Adamo et al., 2010). 

Taken together, these findings demonstrate that deficiencies in one pathway can, at 

least partially, be compensated by inhibiting a competing pathway that might 

otherwise lead to a more unfavorable outcome. Those compensating interactions are 

commonly referred to as synthetic viability, synthetic rescue or synthetic suppression 

and will be discussed in detail in the following subchapter. 

 

1.2 Synthetic interactions  

To date, more than 6,000 Mendelian disorders have been described (McKusick, 

2007). Despite the rapid development of novel therapeutic interventions, a majority of 

those disorders can only be treated symptomatically with no curative treatment in 

sight (Dietz, 2010). One reason for this sobering rate of success is that the use of 

small-molecule inhibitors can hardly restore protein activity in loss-of-function (LOF) 

mutations, which underlie many of the Mendelian disorders. Although gene therapy 
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could one day help overcoming this limitation in certain cases, the current inability to 

precisely and reliably deliver genetic constructs to various parts of the body is 

hindering the application of this approach. However, it is possible to inhibit certain 

gene-products using small molecule inhibitors. In the context of cancer therapy, small 

molecule inhibitors are thoroughly researched to develop drugs that induce synthetic 

lethality in cancer cells. Likewise, genetic defects that cannot be corrected directly 

might be compensable by exploiting synthetic viable interactions. 

 

1.2.1 Synthetic lethality 

Synthetic lethality occurs when a combination of deficiencies in two or more genes 

leads to cell death, whereas a deficiency in only one of them is viable (Fig. 1a) 

(Nijman, 2011). Synthetic lethality was first observed by the American geneticist 

Calvin Bridges in 1922 to describe combinations of mutations in D. melanogaster that 

in combination confer lethality (Bridges, 1922). However, the term synthetic lethality 

was not introduced before 1946, when Theodore Dobzhansky observed a similar 

phenomenon in D. pseudoobscura (Dobzhansky, 1946). In this context, the term 

‘synthetic’ is used in its ancient Greek sense, meaning that the combination of two 

entities can yield something new that is different from a mere combination of the 

initial attributes. Synthetic lethality can also occur between genes and small 

molecules. In this context, the lethal interactions are typically used to develop cancer 

therapies that exploit the mutational background of cancer cells to specifically kill the 

malignant cells. The first approved molecular targeted therapy exploiting synthetic 

lethality for cancer treatment was the inhibition of PARP to target BRCA1 and 

BRCA2 deficient tumor cells (Bryant et al., 2005; Farmer et al., 2005; Fong et al., 

2009). This treatment receiving FDA approval in 2016 and has remarkably mild side 

effects. This success inspired the systematic search for synthetic viable interactions 

throughout the whole genome. Historically, many of the first screens for synthetic 

lethality were performed in S. cerevisiae. Its small genome, the fast doubling time, its 

ability to exist in a haploid- as well as a diploid state and the fact that knock-out (KO) 

collections for all annotated yeast genes are publicly available, made it the model 

organism of choice for this endeavor (Winzeler et al., 1999). In recent years, the 

development of novel technologies such as haploid genetic screens in human cells 

(Carette et al., 2009, 2011; Forment et al., 2017), whole genome CRISPR knock-out 

libraries (Shalem et al., 2014) and affordable high-throughput sequencing enabled 

the genome-wide search for synthetic interactions in human cells. Though these 

approaches are commonly used to identify synthetic lethal interactions for cancer 

therapy, they also allow the search for synthetic viable interactions (Fig. 1b).  
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a) Synthetic lethality b) Synthetic viability 

  

Thesis Figure 1: Schematic of synthetic lethality and synthetic viability. (a) 

Synthetic lethality occurs, when simultaneous mutations in a gene pair are lethal, 

whereas mutation of each gene alone is viable. (b) Synthetic viability occurs, when 

loss of one gene leads to cell death, while additional loss of a second gene 

compensates the initial defect and confers cell viability. 

 

1.2.2 Synthetic viability 

Synthetic viability allows the suppression of a disease phenotype by mutation of 

another gene or inhibition of the corresponding gene product respectively. Synthetic 

viability is a promising concept for the treatment of Mendelian LOF mutations, since it 

aims at restoring a healthy phenotype, without the necessity of re-introducing a 

functional version of the initially mutated gene. Instead, the defect is compensated by 

loss or functional inhibition of a second gene or gene product, which is clinically more 

practical than the re-introduction of genes. Therefore, exploiting synthetic viable 

interactions to alleviate disease phenotypes is a promising avenue to compensate for 

LOF mutations in Mendelian disease. The identification of disease-compensating 

mutations has proven successful in several model organisms. For example, 

mutations in globulin genes were shown to partially compensate primary mutations in 

β-globin genes and thereby diminish the severity of sickle cell anemia (Galarneau et 

al., 2010). In some cases, the introduction of a mutation reduces a disease 

phenotype that is not caused by an initial mutation. Mutations in the CCR5 gene 

were shown to confer resistance against HIV infections (Philpott et al., 1999). 

Nevertheless, these interactions are also commonly described as synthetic viable, 

since a disease phenotype is suppressed by the presence of a specific mutation. 

Likewise, a LOF mutation in PCSK9 was shown to protect carriers from high lipid 

levels and associated heart disease (Cohen et al., 2005) and LOF mutations in the 

zinc transporter SLC30A8 were found to protect from type 2 diabetes (Flannick et al., 
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2014). Recently, a dog was identified, carrying a mutation in the gene Jagged1 that 

compensated for Duchenne muscular dystrophy (Vieira et al., 2015). This illustrates 

Jagged1 as a promising target for an analogous treatment in human. The potential 

for synthetic viable interactions to alleviate human disease was recently 

demonstrated by a study analyzing sequence- and genotype data from 589,306 

people to identify healthy individuals carrying penetrant Mendelian disease-causing 

mutations, without expressing any identifiable disease phenotype (Chen et al., 2016). 

The study identified 13 healthy individuals, carrying mutations for 8 different diseases 

which are Cystic fibrosis, Smith-Lemli-Opitz syndrome, Familial dysautonomia, 

Epidermolysis Bullosa simplex, Pfeiffer syndrome, Autoimmune polyendocrinopathy-

candidiasis-ectodermal dystrophy syndrome, Acampomelic campomelic dysplasia 

and Atelosteogenesis. Whether those disease-causing mutations were compensated 

by mutations in other genes, second-site mutations or environmental factors was not 

determined. The results nevertheless impressively demonstrate that several 

mutations that are strongly associated with severe human diseases can in principal 

be compensated. This population-driven approach of identifying synthetic viable 

interactions is limited by the availability of genomic datasets from healthy individuals 

and restricted to early-onset diseases that have an exceptionally strong genotype-

phenotype correlation. Systematic cell culture-based screens for synthetic viable 

interactions would offer a more unbiased approach for discovery, however the lack of 

suitable functional readouts exacerbates this endeavor. Extragenic synthetic viable 

mutations can be subdivided into two classes. Informational suppressor mutations 

change either the protein translational or mRNA transcriptional machinery, thereby 

reinterpreting the primary mutation. Functional suppressor mutations occur in a 

second gene and functionally compensate for the initial defect (Dronamraju, 2017). A 

recent publication examined literature-curated and unbiased experimental data to 

generate a network of functional synthetic viable interactions throughout the yeast 

genome, using growth rate as a proxy for cellular fitness (van Leeuwen et al., 2016). 

The results showed that many synthetic viable interactions in the context of DNA 

replication and repair emerge due to the activation of alternative DNA repair 

pathways. Many synthetic viable interactions occurred between functionally related 

genes that are involved in the same biological process (Costanzo et al., 2010; Huttlin 

et al., 2015; Magtanong et al., 2011). Genes interacting in a synthetic viable manner 

showed the tendency of being co-expressed and encoding proteins that function in 

the same cellular compartment or belong to the same pathway or protein complex. 

This finding reinforces the results of our study, which will be discussed in chapter 
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two, since the synthetic viable interactions described in our study also occur within 

the same pathway. 

 

1.3 Genome wide screening tools 

Throughout most of the twentieth century, large-scale genetic studies were 

hampered by the limitations of human population studies, laborious animal models 

and the inability to efficiently perturb cell culture models in a targeted manner. The 

discovery of genome-wide perturbation tools such as random mutagenesis, RNA 

interference (RNAi) and CRISPR-Cas9 allowed the systematic study of gene function 

in human cells (Fire et al., 1998; High Throughput Screening Methods, 2016; Jinek et 

al., 2012). These tools enable the efficient screening for genetic interactions, 

including synthetic lethal and viable interactions, in a genome-wide manner using 

forward genetics that perturbs gene function and selects for a desired phenotype. 

Throughout the past decade, pooled screens in mammalian cells became 

increasingly popular due to their simple implementability in almost any laboratory 

performing cell culture (Koike-Yusa et al., 2014; Shalem et al., 2014; Wang et al., 

2014). This subchapter will discuss the background as well as the advantages and 

disadvantages of the most common high-throughput screening methods to vindicate 

the choice of genome-wide screening tools utilized in our study. 

 

1.3.1 Random mutagenesis 

The oldest method for introducing genetic perturbations in a genome-wide manner is 

random mutagenesis using mutagenic chemicals or ionizing radiation. The 

disadvantage of this method however is the challenging identification of the genetic 

alterations that are responsible for a certain phenotype, limiting this approach to low 

or medium throughput screens. Historically, the identification of underlying mutations 

was achieved by effortful cloning of genomic libraries. With the emergence of 

affordable high-throughput sequencing technologies, this effort got obsolete due to 

the ability of multiplexing genomic samples. Random mutagenesis has therefore 

been successfully applied for compound target identification in mammalian cells 

(Junne et al., 2015; Wacker et al., 2012). Compared to more targeted approaches 

however, random mutagenesis is still far from high-throughput due to its effortful and 

costly analysis. Furthermore, a major disadvantage is the difficulty to distinguish 

between phenotype-causing- and bystander mutations. 
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1.3.2 RNA interference 

RNAi is a mechanism by which double stranded RNA (dsRNA) is suppressing the 

expression of genes through targeted degradation of complementary messenger 

RNA (mRNA) (Fire et al., 1998). Originally the RNAi system was described in C. 

elegans, however it is conserved in eukaryotic cells and was used extensively to 

systematically knock-down (KD) gene expression in pooled and arrayed screens. For 

the first time, this technology enabled targeted genetic screens in higher eukaryotic 

cells by allowing the design of genome-wide KD libraries (Boutros and Ahringer, 

2008). RNAi screens can be carried out using transient transfection of siRNA or long 

double stranded siRNA precursors. This approach is typically chosen for arrayed 

screening processes in which each siRNA clone is positioned in an individual well. 

This allows automated high-throughput well-by-well screens that have been utilized 

to examine a broad range of biological processes (Boutros et al., 2004; Lipinski et al., 

2010; MacKeigan et al., 2005; Yin et al., 2013). However, early siRNA screens 

revealed potential sources of error: A high false positive rate due to off target effects 

as well as a high false negative rate due to lack of efficacy for many siRNAs. The 

results of HIV host factor screens published by four independent groups revealed a 

hit-overlap of less than 7%, raising the question regarding the reliability of siRNA 

screens (Brass et al., 2008; Goff, 2008; König et al., 2008; Yeung et al., 2009; Zhou 

et al., 2008). These limitations can be partially constrained by the use of multiple 

independent siRNA libraries (Zhu et al., 2014). This redundancy approach is 

commonly referred to as MORR (multiple orthologous RNAi reagents). 

In contrast to arrayed transient siRNA screens, pooled RNAi screens are commonly 

performed using stable expression of RNAi constructs via lentiviral delivery of short 

hairpin RNAs (shRNAs) (Berns et al., 2004; Moffat et al., 2006; Paddison et al., 

2004). Pooled shRNA screens are using molecular barcodes for the retrospective 

assignment of an observed phenotype to the responsible shRNA. This process is 

called back-end deconvolution and requires deep sequencing. Compared to arrayed 

screens, this method comes at lower experimental costs and enables screening for 

phenotypes at alter time points that could not be observed with transiently 

transfected siRNAs (Paddison et al., 2004; Silva et al., 2005). The scalability of 

pooled screening approaches and the efficiency of lentiviral transfection of numerous 

cell types made pooled shRNA screens a valuable tool for identifying synthetic lethal 

interactions in cancer cells (Barretina et al., 2012; Cowley et al., 2014; Marcotte et 

al., 2012; Silva et al., 2008), as well as studying the mechanisms of action for 

chemical compounds and toxins (Bassik et al., 2013). The RNAi pathway enables 

gene silencing via two convergent mechanisms (Sigoillot and King, 2011; Wilson and 
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Doudna, 2013). In the canonical pathway, the siRNA guide strand incorporates into 

the RNA induced silencing complex (RISC) and binds with perfect complementary to 

a target RNA molecule, thereby initiating its degradation. In the related microRNA 

(miRNA) pathway, mRNA translation is comparably repressed by miRNA that is 

loaded onto the RISC. However, miRNA can inhibit the translation of different 

mRNAs because its pairing via a six nucleotide seed region is imperfect. Large scale 

screens try to compensate this vulnerability by using ultra-complex pooled libraries 

that target each gene with up to 25 unique RNAi constructs (Hoffman et al., 2014; 

Kampmann et al., 2013, 2014). This comes at the expense of additional experimental 

and sequencing costs. Furthermore, algorithms have been developed that allow the 

prediction of potential off target effects and the according removal of false positive 

hits from screening data (Buehler et al., 2012; Sigoillot et al., 2012). Another major 

disadvantage of RNAi screens is the likelihood of low KD efficiency. Especially 

transcripts with a high turnover rate tend to be difficult so silence whereby a high 

percentage of functional protein can retain within the cell. At the same time, this 

partial KD can be an advantage, since it allows the investigation of essential or lethal 

genes. Another shortcoming of RNAi screens is that in order for mRNAs to be 

degraded, they must be exported to the cytoplasm. This hinders the functional 

analysis of noncoding genes that express regulatory RNAs. Those RNAs often 

control translation and transcription within the nucleus, where they are not accessible 

to the RNAi machinery. Taking these obstacles into account, the latest generations of 

optimized RNAi libraries together with advanced quality control algorithms provide 

considerably more robustness than earlier KD approaches. In a recent publication, 

an ultra-complex pooled shRNA library performed in a comparable way to a 

CRISPR-based screen (Kampmann et al., 2015). Using a sub-library targeting a total 

of 2,933 genes associated with proteostasis in K562 cells, the investigators were 

screening for genes controlling the sensitivity to a cholera-diphtheria fusion toxin 

(CTx-DTA) using both an RNAi, as well as a CRISPR-based screening approach. In 

total, the data showed 48 robust hits unique to RNAi, 40 hits unique to CRISPR and 

an overlap of 21 hits. These data suggest that although RNAi screens have 

considerable limitations, they can be utilized to complement more recent KO 

screening approaches. 

 

1.3.3 Insertional mutagenesis 

Before the development of CRISPR, targeted gene KO was laborious and time 

consuming and therefore not applicable to large-scale screening applications. 

Instead, LOF screens were performed by insertional mutagenesis either via the use 
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of transposons or retroviruses. Upon development, transposon screens were mostly 

carried out in D. melanogaster and C. elegans, requiring extensive back-crossing to 

generate homozygous mutants (Boulin and Bessereau, 2007). In mammalian cells, 

transposon-dependent insertional mutagenesis was hampered by a lack of active 

transposons until the development of a synthetic transposon termed ‘Sleeping 

Beauty’ in 1997 (Ivics et al., 1997), followed by the development of numerous 

transposable elements suitable for random genetic disruption in human cells (Skipper 

et al., 2013). In parallel, the technology for random genetic disruption via the 

integration of retroviral elements was developed (Uren et al., 2005). Random 

insertional mutagenesis approaches are aggravated by the fact, that protein coding 

genes account for less than 2% of the human genome, leaving the majority of 

insertions without observable phenotype. The selection for integration events within 

coding regions was enabled by the development of gene trapping cassettes, 

consisting of a promoterless reporter gene that is flanked by an upstream 3’ splice 

site and a downstream transcription termination sequence (Friedrich and Soriano, 

1991). When inserted into an intron of an expressed gene, the endogenous promoter 

transcribes the gene trap cassette as a fusion transcript, whereby the exon upstream 

of the insert is spliced in frame to the reporter. At the integrated termination 

sequence, transcription is terminated prematurely, generating a nonfunctional 

truncated transcript. Gene trap cassettes therefore both inactivate and report the 

expression of the gene at the insertion site and simultaneously provide a DNA tag 

that allows the identification of the disrupted gene by sequencing. When generating 

random loss-of-function mutations in diploid cells, the effects of a genetic disruption 

are likely to be masked by the second, functional copy of the gene. A milestone in 

random disruption screens was therefore the development of haploid human and 

mouse cell lines, enabling the reliable manifestation of associated phenotypes 

(Carette et al., 2009; Elling et al., 2011; Essletzbichler et al., 2014; Leeb and Wutz, 

2011). This prompted the systematic investigation of gene essentiality and synthetic 

lethal interactions and also enabled the robust identification of synthetic viable 

interactions using gene trap vectors in haploid backgrounds (Blomen et al., 2015). 

Given sufficient cell numbers, gene trap screens can yield genome-wide coverage of 

the inserted cassette. 

 

1.3.4 CRISPR library screens  

The latest tool for genetic studies on a genome-wide level, are CRISPR-based library 

screens, enabling targeted genetic perturbations in numerous cellular backgrounds.  

The CRISPR system was first identified as an adaptive immune system within 
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bacteria that functions via an RNA-guided endonuclease that degrades the DNA of 

invading phages (Sternberg and Doudna, 2015; Wright et al., 2016). The adaptability 

of this system to introduce targeted DSBs in mammalian cells made CRISPR one of 

the most remarkable genetic developments of the recent past, enabling targeted 

genome-wide LOF screens in human cells for the first time (Cho et al., 2013; Cong et 

al., 2013; Jinek et al., 2013; Mali et al., 2013a; Shalem et al., 2015; Xue et al., 2016). 

The most widely adopted CRISPR tool is the CRISPR-Cas9 system derived from S. 

pyogenes (Gasiunas et al., 2012), in which the Cas9 endonuclease is directed to a 

genomic DNA locus via a guide RNA (gRNA), containing a 20 nucleotide sequence 

that base pairs with a genomic target sequence (Jinek et al., 2012). This binding 

requires the presence of a protospacer adjacent motif (PAM) at the target site 

(Mojica et al., 2009). The PAM sequence is ‘NGG’. This low PAM sequence 

complexity allows the targeting of even small genes at multiple sites. Upon 

recruitment to a target site, Cas9 introduces blunt ended DSBs. Repair of those 

lesions via NHEJ can lead to insertions or deletions that frequently result in gene-

inactivating frame-shift mutations (Hou et al., 2015; Mandal et al., 2014). 

Stochastically, the genomic three-letter code would suggests, that roughly two thirds 

of all insertion/deletion mutants result in a gene distorting frame-shift mutation (Dolan 

et al., 2015; Li et al., 2012). Empirically however, it was shown that the sequence of 

a gRNA influences the probability of producing frame-shift mutations according to 

rules, that are not yet fully understood (Bae et al., 2014a). Furthermore, targeting of 

conserved domains shows increased gRNA efficacy, presumably because in-frame 

mutations are less well tolerated in those regions (Munoz et al., 2016; Shi et al., 

2015). The availability of a broad range of targeted CRISPR libraries, as well as the 

simple producibility of custom made libraries make this technology easy to adopt in 

most cell culture based laboratories (Doench et al., 2016; Horlbeck et al., 2016; Read 

et al., 2017; Wang et al., 2014). A multitude of websites can assist the design of 

desired gRNAs (Bae et al., 2014b; Doench et al., 2014; Graham and Root, 2015; 

Haeussler et al., 2016; Heigwer et al., 2014; Meier et al., 2017). Most commonly, 

CRISPR screens are performed in a pooled manner by introducing a lentiviral library 

into a desired cell line to KO a defined set of genes-of-interest. The virus acts a 

vector to stably integrate the genetic sequence of Cas9 and the gRNA into the 

cellular genome. This can be achieved by using a single lentiviral vector that is 

transfecting Cas9 as well as the gRNA sequence simultaneously, or by using a two-

vector system, in which only the gRNAs are transfected into a cell line, that was 

previously infected with Cas9 to create a cell line that stably expresses the 

endonuclease. The two-vector system offers higher virus titers due to the 
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considerable size of the Cas9 sequence that aggravates simultaneous packaging of 

Cas9 and a gRNA sequence into one viral capsid (Sanjana et al., 2014). However, 

the generation of stable Cas9 expressing cell lines can be challenging in primary 

cells. Besides defining the genomic target site, the integrated gRNA sequences act 

as molecular barcodes that allow the quantification of edited cells using next 

generation sequencing of isolated genomic DNA (Shalem et al., 2014; Wang et al., 

2014). The choice or design of the gRNA library is a key determinant for the success 

of a CRISPR library screen. To increase the statistical reliability of hits, most primary 

screens target each gene with multiple different gRNAs. Compared to the first 

generation of CRISPR library screens, optimizations in gRNA design, taking into 

account the GC content and additional factors, have led to more effective second 

generation libraries (Doench et al., 2016). Pooled CRISPR screens require an assay 

that separates cells displaying a desired phenotype from those that do not. This can 

be achieved using a viability readout and a positive or negative selection of cells. 

Positive selection screens generally show a large signal window due to the 

prominent expansion of desired clones, while most cells in the population are killed. 

Among the first published CRISPR screens were drug resistance screens using 

positive selection in the presence of 6-thioguanosine (6-TG), etoposide or 

vemurafenib (Koike-Yusa et al., 2014; Shalem et al., 2014; Wang et al., 2014). Since 

the majority of cells is eliminated, positive selection screens often yield a small 

number of highly enriched hits, simplifying the choice of follow-up experiments. In 

contrast, negative selection screens, also referred to as dropout screens, require a 

higher total gRNA representation, therefore cell numbers, to avoid bottlenecks and 

more sequencing depth compared to positive selection screens. Negative selection 

screens are often used to identify tumor cell specific dependencies (Anderson et al., 

2008; Cheung et al., 2011; Hart et al., 2015; Kryukov et al., 2016; McDonald et al., 

2017; Tsherniak et al., 2017; Tzelepis et al., 2016; Wang et al., 2017). Recently, two 

studies aimed at cataloging all essential human genes using CRISPR library 

negative selection screens (Hart et al., 2015; Wang et al., 2015). Both CRISPR 

screens recovered 4-5 times more essential genes per cell line compared to shRNA 

screens. A gene trap screen that was performed in parallel pointed to the superior 

performance of CRISPR based screens for the identification of essential genes 

(Wang et al., 2015). Analogous to RNAi screens, CRISPR screens can have 

unwanted off-target effects, since Cas9 tolerates some degree of mismatch between 

the gRNA and the genomic target sequence. However, using optimized gRNA design 

and multiple gRNAs targeting the same genes helps to compensate this risk. 

Meanwhile, high-fidelity Cas9 variants with reduced off-target susceptibility were 
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developed and methods for the genome-wide detection of DSBs show that the risk 

for off-target effects using CRISPR is particularly low (Frock et al., 2015; Kleinstiver 

et al., 2016; Smith et al., 2014; Tsai et al., 2015; Veres et al., 2014). However, early 

CRISPR screens showed that gRNAs targeting amplified genomic regions tend to 

drop out of the cell pool. This was shown to depend on the induction of cell death 

due to the concurrent generation of multiple DSBs (Hart et al., 2015). CRISPR 

screens can be used to target non-coding regions and can therefore be used to 

identify regulatory RNAs or transcription factor binding sites (Doudna and 

Charpentier, 2014; Maeder and Gersbach, 2016). Recently, CRISPR libraries 

became available in an arrayed format, enabling screening in 96- or 384-well plates 

that outperformed corresponding siRNA screens (Schmidt et al., 2015; Tan and 

Martin, 2016). In contrast to pooled screening approaches, arrayed CRISPR screens 

simplify the application of readouts that are not solely depending on the dropout or 

enrichment of gRNAs, but enable the application of more analytical measures such 

as high-content imaging. Arrayed screens also help to overcome the bias of 

paracrine signaling, that is inherent in pooled approaches. In pooled CRISPR 

screens, KO of an essential growth factor might not result in cell death due to the 

external availability of the growth factor from cells that lost other genes. A pooled 

genome-wide screen might therefore not identify all genes that are relevant to a 

specific phenotype. In arrayed screens however, KO clones are not affected by 

surrounding cells with different genotypes and loss of essential growth factors will 

result in cell death. Arrayed CRISPR screens can be performed by transiently 

transfecting gRNA oligos into cell lines stably expressing Cas9 (Cho et al., 2013; 

González et al., 2014). Alternatively, DNA constructs expressing the gRNA from a 

RNA polymerase III promoter can be used. The latter method has the advantage of 

higher genetic stability compared to the direct usage of RNA sequences (Liang et al., 

2015; Mali et al., 2013b). Recently, the CRISPR technology was modified to allow 

the targeted silencing or activation of gene expression. To this end, catalytically-dead 

Cas9 (dCas9) mutants were generated that do not possess endonuclease activity, 

yet retain DNA binding activity. This allows gRNA dependent recruitment of dCas9 to 

desired transcriptional start sites (TSSs), whereby attached transcriptional activators 

or repressors can locally affect gene expression (Dominguez et al., 2016; Gilbert et 

al., 2013; Larson et al., 2013; Qi et al., 2013; Sander and Joung, 2014). 

Transcriptional repression using CRISPR is called CRISPR interference (CRISPRi) 

and can be achieved by fusing dCas9 to the Krüppel associated box (KRAB) domain 

(Gilbert et al., 2013). A comparison of CRISPRi and shRNA mediated KD monitoring 

ricin resistance showed stronger phenotypes using CRISPRi, indicating the 
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superiority of this approach compared to shRNA (Gilbert et al., 2014). Transcriptional 

activation using CRISPR (CRISPRa) is achieved by fusing dCas9 to transcriptional 

activator domains (Maeder et al., 2013; Perez-Pinera et al., 2013). Several CRISPRa 

systems have been developed, whereby the synergistic activation mediator (SAM) 

system has shown the most potent gene activation (Chavez et al., 2015, 2016; 

Konermann et al., 2015; Tanenbaum et al., 2014). Using a CRISPRa screen for 

BRAF inhibitor sensitivity revealed the involvement of the ERK pathway in the 

resistance to BRAF inhibition (Konermann et al., 2015). However, CRISPR based 

transcriptional modulators have present unique challenges. A recent study has 

shown that the activity of CRISPRi is blocked by nucleosomes, indicating particular 

difficulties in the design of effective CRISPRi libraries (Horlbeck et al., 2016). Another 

challenge is that the human genome consists of more than 70,000 TSSs with 

multiple TSSs per gene, that are not used homogeneously throughout various cell 

types, indicating the need for larger, cell type and tissue specific libraries (FANTOM 

Consortium and the RIKEN PMI and CLST (DGT) et al., 2014). 

 

The choice of the screening technique depends on the research question. To 

investigate the phenotype of essential genes, the incomplete KD of RNAi can be 

advantageous. Random insertional mutagenesis screens result in genetic LOF and 

show stronger phenotypes, yet they are limited to haploid cell lines, biased towards 

knocking-out highly transcribed genes and rely on expensive deep-sequencing. 

CRISPR screens allow screening in diploid cells and cost-effective multiplexed 

sequencing, but can be biased as a consequence of imperfect library design. For the 

robust identification of synthetic viable interactions in the context of defects in the 

Fanconi anemia pathway, we utilized two different genome-wide screening 

approaches. A CRISPR library screen (Shalem et al., 2014), targeting 18,080 human 

genes with 64,751 unique gRNAs was performed in parallel to a gene-trap insertional 

mutagenesis screen (Blomen et al., 2015). Our results illustrate the potential of this 

approach to identify synthetic viable interactions in human cells with defects in the 

DDR. 
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1.4 Aims of this thesis 

The maintenance of genomic integrity is a prerequisite for the preservation of cellular 

function and the prevention of numerous diseases. This is ensured by a complex 

network of DNA repair mechanisms that work together to safeguard the genome. 

Defects in those repair mechanisms are frequently associated with hereditable 

diseases that increase the likelihood of developing cancer and other severe 

abnormalities. To date, the majority of these diseases can only be treated 

symptomatically due to the inability of re-introducing functional genes in a clinical 

setting. Synthetic viable interactions could offer a way of compensating defects in the 

DNA damage response by resorting a healthier phenotype via loss of a second gene 

or inhibition of the corresponding protein. This thesis explores the possibility of 

exploiting synthetic viable interactions to compensate defects in the DNA damage 

response and aims at: 

 

1) Exploring the feasibility of using systematic genome-wide loss-of-function screens 

to identify synthetic viable interactions in human cells harboring defects in the DNA 

damage response. To that end, cells defective in the Fanconi anemia pathway are 

chosen as a model system. 

 

2) Follow up on a prominent hit to monitor the effects of the synthetic viable 

interaction on DNA damage. 

 

3) Compare a gene-trap mutagenesis screen to an analogous CRISPR screen to 

contrast their suitability for the identification of synthetic viable interactions. 

 

  



27 
 

CHAPTER TWO: RESULTS 

2.1 Prologue 

Here we use two independent screening approaches to identify synthetic viable 

interactions in Fanconi anemia deficient HAP1 cells: A genome-wide CRISPR knock-

out screen and a gene-trap insertional mutagenesis screen. Both approaches 

revealed that loss of the BLM helicase complex decreases the sensitivity of FANCC 

deficient cells to the DNA interstrand crosslink agent mitomycin C. We confirm the 

synthetic viable interaction between the BLM helicase complex and the Fanconi 

anemia pathway in additional FANC deficient backgrounds and with other interstrand 

crosslink inducing agents. We monitor the effects of this interaction on the 

development of induced DNA damage and apoptosis and demonstrate that the 

reduced sensitivity is partially depending on alternative non-homologous end joining. 

 

The author of this thesis performed and analyzed the genome-wide CRISPR 

knockout screen, performed the majority of dose-response curves, measured cellular 

sensitivity to different crosslink-inducing agents, knocked-down MUS81 and analyzed 

the sensitivity of the resulting cells, monitored apoptotic behavior using Annexin V 

staining with the help of Michel Owusu who also performed the γH2AX staining and 

analysis. Georgia Velimezi performed the gene-trap mutagenesis screen, several 

dose-response curves and immunoblots and knocked out NQO1 together with Lydia 

Robinson-Garcia, who also knocked down BRCA1. Marc Wiedner generated the 

HAP1 single knock-out clones and performed several immunoblots. Joana Ferreira 

da Silva assisted with data analysis and visualization. Joanna Loizou wrote the 

manuscript with input from all the authors.  
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Maintaining genome integrity via repair of DNA damage
is a key biological process required to suppress diseases
including cancer, ageing-related pathologies and dis-

eases associated with developmental defects and neurological
disorders1,2. Defects in DNA repair genes cause various rare
heritable diseases. One such disease is Fanconi anemia (FA) that
is caused by defects in FA genes and is characterized by bone
marrow failure, congenital defects, cancer predisposition and
chromosome fragility3. FA is believed to result from impaired
repair of DNA interstrand crosslink (ICL) damage, leading to
accumulation of DNA damage and genome instability. Further-
more, FA patients that develop cancer cannot be treated with
standard chemotherapy, including crosslinking agents, as they are
hypersensitive to such compounds.
Synthetic viability is the suppression of a genetic defect or

phenotype by mutation or abrogation of another gene or path-
way. Recently, haploid genetic screens have emerged as a pow-
erful method to perform suppression screens in human cells4–6.
Using near-haploid cell lines, such as HAP1, in combination with
a CRISPR-Cas9 inactivating library and insertional mutagenesis,
knock-outs for nearly all non-essential human genes can be
generated7,8.

Here, we introduce an approach for the systematic identifica-
tion of synthetic viable interactions in human cells, illustrated
with FA defective cells. We identified synthetic viable interactions
for FA by performing genome-wide screens on isogenic human
haploid cells lacking the FA complementation group C (FANCC)
protein, following exposure to the DNA ICL-inducing agent
mitomycin C (MMC). We identify the BLM helicase complex as a
suppressor of Fanconi anemia phenotypes in human cells,
demonstrating that systematic screening approaches can be used
to reveal genetic viable interactions for DNA repair defects.

Results
Genome-wide screens identify synthetic viable interactions. To
validate the use of HAP1 as a cellular model system in which to
identify genetic synthetic viable interactions for genes associated
with DNA repair, we reproduced a reported synthetic viable
interaction that occurs between lamin A (mutated in the
premature-ageing disease Hutchinson-Gilford progeria syn-
drome) and the acetyl-transferase protein NAT109. Hence, we
utilized CRISPR-Cas9 lamin A mutant HAP1 cells (ΔLMNA)
(Supplementary Fig. 1a) which displayed a misshaped nuclear
morphology that could be corrected upon the addition of a
NAT10 inhibitor (Remodelin) (Supplementary Fig. 1b). Next, we
targeted FANCC in HAP1 cells using CRISPR-Cas9, generating a
frame-shift mutation (Supplementary Fig. 1c) and subsequently
the loss of FANCC protein expression (Supplementary Fig. 1d).
Resulting FANCC mutant cells (ΔFANCC) were hypersensitive to
MMC, both in a short-term dose-response assay (Supplementary
Fig. 1e) and in a long-term colony formation assay (Supple-
mentary Fig. 1f, g).
To identify synthetic viable interactions for FANCC, we set up

two genome-wide approaches to screen for mutations that
alleviate the hypersensitivity of ΔFANCC cells to MMC-induced
DNA damage (Fig. 1a). To this end, we exposed these cells to the
Genome-Scale CRISPR Knock-Out (GeCKO) library10 or inser-
tional mutagenesis8, the latter disrupting genes by random
insertion of a gene-trap cassette into the genome. Cells were
subsequently grown under MMC selection, leaving 5–10% of
ΔFANCC cells viable. Cells resistant to MMC were recovered and
subjected to next generation sequencing, to identify either the
enriched guide RNAs (gRNAs) or positions of insertional gene-
trap mutagenesis. Sequencing of the CRISPR library revealed a
sufficient number of reads, covering each gRNA around 300 times

(Supplementary Fig. 2a, b). More than 99% of all gRNAs present
in the CRISPR library were detected (Supplementary Fig. 2c). Use
of insertional mutagenesis resulted in the targeting of >7000
genes with a total number of 22,772 unique insertions
(Supplementary Table 1). For both genome-wide screens, the
CRISPR-Cas9 mediated editing and insertional mutagenesis
screen, we used human haploid HAP1 cells since the likelihood
to receive loss-of-function mutations is increased by the fact that
only one genetic allele needs to be altered to yield a null
phenotype4,5,8,11. All experiments confirming the results of the
genome-wide screens were performed using diploid HAP1 clones.
Encouragingly, both approaches led to the identification of

NAD(P)H:quinone oxidoreductase1 (NQO1) as highly enriched
in ΔFANCC cells treated with MMC, compared to untreated wild-
type (WT) cells (Fig. 1b, c). NQO1 functions as a positive control,
since it is known that loss of NQO1 renders cells less sensitive to
MMC due to its functions as one of several bioreductases,
converting MMC from a pro-drug to an active form that can lead
to ICLs12. Moreover, NQO1 is found to carry loss-of-function
mutations in cancers that are MMC resistant13. Using the
CRISPR library, as well as insertional mutagenesis, we identified
the enrichment of several NQO1 gRNAs and multiple NQO1
inactivating insertions, respectively (Supplementary Fig. 3a, b).
To validate this genetic interaction, we designed gRNAs to target
NQO1 with Cas9 nickase14 (Supplementary Fig. 3c) and
confirmed that editing resulted in a pool of frame-shift mutations
by immunoblotting (Supplementary Fig. 3d). Both WT and
ΔFANCC cells targeted for NQO1 (‘WT+NQO1 gRNA’ and
‘ΔFANCC +NQO1 gRNA’, respectively) displayed reduced MMC
toxicity in both a short-term dose-response assay (Supplementary
Fig. 3e) and a long-term colony formation assay (Supplementary
Fig. 3f, g).

Loss of BLM complex rescues sensitivity of FA cells to ICLs. We
identified several members of the BLM complex, using both
genome-wide CRISPR libraries (where we identified all four
complex members: BLM, RMI1, RMI2 and TOP3A) and inser-
tional mutagenesis (where we identified BLM and RMI1) (Fig. 1b,
c), and followed up on this finding. The BLM complex forms part
of a multienzyme DNA helicase and includes DNA Topoisome-
rase III Alpha (TOP3A), RMI1, RMI2, and the BLM helicase. The
BLM complex is bridged to the FA complex via FANCM15, and
indeed gRNAs targeting FANCM were also enriched using the
CRISPR library (Fig. 1b and Supplementary Fig. 4a). The BLM
complex functions in the resolution of DNA structures that arise
during the process of homologous recombination (HR) repair16.
By comparing enriched genes in the CRISPR screen performed on
MMC-treated ΔFANCC cells to enriched genes identified by an
additional CRISPR screen performed on MMC-treated WT cells,
we found that loss of the BLM complex specifically rescued
ΔFANCC but had little or no effect in WT cells (Supplementary
Fig. 4a). This indicates that the observed phenotype of increased
resistance upon loss of BLM is specific to FANCC deficient cells
and most likely does not result from general pro-survival effects
due to diminished MMC uptake, impaired apoptotic signaling or
perturbed MMC activation. All six gRNAs for BLM and RMI1
were enriched in the CRISPR screen (Supplementary Fig. 4b). In
addition, inactivating insertion sites within BLM and RMI1 in the
gene-trap screen were identified (Supplementary Fig. 4c).

To validate the above findings, we generated BLM, RMI1 or
FANCM deficient cells both in a WT background and in a
ΔFANCC background. Single and double knock-out clones were
confirmed by Sanger sequencing (Supplementary Fig. 4d) and
immunoblotting (Supplementary Fig. 4e). Thus we confirmed
that while loss of RMI1, BLM or FANCM in a WT background
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(ΔRMI1, ΔBLM, and ΔFANCM, respectively) had little effect on
MMC sensitivity, loss of one of these three factors in a FANCC-
deficient background (ΔFANCCΔBLM, ΔFANCCΔRMI1, and
ΔFANCCΔFANCM) resulted in enhanced MMC resistance
(Fig. 1d–f). In support of our findings, it has been reported that
disruption of FANCM (Protein Hef ortholog) in a FANCC-
deficient background in chicken DT40 cells suppresses cellular
sensitivity to cisplatin17. In addition, it has been shown that
mouse embryonic fibroblasts lacking both FANCB (another
member of the FA core complex) and BLM are less sensitive to
MMC than FANCB single mutants18. However, intriguingly
chicken DT40 cells lacking both FANCC and BLM are not
noticeably less sensitive than FANCC single mutants19 and this
discrepancy may be due to species variation.
Since FANCC is part of the FA core complex, we next

investigated whether loss of BLM or RMI1 could rescue
cells lacking FANCI and FANCD2, that make up the FA I-D2
complex and function downstream of the FA core complex. To
this end, we generated FANCI and FANCD2 mutant
HAP1 cells (ΔFANCI and ΔFANCD2), as well as ΔFANCIΔRMI1
and ΔFANCD2ΔBLM double-deficient cells (Supplementary
Fig. 4f, g). We observed that loss of RMI1 or BLM could rescue

the MMC hypersensitivity of FANCI and FANCD2 deficient cells,
but did not enhance MMC resistance in WT cells (Fig. 1g, h),
indicating that this synthetic viable (genetic suppression)
interaction is not limited to FA core complex components.
To investigate whether the observed genetic interaction

between FA and the BLM complex was specific to MMC, we
treated cells with two additional crosslinking agents, cisplatin and
1,2,3,4-diepoxybutane (DEB) (Fig. 2a, b). In addition, we treated
cells with acetaldehyde, which is considered to be an endogenous
source of crosslinking damage in FA cells20–22 (Fig. 2c). We noted
that loss of BLM alleviated the cellular hypersensitivity of
ΔFANCC cells to all of these crosslinking agents.

p53 is partially functional in HAP1 cells. Because DNA-damage
induced cell death of FA cells has been shown to occur in a p53
dependent manner23, and since we did not retrieve TP53 or its
effectors in either of the genome-wide loss-of-function screens,
we next investigated the functionality of p53 in HAP1 cells.
Sequencing of TP53 confirmed a previously reported point
mutation24,25 (Supplementary Fig. 5a). To test whether this
mutation impacted on cell survival of FA cells following exposure
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Fig. 1 Genome-wide CRISPR-Cas9 and insertional mutagenesis screens identify the BLM complex as a synthetic viable interaction for FANCC. a Workflow
for the identification of genetic synthetic viable interactions for ΔFANCC cells following MMC exposure by two parallel genome-wide approaches: CRISPR-
Cas9 and insertional mutagenesis. b Viability-inducing genes identified using a genome scale CRISPR knock-out (GeCKO) library in ΔFANCC cells treated
with MMC, compared to untreated WT cells are shown in red, and include members of the BLM complex, FANCM and NQO1. Each dot represents the
average score of the six guide RNAs (gRNAs) per gene. c Viability-inducing genes identified using gene-trap insertional mutagenesis in ΔFANCC cells
treated with MMC, compared to untreated WT cells. Members of the BLM complex and NQO1 are labeled. For robust identification of enriched genes in b,
c, hit selection was performed in two steps. First, each data set was partitioned into two groups, defining the hit-group as data points with p< 0.001 and
fold-change >21.5. In a second step, hit selection was optimized using linear discriminant function analysis. d–h Indicated cell lines were exposed to MMC
for 4 days and cellular survival was assessed by CellTiter-Glo. Means and S.E.M. of biological triplicates are plotted
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to MMC, we generated HAP1 cells lacking p53 (ΔTP53) as well as
cells lacking both FANCC and p53 (ΔFANCCΔTP53) (Supple-
mentary Fig. 5b, c). Next, we treated these cells with MMC in
both short-term and long-term dose-response assays (Supple-
mentary Fig. 5d–f). We noted that loss of p53 only slightly
increased the resistance of ΔFANCC cells to MMC (Supple-
mentary Fig. 5d–f). This led us to address p53 functionality in
HAP1 cells. Thus, we treated human A549 cells (a TP53 WT cell
line) and HAP1 cells with Nutlin-3a, an MDM2 inhibitor. This
enhanced p53 stability in A549 cells and ensuing induction of the
p21 protein (Supplementary Fig. 5g). While we did observe low
levels of p21 protein in HAP1 cells, this was not increased upon

Nutlin-3a treatment, nor did Nutlin-3a increase p53 protein levels
in such cells. Next, we tested whether Nutlin-3a treatment could
sensitize HAP1 cells in both short-term and long-term dose-
response assays (Supplementary Fig. 5h–j). We did not observe an
increased sensitization to Nutlin-3a, which taken together with
our other data, these findings indicate that p53 is only partially
functional in HAP1 cells.

Loss of BLM reduces DNA damage and apoptosis of FA cells.
To probe the molecular mechanism of the observed suppression,
we measured generation and clearance of DNA damage using
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Fig. 2 Loss of the BLM complex in FANCC deficient cells alleviates DNA damage and apoptosis induced by ICLs. a–c Treatment of indicated cell lines with
cisplatin, diepoxybutane (DEB) and acetaldehyde for 4 days. Survival assessed by CellTiter-Glo. d Indicated cells were left untreated (UT) or treated with
MMC for 24, 48, or 72 h, stained for γH2AX and analyzed by High Content Imaging. p-values determined by two-way ANOVA. e Cells were either left
untreated or treated with MMC for 24, 48, and 72 h, then apoptosis was measurement using propidium iodide (PE) Annexin V staining, followed by flow
cytometry analysis. f Quantification of chromosome breaks and gaps of 40 cells per cell line treated with MMC for 24 h followed by analysis of metaphase
spreads. p-value determined by Mann–Whitney U test. g Survival of indicated cells treated with either the PARP inhibitor olaparib (PARPi) or DMSO for
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Ser-139 phosphorylated histone H2AX (γH2AX) as a marker
(Fig. 2d). This analysis indicated a reduction in DNA damage at
later time points (48 and 72 h) in ΔFANCCΔBLM cells compared
to ΔFANCC cells which correlated with reduced levels of apop-
tosis (Fig. 2e and Supplementary Table 2). Next, we measured the
impact of loss of BLM in ΔFANCC cells on chromosomal
instability by assessing chromosomal aberrations (Fig. 2f). This
indicated that shortly after ICL induction (24 h after MMC
treatment), the number of chromosomal breaks and gaps in
ΔFANCCΔBLM cells were not significantly altered, compared to
ΔFANCC.

Loss of BLM does not rescue general HR defects. DNA double-
strand breaks are generated as an intermediate structure during
ICL repair and are repaired through HR26. To test whether loss of
BLM can rescue the DNA-damage hypersensitivity of cells
defective in other HR proteins, we tested whether effects resulting
from depletion of BRCA1 could be compensated for by loss of
BLM. Hence, we depleted BRCA1 in WT and ΔFANCC cells,
then exposed them to MMC (Supplementary Fig. 6a–c). These
data indicated that loss of BLM did not alleviate the sensitivity of
BRCA1 depleted cells to MMC, indicating that this genetic
interaction with BLM is specific to the FA pathway.

MUS81 loss does not sensitize ΔFANCCΔBLM cells to MMC.
The BLM complex, also known as ‘dissolvasome’, can dissolve
catenated DNA structures that arise during replication and HR
repair27. The helicase activity of BLM in combination with the
topoisomerase activity of TOP3A are required to dissolve the
double Holliday junction that is formed during HR in a way that
results in a non-crossover DNA product and prevents sister
chromatid exchanges. Alternatively, the same structure can be
resolved by structure-specific nucleases such as MUS81-EME1 or
GEN1 that cut the DNA leading to crossover DNA products28. A
possible hypothesis for the observed suppression of FA DNA-
damage sensitivity by loss of BLM components is that in the
absence of a functional FA pathway, inappropriate or incomplete
processing of ICLs might result in a structure that cannot be
efficiently dissolved by the helicase activity of BLM, resulting in a
toxic intermediate. In the absence of the BLM complex, however,
preferential resolution by structure-specific nucleases, such as
MUS81-EME1, might be more efficient and promote survival. A
recent study showed that BLM might contribute to the generation
of chromosome breaks and radials in a FANCB deficient back-
ground, supporting this hypothesis29. A corollary of the above
model is that loss of MUS81-EME1 function would re-sensitize
ΔFANCCΔBLM cells to DNA-damaging agents. However, when
we tested this idea by depleting MUS81 using two independent
shRNAs in ΔFANCCΔBLM cells (ΔFANCCΔBLM shMUS81#1
and ΔFANCCΔBLM shMUS81#2) (Supplementary Fig. 6d), we
found that ΔFANCCΔBLM cells depleted for MUS81 were not
re-sensitized to MMC (Supplementary Fig. 6e). Thus we conclude
that MUS81 appears not to be used as an alternative nuclease to
BLM in the context of our analyses.

PARP inhibition re-sensitizes ΔFANCCΔBLM cells to MMC.
Recently, a role for alternative end joining in the FA pathway has
been reported30,31. As BLM may function in regulating the
pathway choice for DNA double-strand break repair, by pre-
venting alternative end-joining32, we asked whether its absence
could allow for the use of this pathway in the removal of ICLs in
FA-deficient cells. As alternative end-joining is known to depend
on PARP, we inhibited PARP with a small molecule inhibitor
olaparib, and tested cellular survival to MMC. This led to a partial
sensitization of ΔFANCCΔBLM cells, thereby suggesting that

alternative end-joining may enhance survival of FA cells in the
absence of BLM function by repairing some DNA lesions (Fig. 2g
and Supplementary Fig. 6f).

Discussion
Although the exact mechanisms by which the BLM complex
impacts on the FA pathway still needs to be resolved, several
levels of crosstalk have been described. Apart from its role in the
resolution of HR intermediates, the BLM complex also plays an
early role in replication fork protection and remodeling during
ICL repair, since it is recruited to the site of the lesion upon
recognition by FANCM15,33. BLM recruitment and helicase
activity is important for proper downstream activation of the FA
pathway15, while FANCD2 is required for the maintenance of
BLM protein stability, for mediating phosphorylation of the BLM
complex members in response to DNA damage and to cooperate
with BLM to promote restart of stalled replication forks while
suppressing firing of new replication origins34. It is thus evident
that coordinated action of BLM and FA proteins is necessary for
efficient processing and repair of ICLs. Here we report that when
members of both complexes are absent, ICL lesions can be
channeled through alternative repair pathways, at the cost of
genome integrity.
BLM has also been shown to prevent CtIP- and Mre11-

mediated alternative non-homologous end-joining32, a repair
pathway that results in DNA sequence alterations and has also
been shown to be involved in ICL repair31. Thus, loss of BLM
might relieve suppression of alternative end-joining and promote
repair of the lesions in an error-prone manner, a hypothesis
supported by our data showing reduced γH2AX foci upon
treatment with MMC, without decreasing chromosomal aberra-
tions. This is supported by the partial sensitization of
ΔFANCCΔBLM cells to MMC upon inhibition of PARP.

In conclusion, through the use of parallel genome-wide
screens, we have shown that synthetic viable (genetic suppres-
sion) interactions for Fanconi anemia can be systematically
identified in human cells. We discovered that loss of the BLM
complex rescues survival of Fanconi anemia deficient cells upon
generation of DNA damage by reagents that generate ICLs.

Methods
Cell lines and culture conditions. HAP1 cells were grown in Iscove’s Modified
Dulbecco’s Medium (IMDM) from GIBCO®, containing L-Glutamine and 25 mM
HEPES and supplemented with 10% fetal bovine serum (FBS) and 1% Penicillin/
Streptomycin (P/S). HEK293T cells for virus production were expanded in Dul-
becco’s Modified Eagle Medium (DMEM) from GIBCO, supplemented with 10%
FBS. A549 cells were grown in DMEM supplemented with 10% FBS and 1% P/S.
All cells were grown at 37 °C in a 3% oxygen and 5% CO2 atmosphere. Diploid
HAP1 clones used for all experiments (except the genome-wide screens) were
obtained by serial dilution of mixed populations of cells (consisting of both haploid
and diploid cells), followed by confirmation of the ploidy status by FACS. All cell
lines used in this publication were tested negative for mycoplasma contamination
using the MycoAlert™ Mycoplasma Detection Kit.

Gene editing. Guide RNA pair design and cloning: For the generation of NQO1-
CRISPR knock-out cells, the Cas9 double-nickase system was used14. By combining
the CRISPR Design Tool (http://crispr.mit.edu/) and the Desktop Genetics tool
(https://www.deskgen.com/landing), we selected a pair of two guide RNA (gRNAs)
sequences of 20 base pairs each, targeting exon 3 of the human NQO1 gene
(ENSG00000181019) with an offset distance of 9 base pairs. The gRNA sequences
used were the following: NQO1-guideA (Sense): 5′-TAAGCCAGAACA-
GACTCGGC-3′ and NQO1-guideB (Antisense): 5′-CCATCTGAGCCCAGA-
TATTG-3′. The gRNA oligonucleotides were annealed and cloned into the
pSpCas9n(BB)-2A-Puro (PX462) V2.0 vector (Addgene plasmid # 62987), fol-
lowing the recommended protocol35.

Plasmid transfection: pSpCas9n(BB)-2A-Puro-NQO1-guideA and -guideB
constructs were co-transfected into HAP1 cells using Xfect transfection reagent
(Takara Bio USA, Inc.). After 2 days of selection with puromycin, loss of protein
expression was tested by immunoblotting.

CRISPR-Cas9-mediated editing: ΔLMNA and HAP1 cells were purchased from
Horizon Genomics. CRISPR-Cas9 knock-outs of FANCC, FANCI and BLM were
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generated in collaboration with Horizon Genomics. CRISPR-Cas9 knock-outs of
RMI1, FANCM, FANCC/BLM, FANCC/RMI1, FANCI/RMI1, and FANCD2/BLM
were generated using the protocol of Horizon Genomics. Sequences for gRNAs
were designed by Horizon Genomics or with the use of http://crispr.mit.edu/ and
https://www.deskgen.com/landing/, respectively. Sequences of gRNAs used were:

FANCC: 5′-GCCAACAGTTGACCAATTGT-3′;
FANCI: 5′-GTATCCAGTTGGTGGAATCG-3′;
FANCM(1): 5′-AAAGACCTTTATTGCCGCCG-3′;
FANCM(2): 5′-GGTCTACACAAGCTTCCACC-3′;
BLM: 5′-AGATTTCTTGCAGACTCCGA-3′;
RMI1: 5′-ATGTTAAAGTACCTCCGATG-3′;
P53: 5′-TCCTCAGCATCTTATCCGAG-3′;

Sanger sequencing. Genomic DNA was extracted using the Viagen Biotech
DirectPCR Lysis Reagent (Cell) according to the manufacture’s protocol. Genomic
regions around the gRNA-targeted sequences were amplified using the following
primer pairs:

FANCC-For: 5′-CAAACCTACACACACATACATGGAC-3′;
FANCC-Rev: 5′-ACTAAACAAGAAGCATTCACGTTCC-3′;
FANCI-For: 5′-CTTTTTCAAAGCCCTTAACCATTGC-3′;
FANCI-Rev: 5′-CCCTCAACAAATTACAAACCCTCAA-3′;
FANCM(1)-For: 5′-CGGACGATGATGTGTTGCTT-3′;
FANCM(1)-Rev: 5′-CGATCTGCTGTGTCACCAAG-3′;
FANCM(2)-For: 5′-AGTCCTAGATAAGTGCCAGCT-3′;
FANCM(2)-Rev: 5′-TATTTCAGCAGCGGGACAAG-3′;
BLM-For: 5′-GAGCAGTGCTTACTCTTACAAAGTG-3′;
BLM-Rev: 5′-GTTACCGAAGACTTTTCCTTCAGTG-3′;
RMI1-For: 5′-AAAAATCTAAAGGGTGTGCCTGTC-3′;
RMI1-Rev: 5′-TGCCATCGGGTAAAAGAGGATG-3′;
P53-For: 5′-TTATAGGGAGGTCAAATAAGCAGCA-3′;
P53-Rev: 5′-ATCTACAAGCAGTCACAGCACAT-3′;

The following sequencing primers were used:
FANCC: 5′-ACTAAACAAGAAGCATTCACGTTCC-3′;
FANCI: 5′-CTTTTTCAAAGCCCTTAACCATTGC-3′;
FANCM(1): 5′-CGATCTGCTGTGTCACCAAG-3′;
FANCM(2): 5′-TATTTCAGCAGCGGGACAAG-3′;
BLM 5′-GTTACCGAAGACTTTTCCTTCAGTG-3′;
RMI1 5′-TGCCATCGGGTAAAAGAGGATG-3′;
P53: 5′-TTATAGGGAGGTCAAATAAGCAGCA-3′;
PCR amplification conditions: heat lid 110 °C; 94 °C 2 min; loop 35× (94 °C

30 s; 55 °C 30 s; 68 °C 1min) 68 °C 7 min. Frameshift mutations were identified
using Nucleotide BLAST against the reference genome GCF_000001405.33.

BRCA1 and MUS81 knock-down by shRNA. BRCA1 knock-down: The shRNA
constructs for BRCA1 were kindly provided by Sebastian M. Nijman (Ludwig
Institute for Cancer Research Ltd, UK). HAP1 cells were infected with the virus-
containing supernatant in the presence of polybrene (final concentration 8 μg/ml),
in IMDM (10% FBS, 1% P/S), with a viral supernatant to medium ratio of 1:3.
Infected cells were selected using puromycin (2 μg/ml; Sigma-Aldrich) for 48 h.
MUS81 knock-down: Targeting sequences for MUS81 were selected using the
Broad Institute Genetic Perturbation Platform. Sense targeting sequences:
shMUS81#1: 5′-ACACTGCTGAGCACCATTAAG-3′; shMUS81#2: 5′-
CACGCGCTTCGTATTTCAGAA-3′. Oligos were cloned into the
“pLKO.2 stuffer” vector, provided by Sebastian M. Nijman. Virus was produced
using the pCMV-VSV-G envelope plasmid (Addgene # 8454) and the psPAX2
packaging plasmid (Addene # 12260) in HEK293 cells. For infection, 150 ul viral
supernatant was added to HAP1 cells 1 ml IMDM, following the Lipofectamine®
2000 Transfection protocol.

Quantitative reverse transcription PCR (RT-PCR). Cells were collected and
RNA was isolated using Trizol extraction (following manufactures instructions).
RNA was treated with 1 μl DNase (Sigma) and then reverse transcribed with the
SuperScript III Reverse Transcriptase protocol (Invitrogen) to obtain cDNA. An
amount of 1 μg of cDNA template was used for the qRT-PCR using SYBR Green
qPCR Mastermix (Qiagen). Analysis was performed in biological triplicates using
expression of GAPDH for normalization of data. The PCR was performed on a
7900HT Fast Real-Time PCR System (Applied Biosystems). The following primers
were used:

BRCA1: 5′-TCAACTCCAGACAGATGGGAC-3′; 5′-GGCTGTGGGGTTTCT
CAGAT-3′,

GAPDH: 5′-CGAGCCACATCGCTCAGACA-3′; 5′-GGCGCCCAATACGAC
CAAAT-3′.

Dose-response curves. Dose–response curves for MMC (Sigma-Aldrich), cis-
platin (Sigma-Aldrich), Acetaldehyde (Sigma-Aldrich), Diepoxybutane (Sigma-
Aldrich) and Nutlin-3a (Sigma-Aldrich) were performed as biolgical triplicates in
96-well plates by seeding 1000 cells per well, the day before treatment. The fol-
lowing day, drugs were added at 2-fold serial dilutions. Four days after the

initiation of the treatment, cell viability was measured using CellTiter-Glo
(Promega).

Colony formation assays. Cells were seeded in 6-well plates the day before the
treatment (1000 cells per well). The next day MMC or Nutlin-3a were added at the
indicated concentrations. Three days after the initiation of the treatment, drug-
containing medium was changed with fresh drug-free medium. Cells were left in
culture until visible colonies appeared (7–10 days). Colonies were then fixed in
3.7% formaldehyde in phosphate-buffered saline (PBS) for 1 h, washed in PBS and
stained with 0.1% crystal violet solution in PBS supplemented with 10% ethanol for
1 h, followed by washing twice with H2O. For quantification, crystal violet was
extracted using 50% EtOH and absorbance was measured at 595 nm.

Remodelin incubation and microscopy. Cells were adhered onto coverslips and
incubated with Remodelin at 1 μM for 2 days. To visualize nuclei, cells were
subsequently fixed with 4% paraformaldehyde in PBS and stained with 4′,6-dia-
midino-2-phenylindole (DAPI). Images of cells were acquired using a Deconvo-
lution microscope (Leica). CellProfiler software was used to quantify nuclear
circularity and nuclear area from DAPI staining pictures, using the ‘object size
shape’ measurement.

γH2AX staining and analysis. Cells were seeded in three 96-well plates (black
with clear flat bottom tissue culture treated imaging microplates from Falcon) and
left to adhere over-night. Cells were either treated with 60 nM MMC or left
untreated. The experiments were done in triplicate wells. After 24, 48, and 72 h of
treatment, cells were fixed with 100% methanol. Staining: Cells were blocked for 1 h
with Blocking Buffer (10% FCS and 0.1% Triton X-100 in PBS), incubated for 1 h
with the primary antibody (Anti-phospho-Histone H2A.X Ser139, clone JBW301
from Millipore/Upstate) at a dilution of 1:1000 in Blocking Buffer, washed three
times with PBS, incubated for 1 h with secondary antibody (Alexa Fluor 488 goat
anti-mouse IgG, H+L, from Invitrogen) diluted at 1:600 along with DAPI (0.2 mg/
ml stock from Sigma-Aldrich), diluted at 1:1000 in Blocking Buffer, washed 3 times
and left in PBS. Cells were imaged on the Operetta-High Content Imaging System
(Perkin Elmer, ×20 objective). The image analysis software Cell Profiler was used to
quantify the integrated intensity of nuclear γH2AX. Apoptotic cells were excluded
from the analysis. For each condition at least 1000 cells were quantified, except for
ΔFANCC time point 2 and 3 where 877 and 426 cells (respectively) were obtained.
R was used for data processing and normalization. The threshold between γH2AX
positive (integrated intensity > 10) and negative cells was determined by com-
paring treated and untreated cells.

Measurement of apoptosis. Cells were seeded as triplicates on day 1 in 10 cm
dishes and treated with 46 nM MMC on day 2, day 3, and day 4. On day 5, cells
were stained using the PE Annexin V Apoptosis Detection Kit I from BD Bios-
ciences according to the provided protocol and analyzed by flow cytometry.

Metaphase spreads. Cells were seeded in 10 cm dishes and treated with MMC for
the indicated times. Colcemid (KaryoMAXTM, Gibco, Thermo Fisher Scientific)
was added at a final concentration of 500 ng/ml 3 h before harvesting. Cells were
trypsinized and incubated in KCl 0.075 M (KaryoMAXTM, Gibco, Thermo Fisher
Scientific) for 6 min. After centrifugation, cells were resuspended in fixation
solution (methanol:acetic acid 3:1) and incubated for 15 min at room temperature.
Centrifugation and re-suspension in fresh fixation solution was repeated two times.
Metaphase spreads, slide preparation and measurement of chromosomal aberra-
tions was performed at Karyologic Inc (North Carolina, USA).

Immunoblotting and antibodies. Cell extracts were prepared in RIPA lysis buffer
(NEB) supplemented with protease inhibitors (Sigma) and phosphatase inhibitors
(Sigma, NEB). Immunoblots were performed using standard procedures. Protein
samples were separated by SDS–PAGE (4–12% gradient gels; Invitrogen) and
subsequently transferred onto nitrocellulose membranes. All primary antibodies
were used at 1:1000 dilution with the exception of BLM (1:500) and RMI1 (1:5000).
Secondary antibodies were used at 1:5000. The following antibodies were used:
FANCC clone 8F3 (Merck Millipore), FANCD2 EPR2302 (Abcam), FANCI A301-
254 (Bethyl laboratories), NQO1 clone A180 (Cell Signaling), RMI1 (Proteintech),
BLM clone C-18 (Santa Cruz), MUS81 clone MTA30 2G10/3 (Abcam), p21 clone
F-5 (Santa Cruz), β-Actin clone 20–33 (Sigma), Tubulin clone DM1A (Cell Sig-
naling), HRP-conjugated goat anti-mouse, rabbit or goat IgG (Jackson Immuno-
chemicals). The p53 antibody (PAB 421) was from Cancer Research UK.
Uncropped immunoblot images are shown in Supplementary Fig. 7.

Genome-wide CRISPR-Cas9 screen. GeCKO CRIPSR library virus was produced
as reported10 and described briefly following, using both CRISPR library A and
library B in one production step: HEK-293T cells were seeded at 40% confluency in
T-225 flasks and 24 h later were transfected with GeCKO CRISPR library A and B,
pVSVg and psPAX2 plasmids using Lipofectamine® 2000 transfection reagent
(Invitrogen, ThermoFisher Scientific) according to the manufacturer's protocol.
After 6 h, the medium was changed with DMEM (10% FBS) and after 60 h, virus-
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containing supernatant was centrifuged at 700 × g at 4°C for 10 min and then
filtered through a 0.45 μM filter (Millipore Steriflip HV/PVDF). Cells were infected
with a multiplicity of infection (MOI) between 0.3 and 0.5. For each screened cell
line, 100 million HAP1 cells were spinfected by centrifugation. Day 1: 12 6-well
plates were seeded with 1.5 million cells per well, supplemented with viral super-
natant and IMDM (10% FBS, 1% P/S) to reach a volume of 1 ml per well. Polybrene
was added at 8 μg/ml. Cells were spinfected for 3 h at 724×g at 37 °C, pooled and
transferred into 15 cm dishes. Day 3: Cells were challenged with 2 μg/ml puromycin
to deplete uninfected cells. Day 5: WT cells were challenged with 30ml of 190 nM
mitomycin C (MMC) in IMDM (10% FBS, 1% P/S) per 15 cm dish. ΔFANCC cells
were challenged with 30ml of 46 nM MMC in IMDM (10% FBS, 1% P/S) per 15 cm
dish. Treated cells were incubated for 10 days following MMC challenge, WT
untreated cells were split every 2–3 days for 10 days to avoid confluency, re-seeding
> 100 million cells each time. Genomic DNA of at least 30 million cells per sample
was extracted using the Qiagen Blood & Cell Culture DNA Maxi Kit according to
the manufacture’s protocol. PCR was performed in two steps, using PCR1- and
barcoded PCR2 primers as reported10, obtained from http://genome-engineering.
org/gecko/wp-content/uploads/2013/12/GeCKO-plasmid-readout-primers-
July2014.xlsx. PCR1 amplified the gRNA sequences of 130 μg genomic DNA in
13 × 100 μl reactions per sample using the Promega GoTaq® G2 DNA Polymerase.
PCR1 reaction tubes were pooled for each sample. PCR2 added Illumina sequencing
adapters by performing 16 × 100 μl PCR reactions per sample with 2 μl input DNA
from PCR1 per reaction tube. PCR program for PCR1 and PCR2: Heat lid 110 °C;
94 °C 2min; loop 18× (94 °C 30 s; 55 °C 30 s; 68 °C 1min) 68 °C 7min. PCR2
products were purified by running them on agarose gel and DNA was extracted
using the Promega Wizard® SV Gel and PCR Clean-Up System. Barcoded samples
were pooled and submitted to the Biomedical Sequencing Facility (BSF) for 61 base
pair single-end sequencing. Barcoded samples from the CRIPSR library screen were
de-multiplexed by the BSF. Enrichment analysis for gRNAs was performed using
the MAGeCK-VISPR analysis and visualization software36 by comparing the MMC
treated ΔFANCC sample to WT untreated, or WT MMC treated to WT untreated
respectively (positive selection).

Genome-wide insertional mutagenesis screen. For gene-trap insertional muta-
genesis we followed the published protocol5 as described briefly following: Gene-
trap virus was produced in HEK293T, that were seeded in 15 cm dishes and
transfected with the gene-trap plasmid and packaging plasmids VSVg, gag-pol and
pAdVAntage™ Vector (Promega) using Lipofectamine® 2000 Transfection reagent
(Invitrogen, ThermoFisher Scientific) according to manufecturer’s protocol. The
following day, medium was replaced with fresh DMEM (20% FBS, 1% Pen/strep).
Retroviral supernatant was collected for three consecutive days, centrifuged at
700 × g for 10 min, filtered through a 0.45 μM filter (Millipore Steriflip HV/PVDF)
and ultracentrifuged at 70,737 × g (average RCF) at 4 °C for 90 min with a SW 32Ti
rotor (Beckman Coulter). Viral pellets were re-suspended in PBS, pooled and
ΔFANCC HAP1 cells were transduced with concentrated retrovirus containing the
gene-trap cassette5. After integration of the GFP-expressing gene-trap cassette, cells
were analyzed by flow cytometry to measure efficiency of infection and populations
with> 70% GFP-expressing cells were used for treatment with MMC. The control
non-selected WT HAP1 data-set was taken from Blomen et al.8. 100 million cells
from the mutagenized pools were seeded in 15 cm dishes at a density of 6 million
cells per dish. The following day MMC was added at a concentration that selec-
tively killed FANCC-deficient cells, leaving only around 5–10% of cells surviving
(46 nM for FANCC). Cells were left to grow for 10 days. After the end of treatment
cells were trypsinized and frozen at −80 °C. For preparation of the gene-trapped
DNA libraries, genomic DNA was extracted from 30 million cells using QIAamp
DNA mini kit (Qiagen), subjected to digestion with MseI (NEB) and NlaIII
enzymes (NEB) and subsequently ligated by T4 DNA ligase (NEB). Digested and
ligated fragments were used as template for inverse PCR with primers targeting the
LTR regions of the gene-trap cassette. After amplification and purification of the
fragments the DNA sample was submitted for next generation sequencing (Illu-
mina HiSeq 2000, 50 base pair single-read) to the CeMM Biomedical Sequencing
Facility (BSF). Bioinformatics analysis of the next generation sequencing data was
done in R according to Carette et al.5 as follows: Briefly, raw sequencing data was
aligned to human reference genome hg19 (UCSC hg19 build) using bowtie2
(version 2.2.4) with default parameter. Reads were removed that did not meet the
following criteria: (1) have a reported alignment-“mapped reads” (2) have a unique
alignment (3) have a mapping quality (MAPQ) higher than 20. Duplicate reads
were marked and discarded with Picard (version 1.111). Insertions in close
proximity (1 or 2 base pairs distance from each other) were removed to avoid
inclusion of insertions due to mapping errors. Insertions were annotated with gene
build GRCh37.p13 (ENSEMBL 75-release February 2014) using bedtools (version
2.10.1) and custom scripts. The canonical transcripts (according to ENSEMBL) for
each gene were used as a reference gene model to count insertions falling with
exons, introns or intragenic. Insertions were considered mutagenic or disruptive to
the gene if they occurred within exons irrespective of their orientation to the
corresponding gene or if they were located within introns in sense orientation.
Insertions in antisense direction in respect to the gene orientation were considered
silent. All mutagenic insertions were summarized independently for each gene. For
each gene a one-sided Fisher’s exact-test was applied to estimate a significant
enrichment of insertions over an unselected control data set.

Statistical analysis. For gene-trap and CRISPR library screens, hit selection was
performed in two steps. First, each data set was partitioned into two groups,
defining the hit-group as data points with p < 0.001 and fold-change> 21.5. In the
second step, hit selection was optimized using linear discriminant function ana-
lysis. Dose-points of survival curves indicate the mean of biological triplicates, with
S.E.M. shown as error bars. The p-values for the γH2AX staining were determined
by two-way ANOVA. Means and S.E.M. of biological triplicates are plotted. The p-
values for the chromosomal breaks and gaps/metaphase were determined by
Mann–Whitney U test. Means and S.E.M. of biological triplicates are plotted.

Data Availability. All data generated or analyzed during this study is included in
this published article and its Supplementary Information.
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Supplementary Figure 1 Characterization of HAP1 cells for synthetic viable 

interactions and generation of ∆FANCC cells. (a) CRISPR-Cas9-mediated 

mutation of lamin A in human HAP1 cells (∆LMNA). The red sequence in WT 

corresponds to the gRNA used. (b) DAPI staining of WT and ∆LMNA cells with or 

without incubation with the NAT10 inhibitor Remodelin, with quantification of nuclear 

circularity. (c) CRISPR-Cas9-mediated mutation of FANCC in human HAP1 cells 

(∆FANCC). The red sequence in WT corresponds to the gRNA used. (d) Immunoblot 

of WT and ∆FANCC cell extracts for FANCC and actin. * denotes a non-specific 

band. (e) Survival of WT and ∆FANCC cells following MMC exposure for 4 days, 

assessed by CellTiter-Glo. Means and S.E.M. of triplicates are plotted. (f) Colony 

formation of WT and ∆FANCC cells following exposure to MMC for 10 days. (g) 

Quantification of colony formation shown in (f). 



Supplementary Figure 2. Quality control of genome-wide CRISPR library and 

insertional mutagenesis. (a) ‘Reads’ depicts the total number of sequenced reads 

for each sequenced library. (b) ‘Log10 count’ indicates the average amount of 

sequenced reads for each gRNA. (c) ‘Log 10 missed gRNAs’ shows the average 

amount of gRNAs missing in the sequenced samples compared to the total list of 

gRNAs. 

 

 



Supplementary Figure 3. Validation of NQO1 as a suppressor gene following 
exposure to MMC. (a) Enriched gRNAs (5 out of 6) for NQO1 obtained in the 
CRISPR screen by treating ∆FANCC cells with MMC, compared to WT untreated 
cells. (b) Insertion sites (42) within NQO1 obtained in ∆FANCC cells treated with 
MMC. Red arrows indicate insertions in the sense orientation (inactivating in both 
intronic and exonic regions, n=40) while blue arrows indicate insertions in the 
antisense orientation (inactivating only in exonic regions, n=2). (c) Sequences and 
position of the gRNA pair selected to target NQO1 using Cas9 nickase. (d) 
Immunoblot for NQO1 expression in cell extracts obtained from WT or ∆FANCC cells 
either infected with an empty vector (EV) or with a vector expressing gRNAs and 
nickase Cas9 (‘Cas9n + gRNA’). (e) Survival of WT and ∆FANCC cells transduced 
with an empty vector (EV) control plasmid (‘WT + EV’ and ‘∆FANCC + EV’) or with a 
plasmid expressing gRNAs targeting NQO1, along with nickase Cas9 (‘WT + NQO1 
gRNA’ and ‘∆FANCC + NQO1 gRNA’), following MMC exposure for 3 days, 
assessed by CellTiter-Glo. Means and S.E.M. of triplicates are plotted. (f) Colony 
formation assay of cells indicated in (e) following MMC exposure for 10 days. (g) 
Quantification of colony formation shown in (f).



 

Supplementary Figure 4. Validation of the BLM complex as a suppressor for FA 

mutant cells following exposure to MMC. (a) Mutated genes enriched in MMC 

treated ∆FANCC cells, compared to untreated WT cells, plotted against mutated 

genes enriched in MMC treated WT cells, compared to untreated WT cells, according 

to p-values from the CRISPR screen. (b) Enriched gRNAs in the CRISPR screen for 

BLM and RMI1 in ∆FANCC cells treated with MMC compared to WT untreated cells. 



(c) Gene-trap insertions within BLM and RMI1 enriched in ∆FANCC cells treated with 

MMC. Red arrows indicate mutagenic insertions in the sense orientation (10 and 9 

unique inactivating insertion sites for BLM and RMI1 respectively) while blue arrows 

indicate insertions in the antisense orientation (inactivating only in exonic regions; 1 

identified for both BLM and RMI1). (d) CRISPR-Cas9-mediated mutation of BLM, 

RMI1 and FANCM in WT HAP1 cells or in ∆FANCC mutant cells. Red sequences in 

WT correspond to the gRNAs used. (e) Immunoblots of BLM, RMI1, FANCM and 

actin from cell extracts of indicated cells. (f) CRISPR-Cas9-mediated mutation of 

FANCI in WT cells, RMI1 in ∆FANCI cells and BLM in ∆FANCD2 cells. Red 

sequences in WT correspond to the gRNAs used. (g) Immunoblots of FANCD2, 

FANCI and actin from cell extracts of indicated cells. 



 

Supplementary Figure 5. Characterization of p53 in HAP1 cells. (a) Mutation of 

the TP53 gene in HAP1. (b) Targeting of TP53 by CRISPR-Cas9 in WT and 

∆FANCC cells. Sequences of TP53 in ∆TP53 and ∆FANCC∆TP53 indicate mutations 

in clone 3 (cl3; see panel ‘c’) in both cell lines. (c) Immunoblot of p53 knock-out 

clones in WT and ∆FANCC deficient cells. Clone 3 (cl3) of cell lines was chosen for 

further experiments. (d) Survival of indicated cells after treatment with MMC. Means 

and S.E.M. of triplicates are plotted. (e) Colony formation assay of indicated cells 

exposed to MMC. (f) Quantification of (e). (g) Immunoblot of A549 and HAP1 cells 

exposed to Nutlin-3a at 10 μM for the indicated time points and probed for p53, p21 

and actin. (h) Survival of indicated cells after Nutlin-3a treatment. Means and S.E.M. 

of triplicates are plotted. (i) Colony formation assay of indicated cells to Nutlin-3a. (j) 

Quantification of (i).  



Supplementary Figure 6. Mechanisms of rescue in ∆FANCC∆BLM cells. (a) 

Expression of BRCA1 upon shRNA knock-down measured by quantitative reverse 

transcription PCR (q RT-PCR) in WT and ∆BLM cells compared to cells infected with 

empty vector (EV). (b) Colony formation assay of WT and ∆BLM cells infected with 

shBRCA1 or shEV treated with MMC. (c) Quantification of (b). (d) Immunoblot for 

MUS81 knock-down in ∆FANCC∆BLM cells using two different shRNAs 

(shMUS81#1, shMUS81#2), compared to ∆FANCC∆BLM cells infected with empty 

vector (shEV). (e) Survival of indicated cells infected with shEV, shMUS81#1 or 

shMUS81#2, treated with MMC, assessed after 4 days by CellTiter-Glo. (f) Survival 

of ∆FANCC or ∆FANCC∆BLM cells treated with either the PARP inhibitor olaparib 

(PARPi) or DMSO for 4 hours, followed by MMC exposure for four days, assessed by 

CellTiter-Glo. Error bars of survival curves and expression data indicate S.E.M. of 

triplicates. 



 
 
Supplementary Figure 7. Uncropped immunoblots.



 

Sample Number of genes 
targeted* 

Total number of 
insertions 

HAP1 ∆FANCC + MMC 7,236 22,772 
HAP1 WT untreated 17,907 2,274,503 

* protein-coding 

Supplementary Table 1. Table depicting the number of genes targeted and the total 

number of unique insertions for each library sequenced using the insertional 

mutagenesis gene-trap approach. 

 

 

 

 

  Viable Late apoptosis Early apoptosis 
 Time point Mean S.E.M. Mean S.E.M. Mean S.E.M. 

∆WT UT 86.0 1.7 3.8 0.7 10.2 1.0 
24h 90.0 0.6 2.7 0.3 7.3 0.4 
48h 88.1 0.3 6.0 0.7 6.0 0.9 
72h 66.1 1.3 22.6 1.8 11.3 0.6 

∆BLM UT 81.4 0.6 6.0 1.0 12.6 1.4 
24h 87.7 0.8 4.3 0.4 8.0 0.5 
48h 78.7 1.9 12.8 1.6 8.5 0.3 
72h 62.1 2.4 26.5 1.7 11.4 1.1 

∆FANCC UT 71.3 1.7 3.5 0.1 25.3 1.8 
24h 68.9 0.5 4.6 0.7 26.5 0.6 
48h 37.4 1.3 33.1 0.6 29.5 1.9 
72h 15.4 1.1 63.6 1.7 21.1 0.7 

∆FANCC∆BLM UT 80.0 1.9 4.8 0.5 15.2 2.0 
24h 81.0 0.9 4.8 0.7 14.2 1.5 
48h 74.2 1.2 11.6 0.8 14.2 1.6 
72h 41.1 1.8 37.4 3.2 21.5 1.9 

 

Supplementary Table 2. Table numerically showing the percentage of cells that are 

viable, in late or early apoptosis as graphically depicted in Fig. 2e. 
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CHAPTER THREE: DISCUSSION 

3.1 General discussion 

The DDR is a complex network of interacting and partially overlapping signaling 

pathways that enable cells to maintain genomic integrity despite constant challenges 

by mutagenic events. The interactive nature of those pathways enables targeted 

perturbations to affect the repair outcome in cells with defects in the DDR. This 

allows the utilization of synthetic viable interactions to promote a desired repair 

outcome, therefore ameliorating disease phenotypes associated with defective DDR. 

Recently, high-throughput genome-wide perturbation systems became applicable to 

human cells, enabling the systematic analysis of synthetic viable interactions in DDR 

defective cells. Using a CRISPR-based LOF screen parallel to a gene-trap insertional 

mutagenesis screen, we identified that loss of the BLM helicase complex rescues 

survival of FA defective cells upon induction of DNA ICLs. We found decreased 

levels of γH2AX upon loss of BLM and ICL induction in ∆FANCC cells and a partial 

dependence of this survival outcome on alt-NHEJ. The following subchapters will 

discuss possible biases of our screening approaches, a comparison between the 

gene-trap and CRISPR screen, a discussion of possible rescue mechanisms, the 

therapeutic potential and the possibility to derive further knowledge from our 

datasets. 

 

3.2 Technical obstacles and possible biases 

Every screening approach has its advantages and disadvantages. When performing 

LOF screens, the emergence of a KO phenotype depends on the turnover of the 

already transcribed mRNA and expressed protein. This turnover rate varies between 

genes and cell lines and can result in false-negative results in a positive selection 

screen. However, given the late time points of genomic harvest in our gene-trap and 

CRISPR screens and the comparatively rapid turnover rate of most human gene 

products, only a minute fraction of genes is expected to be susceptible to this bias. 

When using end point viability based readouts, depletion of a genotype over time 

does not necessarily reflect apoptosis, but can result from slightly reduced cell 

proliferation that will appear as dropout, when cultured for extended periods of time. 

However, since we use a positive selection screen and aim for restoring wild-type 

function, this is not relevant to our results. Potential false-positive results arising from 

overproliferation effects were excluded by comparing the CRISPR screen results 

from the ∆FANCC background to a similarly treated WT dataset. A relevant bias in 
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our study might arise at the stage of MMC selection in the CRISPR screen. Since 

∆FANCC cells are more sensitive to ICLs than WT cells, the latter had to be treated 

with a higher dose of MMC to attain an equivalent amount of selection pressure. 

∆FANCC cells were therefore treated with 46nM MMC, while WT cells were 

challenged with 190nM MMC to kill a similar percentage of cells in both genetic 

backgrounds. Both samples were compared to the appropriate untreated control data 

sets and enriched genes overlapping between WT and ∆FANCC were excluded as 

MMC signature. However, we cannot exclude that MMC might have different 

biological effects at different doses, therefore introducing a bias into this gene-

exclusion approach. Nonetheless, the presence of overlapping MMC signature genes 

that are expected to increase cell abundance upon KO and selection pressure 

support the robustness of our approach in spite of this possible bias. Those include 

the gene encoding the metabolic enzyme NQO1, which is required for MMC to be 

metabolized into its active DNA crosslinking form (Siegel et al., 2012). Also we 

identified the pro-apoptotic gene PMAIP1 as overlapping result, presumably due to 

aggravated apoptosis and increased survival in the presence of DNA damage. 

Additionally we recovered FLCN as an overlapping MMC signature gene, which upon 

LOF increases cell cycle progression in MEFs and human renal cell carcinoma, 

suggesting its role as a tumor suppressor gene (Laviolette et al., 2013). Nonetheless, 

we cannot exclude the possibility of biased MMC signature results due to the inability 

to compensate for the different doses of MMC applied to both genetic backgrounds. 

Alternatively, instead of comparing WT and ∆FANCC cells to the appropriate 

untreated data sets and excluding the overlapping genes between both genetic 

backgrounds, we could have directly analyzed differently enriched genes between 

the MMC treated WT dataset and the MMC treated ∆FANCC sample to reveal 

synthetic viable interactions specific to ∆FANCC. However, this would not have 

eliminated the mentioned bias nor compensated for possible unique characteristics 

of ∆FANCC cells. Additionally, a direct comparison between both MMC treated 

datasets would not have revealed whether the NQO1 KO clones became significantly 

enriched upon MMC selection to technically validate our screen. 

 

3.3 Overlap between CRISPR and Gene-trap results 

Both genome-wide screens were performed in near-haploid HAP1 cells, which are 

descendants of the KBM-7 cell line that was established from a chronic myeloid 

leukemia patient (Kotecki et al., 1999). HAP1 cells contain a single copy of each 

chromosome, except for a heterozygous 30-megabase fragment of Chromosome 15, 

encompassing 330 genes (Essletzbichler et al., 2014). In a gene-trap screen, 
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occasional insertional mutagenesis of these genes will not display a phenotype due 

to the presence of a second functional copy. CRISPR screens however are 

applicable to haploid- as well as diploid genetic backgrounds, enabling the 

identification of phenotypes associated with genes located on the heterozygous 

fragment. The probability of biallelic deleterious mutations using CRISPR is 

estimated to be 30-70% (Michlits et al., 2017). Although this needs to be considered 

when screening in HAP1, it can only account for a minute difference between the 

results of genome-wide CRISPR and gene-trap screens. When comparing the 

significantly enriched genes in our ∆FANCC CRISPR screen to the gene-trap screen 

however, we find little overlap of only 4 genes (BLM, RMI1, NQO1, USP48) between 

the two approaches (Thesis Fig. 2). BLM and RMI1 are components of the BLM 

helicase complex. Their enrichment in the gene-trap mutagenesis screen therefore 

confirms the recovery of BLM complex components in the CRISPR screen using an 

independent approach. Furthermore, the recovery of the NQO1 positive control in 

both genome-wide screens confirms the technical validity of both approaches. In the 

gene-trap screen, NQO1 was the second most enriched gene, whereby the most 

enriched gene was USP48. USP48 functions as deubiquitinating enzyme and was 

recently shown to promote Mdm2 stability and enhance Mdm2-mediated p53 

ubiquitination (Cetkovská et al., 2017). However, its role in the DDR is not well 

characterized, which is why USP48 constitutes an interesting candidate for further 

synthetic viability studies. 

 

 

Thesis Figure 2: Significantly enriched genes in the ∆FANCC CRISPR- and 

gene-trap screen. The CRISPR screen revealed 124 significantly enriched genes 

when comparing ∆FANCC cells treated with MMC to an untreated control dataset. By 

comparison, 69 genes were enriched in an analogous gene-trap screen, whereby 4 

genes (BLM, RMI1, NQO1, USP48) were overlapping between both approaches. 

 

Several factors might contribute to the discrepancies between both screening results. 

Since the GeCKO library used in the CRISPR screen only targets protein-coding 
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genes, ncRNAs were removed from the gene-trap results for better comparability. An 

inherent bias of gene-trap screens is the increased probability of disrupting 

particularly transcriptionally active genes. We compensated for this bias by infecting 

a sufficient number of cells and choosing an adequate sequencing depth. The 

tendency of HAP1 cells to turn diploid over time, especially under stress conditions, 

could have contributed to the discovery of fewer enriched genes in the gene-trap 

screen, compared to the CRISPR screen. Although we analyzed the haplotype of 

∆FANCC cells on a regular basis and started the screen with a predominantly 

haploid population, we cannot exclude that a fraction of cells might have turned 

diploid over the course of the gene-trap screen. Cells that turn diploid before infection 

with the insertional mutagenesis virus will not show a LOF phenotype due to the 

presence of a second copy and therefore cannot become enriched in the gene-trap 

screen. Haploinsufficient genes are an exception to that, however, they only 

constitute a small fraction of human genes. This haplotype obstacle cannot bias the 

CRISPR screen to the same extent, since gRNAs target both gene copies equally 

and allow diploid cells to display a LOF phenotype. The high frequency occurrence of 

biallelic mutations using CRISPR screens was recently demonstrated (Wang et al., 

2015). Another difference between gene-trap and CRISPR screens is the readout 

used to determine the mutation occurrence. Gene-trap screens directly measure the 

disruption at the site of integration, therefore providing direct evidence of genetic 

perturbation. In contrast, CRISPR screens use the presence of the integrated gRNA 

sequence as indication for the presence of the gene editing machinery and the 

occurrence of a mutation at the target site has to be inferred. Inefficient gRNAs can 

fail to induce mutations at target sites or the occurrence of in-frame mutations can 

lead to genetic alterations that do not evoke a phenotype. However, since we 

performed a positive selection screen, cells without LOF phenotypes would not 

become enriched. We compensated for this bias by targeting each gene with 6 

different gRNAs and using a sufficient number of cells to guarantee adequate 

representation and redundancy of each gRNA as confirmed by the quality control of 

our sequencing data (Supplementary Fig. 2a-c). Another peculiarity of CRISPR 

screens using a lentivirus is that besides the gene targeted by the gRNA, an 

additional gene-disruption can occur due to the random integration of the vector into 

the genomic DNA. However, these disruptions occur at different sites in each cell 

and sufficient infection redundancy of each gRNA prevents the integration events 

from biasing the outcome. In a previous study, gene-trap and CRISPR screens were 

performed in parallel to identify essential genes in KBM7 cells (Wang et al., 2015). 

Besides using a different scoring method, the study revealed a considerably higher 
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overlap between identified genes in both screens compared to our study. A possible 

explanation is that gene essentiality results in a stronger phenotype compared to 

synthetic viability, which can produce rescue effects of variable intensities. However, 

since we observed a considerable number of genes with few insertions in the gene-

trap screen, we cannot exclude the possibility of false-negatives in that approach due 

to limited sequencing depth. We therefore consider the gene-trap screen primarily as 

a confirmation experiment for the CRISPR screen that reinforces the authenticity of 

the BLM complex as rescue interaction in ∆FANCC cells in an independent manner. 

 

3.4 BLM dependent rescue mechanism 

Although our study does not focus on exploring the exact rescue mechanism of the 

interaction between the BLM complex and the FA pathway, we propose mechanistic 

rescue hypotheses based on our data in the context of the respective literature. To 

measure the effect of BLM LOF in ∆FANCC cells, we used γH2AX staining as a 

marker of DNA damage. Histone H2A is one of the five main histones that direct 

chromatin structure in eukaryotic cells and encompasses multiple variants, including 

H2AX. This variant contains a C-terminal extension that is involved in DNA damage 

repair. Upon detection of DSBs, H2AX gets phosphorylated on serine 139 and is 

then referred to as γH2AX (Jakob et al., 2011). This can occur due to unrepaired 

ICLs that block replication and potentially lead to replication fork collapse when not 

repaired accordingly. In our study, we show that the percentage of γH2AX positive 

cells is significantly reduced at 48h and 72h after ICL induction in ∆FANCC∆BLM 

cells, compared to ∆FANCC cells (Fig. 2d). Unrepaired ICLs are highly deleterious 

lesions, since they tether complimentary strands that result in DSBs upon collision 

with a replication fork (Bessho, 2003). Previous studies have shown that BLM is 

recruited to sites of stalled replication forks and suggest a role of BLM in protecting 

against replicative stress by facilitating fork restart (Lönn et al., 1990; Sengupta et al., 

2003). When treated with replication stress inducing drugs, BLM deficient PSNG13 

cells showed reduced replication fork activity and defective replication-fork recovery 

compared to BLM proficient PSNF5 cells (Davies et al., 2007). The study also found 

BLM to be required for efficient replication-fork restart. Upon induction of replication 

stress, the ATR kinase phosphorylates BLM at threonine 99, which promotes the 

ability of cells to restart DNA synthesis at stalled replication forks (Davies et al., 

2004). Likewise, loss of BLM reduces the ability of cells to suppress new origin firing 

during periods of replicative stress (Chaudhury et al., 2013; Davies et al., 2007). 

We therefore propose our first hypothesis for the FA-BLM rescue interaction (Thesis 

Fig. 3): The absence of FANCC disables canonical ICL removal via FA signaling, 
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leading to an accumulation of ICLs that trigger stalled-fork induced replication stress 

during S phase. Presence of the BLM complex could restart stalled forks 

prematurely, leading to increased replication fork collapse followed by cell death. 

Likewise, the enhanced new origin firing in the presence of BLM could aggravate this 

effect. In this context, loss of BLM in ∆FANCC cells could allow alternative repair 

mechanisms to remove the ICLs early enough to escape cell death. 

A more recent study examined the interplay between FANCB, which is a constituent 

of the FA core complex, and BLM in mouse embryonic stem cells (Kim et al., 2015). 

The study concludes that BLM is able to restart, but not protect stalled replication 

forks, strengthening our first hypothesis. The study also found that loss of BLM in a 

FANCB mutated background suppresses sensitivity to MMC. Similar to our results, 

loss of BLM by itself did not affect cellular survival upon ICL induction. The study 

shows that loss of BLM reduces nascent strand degradation in FANCB mutated cells, 

suggesting that presence of BLM enhances strand degradation in FA-defective cells. 

This is in line with our first hypothesis and could contribute to the reduced sensitivity 

to MMC upon loss of BLM in FA deficient backgrounds. Additionally, loss of BLM in a 

FANCB mutated background treated with MMC for 16h suppressed chromosomal 

abnormalities including chromatid breaks, isochromatid breaks and radials. This is 

additionally consistent with our first hypothesis, since a chromatid break is a single 

broken chromatid that often results from broken replication forks. Isochromatid 

breaks are breaks in two complementary sister chromatids at the same location, 

indicating failed SCE intermediates. Radials are the product of multiple chromosome 

attachments and result from broken chromatids. These results suggest that BLM 

promotes chromosomal defects in FA deficient cells exposed to MMC. However, our 

study did not reveal significantly different chromosomal aberrations in ∆FANCC cells 

compared to ∆FANCC∆BLM cells (Fig. 2f). This could point towards divergent 

functions of FANCC and FANCB within the FA core complex. Alternatively, the 

interplay between the BLM complex and the FA pathway could be different in mouse 

embryonic stem cells compared to human HAP1 cells. Although we do not observe a 

significantly different amount of chromosomal aberrations in ∆FANCC cells 

compared to ∆FANCC∆BLM 24h after MMC treatment (Fig. 2f), it needs to be 

considered that at this time point, we also do not observe significantly different 

amounts of γH2AX positive cells in both genetic backgrounds (Fig. 2d). However, the 

difference in γH2AX is significant at 48h and 72h, suggesting the possibility that at 

those later time points, divergent amounts of chromosomal aberrations could have 

been observable. The observation from FA-defective in mouse embryonic stem cells 

that the presence of BLM promotes MMC-induced chromosomal defects, including 
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failed SCE intermediates, highlights the possibility that in the absence of the FA 

pathway, inadequate BLM-mediated Holliday junction dissolution shifts repair from 

HR to a more mutagenic pathway, possibly NHEJ. 

In combination with the finding that presence of FANCB promotes replication fork 

stability (Kim et al., 2015), we propose our second hypothesis for the FA-BLM 

synthetic viable interaction (Thesis Fig. 3): Presence of the FA core complex could 

promote replication fork stability in a manner that suppresses BLM-mediated 

chromosomal defects. However, in the absence of the FA core complex, presence of 

BLM might evoke toxic intermediate HR structures upon treatment with MMC that 

result in genotoxic lesions. A more direct relationship between BLM and HR was 

demonstrated by another study in mouse embryonic stem cells treated with MMC, 

whereby mutation of Blm rescued the survival of cells deficient for Rad54, a mayor 

component of HR (Chu et al., 2010). This was shown to result from a decreased 

conversion of ICLs to DSBs in the double deficient background, compared to solely 

Rad54 deficient cells. At least in part, conversion of MMC-induced ICLs into DSBs in 

mammalian cells requires the endonuclease Mus81 (Hanada et al., 2006). We 

examined the relevance of this for our result by knocking-down MUS81 with two 

different shRNAs and did not observe an effect on the survival of ∆FANCC∆BLM 

cells upon treatment with MMC (Supplementary Fig. 6e). Besides HR and canonical 

NHEJ, cells can repair DSBs using the highly mutagenic alt-NHEJ pathway that does 

not rely on canonical NHEJ factors, but requires the Poly (ADP-ribose) polymerase 1 

(PARP1) (Ceccaldi et al., 2016; Deriano and Roth, 2013; Sfeir and Symington, 2015; 

Wang et al., 2006). Recent studies highlight the role of alt-NHEJ in the FA pathway 

(Kais et al., 2016; Murina et al., 2014). A study in human fibroblasts concludes that 

presence of BLM aggravates alt-NHEJ by counteracting CtIP/MRE11-dependent 

long-range deletions (Grabarz et al., 2013). 

From that we derive our third hypothesis for the FA-BLM synthetic viable interaction 

(Thesis Fig. 3): Loss of BLM might enhance the survival of FA-deficient cells upon 

ICL induction, by facilitating alt-NHEJ. We tested this hypothesis by treating 

∆FANCC∆BLM cells with the PARP inhibitor olaparip and observed a partial re-

sensitization to MMC (Fig. 2g and Supplementary Fig. 6f). From this we conclude 

that to some extent, the increased survival of ∆FANCC cells upon loss of BLM is 

caused by the elevated capacity for alt-NHEJ. Since this is the most error-prone 

repair pathway, survival presumably comes at the cost of increased mutational 

burden. However, PARP inhibition did not completely re-sensitize ∆FANCC∆BLM 

cells to the level of DMSO-treated ∆FANCC cells, indicating that additional survival-
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increasing mechanisms must contribute to the rescue effect and the overall repair 

outcome in ∆FANCC∆BLM cells could be more favorable than in ∆FANCC cells. 

 

 

 

Thesis Figure 3: Preliminary models of the synthetic viable interaction between 

the BLM helicase complex and the Fanconi anemia pathway. Hypothesis 1: 

Perturbed FA-signaling in the presence of ICLs leads to the accumulation of stalled 

replication forks during cell division. The capacity of the BLM complex to prematurely 

restart replication forks and initiate new origin firing could contribute to the increased 

sensitivity to crosslinking agents. Hypothesis 2: In the absence of the FA pathway, 

the BLM complex could evoke toxic intermediate HR structures that result in 

chromosomal abnormalities and lethality. Hypothesis 3: Using the PARP inhibitor 

olaparib, we show that the reduced sensitivity of ∆FANCC∆BLM cells compared to 

∆FANCC cells is in part dependent on alt-NHEJ. 

 

3.5 Therapeutic potential 

Defects in the DDR are commonly exploited for the treatment of cancer, by applying 

genotoxic drugs that exceed the repair capacity of malignant cells (Bouwman and 

Jonkers, 2012; Curtin, 2012; Helleday et al., 2008; Lord and Ashworth, 2012). The 
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initial rational for developing drugs targeting the DDR was to inhibit the repair of 

damage caused by radiotherapy or chemical genotoxins, thereby potentiating their 

efficacy (Curtin, 2012). Today, drugs directly targeting parts of the DNA repair 

machinery can be used as stand-alone therapy to induce synthetic lethality in cancer 

cells with already pre-existing DNA repair defects (Brough et al., 2011). The most 

prominent example for such an interaction is the treatment of BRCA1/2 deficient 

tumors with the PARP inhibitor olaparib. Since BRCA1/2 deficient tumor cells have 

increased reliance on PARP for DNA repair, inhibition of PARP1 via olaparib was 

demonstrated to be an effective treatment for appropriate forms of breast, ovarian, 

pancreatic and prostate cancers (Fong et al., 2009). Despite the recent success of 

small molecule inhibitors targeting DDR proteins in cancer therapy, to date, no 

approved therapy aims at inducing synthetic viability in diseases associated with 

defects in the DDR using small inhibitors. Such diseases are commonly associated 

with increased cancer susceptibility that is, where possible, accounted for by 

avoidance of patient-exposure to the relevant mutagens. However, to date no 

curative therapy for the alleviation of cancer susceptibility for such diseases is 

known. This is in part due to the inability of restoring the proper function of mutated 

genes, including those associated with the DDR. Future therapies could circumvent 

this shortcoming by compensating mutations in the DDR by exploiting synthetic 

viable interactions to restore a healthier phenotype despite the presence of a 

disease-inducting mutation. Analogous to cancer therapy, drugs could be used to 

inhibit DDR proteins that were demonstrated to partake in synthetic viable 

interactions with disease-causing mutations. Several factors contribute to the current 

unavailability of such therapies. First, the systematic search for synthetic viable 

interactions in the DDR is in its infancy since effective genome-wide high-throughput 

screening tools only became available in the recent past and focused mostly on the 

discovery of synthetic lethality. In our study, we therefore demonstrate the efficacy of 

identifying synthetic viable interactions in DDR defective cells, by applying two 

parallel screening approaches to FA-defective cells. Second, a limited number of 

drugs that directly target DDR pathways are under clinical evaluation, restraining the 

current applicability of drugs that exploit synthetic viable interactions to alleviate 

disease (Pearl et al., 2015). The number of proteins involved in the DDR in human 

cells is estimated to be around 450, including mostly enzymes, but also scaffold 

proteins, enzyme regulators, DNA-binding proteins, transcription regulators, 

transcription factors and others (Pearl et al., 2015). In 2015, only 26 of those DDR 

proteins could be targeted by compounds that were approved or under clinical 

evaluation in 2015 (Pearl et al., 2015). Although individual DDR pathways are mostly 
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depicted as linear signaling cascades, the majority of all DDR proteins are predicted 

to interact with proteins involved in other DDR pathways (Pearl et al., 2015). This 

complex interconnectedness challenges the development of targeted 

pharmacological interventions. Third, targeting DDR proteins to induce synthetic 

lethality in cancer cells is a time-restricted treatment for which severe side effects are 

acceptable due to the acute threat to the patient’s life. In contrast, the treatment of 

DDR-associated diseases exploiting synthetic viable interactions would require long-

term treatment and would therefore need a less severe spectrum of side effects. To 

date, no clinically approved BLM complex inhibitor is available. Recently however, a 

small molecule inhibitor for BLM called ML261 became available as a result of a high 

throughput screen of a chemical compound library (Nguyen et al., 2013). Upon 

application of ML261 on ∆BLM cells, we observed a reduction in cell viability at 

higher doses (Thesis Fig. 4a). This could result from off-target effects, since ML261 

also targets the Werner syndrome ATP-dependent helicase (WRN) or from inhibiting 

BLM on DNA, thereby preventing the binding of other nucleases such as WRN that 

could compensate for the lack of BLM activity (Banerjee et al., 2013; Nguyen et al., 

2013). Nevertheless, we tested whether ML261 is able to rescue ∆FANCC cells 

treated with MMC but observed an increased sensitivity that could be explained by 

the reasons mentioned above (Thesis Fig. 4b). 

 

 

 

Thesis Figure 4: Effects of the BLM inhibitor ML261 on ∆BLM and ∆FANCC 

cells. (a) ∆BLM cells were incubated with the BLM inhibitor ML216 at the indicated 

concentrations (or equivalent volumes of DMSO) for 4 days followed by 

measurement of survival by CellTiter-Glo. (b) The indicated cell lines were incubated 

with the BLM inhibitor ML216 for 24 hours and then exposed to MMC for 4 days. Cell 

survival was measured by CellTiter-Glo. Error bars indicate means and S.E.M. of 

biological triplicates. 
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Whether inhibition of BLM harbors therapeutic value for FA patients is debatable, 

since loss of BLM itself is associated with a severe disorder called Bloom syndrome, 

characterized by short stature, cancer predisposition and genomic instability (Bischof 

et al., 2001). However, it cannot be excluded that the disease phenotype of 

combinatorial loss of BLM and FA-signaling could be less severe than of defective 

FA-signaling alone. To date, no patient carrying LOF mutations in a FA 

complementation group and a component of the BLM complex is described. 

However, both pathways physically interact with each other and bind to the DNA via 

FANCM (Deans and West, 2009). FANCM acts as a protein anchor that is required 

for recruiting key components of the FA core complex and the BLM complex to 

stalled replication forks via its protein-protein interaction motives MM1 and MM2. 

MM1 links FANCM to the FA core complex by binding FANCF, whereas MM2 

interacts with RMI1 and TOP3A of the BLM complex (Deans and West, 2009). Both 

binding motives are independently required to activate the FA and BLM pathways. 

Loss of FANCM therefore approximates the inactivation of the FA pathway in 

combination with defective BLM signaling. Our CRISPR screen revealed FANCM 

mutations as enriched in ∆FANCC cells treated with MMC, probably due to the 

involvement of FANCM in BLM signaling. Because FANCM intersects with both 

pathways, patients carrying FANCM mutations can point towards potential 

consequences of BLM inhibition in FA patients. In 2005, the first patient (EUFA867) 

with biallelic FANCM mutations was described (Meetei et al., 2005). However, the 

phenotype of patient-derived cells could not be complemented by introducing wild-

type FANCM complementary DNA (cDNA). This was explained by a paper published 

in 2009 that, in addition to mutated FANCM, identified biallelic FANCA mutations in 

the cells from the EUFA867 patient (Singh et al., 2009). Remarkably, a sibling of 

EUFA867 carried the same biallelic FANCA mutation, but only a heterozygous 

FANCM mutation, classifying the sibling as a FANCA patient. This sibling was 

diagnosed with FA before EUFA867, since she displayed typical FA features, 

whereas the ∆FANCA∆FANCM double deficient patient EUFA867 did not display 

obvious FA symptoms. EUFA867 was therefore diagnosed with FA later on the basis 

of a chromosomal breakage assay performed because of her brother’s diagnosis. 

The unconventionally mild phenotype of EUFA867 suggested for the first time that 

FANCM deficient patients may display different symptoms than patients carrying 

mutations for other FA core complex members and that additional loss of FANCM 

may even alter the disease phenotype of otherwise FA-deficient patients. A similar 

interplay was observed in DT40 cells, in which disruption of the FANCM ortholog in a 

∆FANCC background reduced sensitivity to the ICL-inducing agent cisplatin 
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compared to ∆FANCC single KO cells (Mosedale et al., 2005). Recently, three 

individuals with biallelic FANCM truncating mutations were reported (Bogliolo et al., 

2017). Although these individuals displayed increased cellular sensitivity to ICL-

inducing agents and early-onset cancer, they did not present congenital 

malformations or hematological disorders that typically accompany FA deficiencies. 

We hypothesize that this attenuation of symptoms may result from loss of BLM 

signaling in addition to perturbed FA-signaling in FANCM deficient cells. It is 

therefore not inconceivable, that FA patients could benefit from targeted inhibition of 

BLM signaling. Furthermore, since the ∆FANCA∆FANCM patient EUFA867 

displayed a milder FA phenotype compared to her FANCA deficient sibling and 

FANCM is predicted to be a druggable biological target, direct targeting of FANCM 

using small molecule inhibitors might provide therapeutic value (Pearl et al., 2015). 

 

3.6 Further analysis of screening results 

Our CRISPR screen revealed 124 genes that that upon disruption increased the 

survival of ∆FANCC cells treatment with MMC, compared to an untreated dataset. 

We followed up on the BLM complex due to the confirmation according to the gene-

trap results and the promising relevance of identifying a complete complex. However, 

it is not to be excluded that further genes enriched in our dataset possess biological 

or clinical relevance. The choice of genes for further in-depth analysis is a crucial 

step for the successful discovery of relevant interactions. A possible choice-guiding 

principle is the discovery that synthetic viable interactions in the DDR frequently 

emerge due to the activation of alternative DNA repair pathways and tend to occur 

between functionally related genes that commonly act within the same pathway (van 

Leeuwen et al., 2016). A reasonable reference point for the choice of promising 

enriched genes therefore is their involvement in DNA repair. Of the 124 genes 

enriched in the CRISPR screen, 12 are annotated to be involved in the DDR (Thesis 

Fig. 5): EYA3, BLM, RNF4, TOP3A, RMI2, FANCM, RAD23B, ALKBH5, H2AFX, 

RMI1, PALB2, FAAP10. Their involvement in the DDR will be discussed in further 

detail below. 
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Thesis Figure 5: Genes involved in the DDR that were enriched in the CRISPR 

screen in ∆FANCC cells. Green dots represent DDR associated genes that were 

enriched upon MMC treatment in the CRISPR screen in ∆FANCC, but not WT cells. 

 

Among them are the four genes encoding components of the BLM complex, BLM, 

TOP3A, RMI1 and RMI2, but also related genes that produce proteins that directly 

interact with the BLM complex or act at a similar stage in DNA repair. FANCM 

physically connects the FA core complex to the BLM complex. Binding of FANCM to 

DNA requires the cofactor FAAP10 (also called CENPX or MHF2), which we also 

recovered in our CRISPR screen (Singh et al., 2010). FAAP10 stabilizes FANCM 

and is rapidly recruited to blocked replication forks where it promotes gene 

conversion (Singh et al., 2010; Yan et al., 2010). In addition, the CRISPR screen 

recovered PALB2 (also called FANCN) that binds to and colocalizes with BRCA2 

during HR (Xia et al., 2006). PALB2 binds to ssDNA and interacts with RAD51 to 

stimulate strand invasion (Buisson et al., 2010). It therefore acts at a step in close 

proximity to BLM complex activity during HR. PALB2 is considered a druggable 

biological target (Pearl et al., 2015). Our screen also enriched for cells harboring 

mutations in the H2AFX gene that encodes histone H2AX that stabilizes DNA and 

partakes in multiple DNA repair processes (Fernandez-Capetillo et al., 2004). H2AX 

interacts with the tyrosine phosphatase EYA3 that dephosphorylates H2AX at 

tyrosine 142 and was also among the enriched DDR genes in our screen (Cook et 
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al., 2009; Krishnan et al., 2009). H2AX tyrosine 142 phosphorylation enables cells to 

distinguish between apoptotic and repair responses upon detection of genotoxic 

stress and determents the recruitment of either DNA repair- or pro-apoptotic factors, 

therefore influences the choice between DNA repair and cell death (Cook et al., 

2009). RNF4 encodes an ubiquitin E3 ligase that also interacts with H2AX and 

promotes DSB repair (Galanty et al., 2012). Depletion of RNF4 causes persistent 

H2AX phosphorylation associated with defective DSB repair, hypersensitivity towards 

DSB-inducing agents and ineffective replacement of RPA by BRCA2 and RAD51 on 

resected DNA during HR (Galanty et al., 2012). RAD23B acts together with XPC as 

an initial damage recognition factor in GG-NER (van der Spek et al., 1994). It was 

also shown to elevate the nucleotide excision activity of the 3-methyladenine-DNA 

glycosylase (MPG) that is involved in the initiation of BER (Miao et al., 2000). Finally, 

ALKBH5 is a mammalian m6A RNA demethylase that is associated with DNA 

damage reversal and DSB repair (Zheng et al., 2013). Among the 124 genes 

enriched in the CRISPR screen, disruption of those 12 DDR associated genes 

exhibits particular probability of changing the outcome of DNA damage repair in cells 

with DDR deficiencies and could be rewarding candidates for further studies. The 

basic premise that alterations to additional DNA repair pathways are most likely to 

improve repair outcome in DDR defective cells could be utilized in advance of the 

CRISPR screen to limit gRNA sequences to DDR associated genes. Using a 

commercially available human DNA damage response CRISPR library (Thermo 

Fisher: DNA Damage Response CRISPR Library) would allow deeper coverage of 

enriched genes and a reduced signal to noise ratio at similar sequencing depth. 

However, this would limit the possibility of discovering unexpected and more indirect 

mechanisms of synthetic viability. Nonetheless, this approach could be a valuable 

follow-up experiment to confirm the robustness of enriched DDR associated genes 

from an initial primary genome-wide screen therefore guiding the choice of genes for 

further analysis. A great opportunity presented by CRISPR screens is the potential to 

extend the approach beyond viability-based assays by using Fluorescence-activated 

cell sorting (FACS)-based readouts that reveal more mechanistic insights. FACS-

based methods are well suited for pooled screenings and allow the separation of cell 

populations using reporter gene essays based on the expression of fluorescent 

proteins or by staining of endogenous markers. A FACS-based method called ‘traffic 

light’ reporter system allows flow-cytometric analysis of repair pathway choice 

between HR and NHEJ in human cells (Certo et al., 2011; Kuhar et al., 2014). This 

could provide a valuable addition to our CRISPR screen by systematically identifying 

genes that upon disruption increase desired HR in FA-deficient cells. Additional 
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readouts could provide further specificity to the FA-pathway. A recently developed 

psoralen probe generates ICLs upon UV-activation that are susceptible to post-

labeling with a fluorescent reporter (Evison et al., 2016). This method offers a more 

direct monitoring of ICLs removal in FA-defective cells, compared to survival-based 

readouts. 

 

Besides pointing towards potential treatments for FA patients, the synthetic viable 

interactions revealed in our screens have additional clinical implications. The 

described interaction between the FA pathway and the BLM complex also points 

towards a potential chemotherapy escape-strategy. Loss of BLM in FA-deficient 

cancer cells could result in reduced respondence of FA-deficient tumors to ICL-

inducing chemotherapeutic drugs (Kim et al., 2015). In addition, MMC-resistant 

cancers were found to carry NQO1 LOF mutations (Mikami et al., 1996). Expression-

level analysis of chemotherapy resistant tumors analyzing genes enriched in our 

screens in could provide valuable clues for studying chemotherapy escape-

mechanisms. Along the same lines, our datasets could be utilized to identify 

synthetic lethal interactions specific to FA-deficient tumors. This could be achieved 

by dropout analysis of the WT untreated dataset compared to the ∆FANCC untreated 

dataset from the CRISPR screen. Genes depleted in ∆FANCC compared to WT 

could indicate specific gene-dependencies of FA-deficient tumors and aid the 

development of targeted tumor therapies. 

 

3.7 Conclusion & further prospects 

In this project we performed two parallel genome-wide screens to identify genetic 

synthetic viable interactions specific to human ∆FANCC cells. We found that loss of 

the BLM complex alleviates cellular sensitivity to ICLs and confirmed this interaction 

using different ICL-inducing agents and various FA complementation group 

deficiencies. Our study demonstrates a robust method for the identification of 

synthetic viable interactions in cells carrying defects in DDR associated genes. This 

approach can be applied to cells carrying disease-associated mutations in DNA 

repair pathways other than FA. By using the latest generation of optimized CRISPR 

libraries and additional readouts that allow direct surveillance of pathway choice, 

further studies can extend our approach and promote the development of novel 

therapeutic interventions for DDR-associated diseases by exploiting synthetic viable 

interactions.  
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