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Maintaining DNA integrity through genome surveillance and damage repair is crucial for cell 

survival. Thus, strategic infliction of DNA damage to cancer cells, for example using the DNA cross-

linker Mitomycin C (MMC), has become a commonly employed approach in cancer chemotherapy. The 

9-1-1 complex, a heterotrimeric PCNA-like scaffolding clamp consisting of RAD9, RAD1 and HUS1, 

localizes to damage sites and functions in DNA repair and ATR-mediated DNA damage checkpoint 

signaling. Seeking to clarify the possible involvement of HUS1 in the repair pathways required for ICL 

damage repair, I designed experiments to test interaction between HUS1 with players of the Fanconi 

Anemia (FA) pathway, canonical non-homologous end joining (C-NHEJ) and homologous recombination 

repair (HRR). First, we tested the role of HUS1 in responding to MMC-induced DNA damage and found 

that MMC treatment results in extraction-resistant nuclear retention of the 9-1-1 complex. We further 

observed that Hus1-deficiency was associated with significantly reduced viability following MMC 

treatment in cultured cells and mice. In addition, metaphase spread analysis revealed the formation of 

radial chromosomes in Hus1-deficient cells upon MMC treatment. These abnormal associations between 

non-homologous chromosomes signify error-prone DNA repair. Collectively, these phenotypes are 

reminiscent of FA, a heritable genomic instability disorder characterized by bone marrow depletion, 

increased cancer susceptibility and congenital malformations due to failure of crosslink repair. ICLs are 

recognized by the FA core complex which initiates a repair cascade including ubiquitination and 

chromatin recruitment of the heterodimer FANCD2/FANCI.  I therefore tested how Hus1 inactivation 

affected FA pathway signaling and found that HUS1 was required for MMC-induced FANCD2 mono-

ubiquitination and recruitment to chromatin, as well as focus formation by FANCA, a core complex 



factor. When testing the recruitment of DSB markers to the damage site in Hus1-deficient cells, I selected 

RAD51, an HRR key protein involved in nucleofilament formation for our assays. Immunofluorescence 

staining revealed a defect in RAD51 focus formation after MMC treatment but not after IR, suggesting a 

damage specific involved of HUS1 in HRR factor recruitment.  

Taking an alternate approach to investigating the involvement of HUS1 in repair pathways I 

designed a mouse model that combined Hus1 reduction with Prkdc deficiency. Prkdc codes for the PIKK 

family member DNA-PK, a crucial player in  C-NHEJ that tethers free DSB ends in preparation for 

ligation.  Interestingly, mice that were deficient for Prkdc and expressed reduced levels of Hus1, showed 

extended lifespans in aging experiments when compared to Prkdc single mutant controls. Dual deficient 

mice but not Prkdc single mutant mice were also exquisitely sensitive to MMC in preliminary 

experiments, while equally sensitive to IR in comparison to Prkdc single mutant mice. This suggests 

possible interactions of pathways in response to aging and genotoxin challenge.  

In summary, my data indicate that HUS1 is essential for FA pathway activation during the 

response to MMC-induced ICLs, and we hypothesize that 9-1-1 may promote FA by direct scaffolding of 

FA proteins. 9-1-1 is involved in the repair of post-ICL DSBs in supporting the recruitment of RAD51 to 

the site of damage and possibly influencing NHEJ factors. Furthering the understanding of the molecular 

interactions in this pathway will provide important new insights into DNA damage responses, cancer 

prevention and therapy. 
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1.1 Sources of DNA lesions 

The DNA is the blueprint for RNAs and proteins which comprise all living beings. As such, it is crucial 

that its integrity is preserved and protected. Passing on of erroneous DNA code to the next generation 

threatens viability and health of organisms. The DNA suffers from constant attacks of both exogenous 

and endogenous origins [1] (Figure 1.1). The DNA as a biomolecule itself, while fairly stable in its 

hybridized form, is vulnerable and reactive in its single strand form, requiring regulation and protection at 

all times. 

 

Endogenous damage 

Deamination of bases is the most frequent spontaneous event resulting in DNA damage. Up to 10.000 

occurrences of spontaneous deamination events per cell and day were measured by Lindahl et al. [2, 3]. 

The deamination of cytosine turns the base into uracil. Uracil is recognized and excised by uracil‐DNA 

glycosylase [4] leaving an abasic site behind. The abasic site is repaired by AP endonucleases that nick 

the phosphodiester backbone of the DNA and cleave the abasic site. Consequently, polymerases fill up 

the gap. If left unrepaired, the deamination of cytosine into uracil can lead to wrong nucleotide insertion 

during replication. Uracil preferentially base-pairs with adenine. The DNA replication machinery 

therefore adds an adenine when it encounters an uracil on the template strand, instead of the originally 

intended guanine. It also creates a substrate for the mismatch repair system, which when encountering an 

unusual U-G pairing will falsely insert an A opposite of U, especially when uracil-DNA-glycosylase is 

impaired. GC→AT transitions at sites of cytosine methylation are largely responsible for the single site 

mutations that cause inherited disease in humans [5]. The GC→AT base change is frequent in mutated 

p53 tumor suppressor genes found in many human cancers [6].  
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Figure 1.1.  DNA endures attacks from various sources prompting a DDR response.  Exogenous 

and endogenous insults cause lesions on the DNA. Endogenous insults can stem from spontaneous events 

such as base decay, from reactive oxygen species (ROS) which all result in slowed replication known as 

replication stress. Exogenous sources of damage include ionizing radiation (IR), UV light and chemical 

agents, some of which create particular toxic ICLs. The cell detects damage stemming from these insults 

with sensor proteins and responds with checkpoint activation. Protein-kinase-led biochemical cascades halt 

the cell cycle to allow for repair. When damage is too severe, cells elect apoptosis or senescence. 
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Endogenous damage stemming from reactive oxygen species (ROS) is another source of endogenous 

DNA damage encountered by cells. Attack by ROS results in oxidation of bases, single and double strand 

DNA breaks (DSB). One of the best studied species of oxidation-induced lesions is 8-Oxo-2'-

deoxyguanosine (8-oxo-dG), an oxidized derivative of deoxyguanosine. These guanine derivatives 

increase the risk of base transversions (G:C to T:A), deletions and epigenetic alterations [7, 8]. Its 

occurrence has been measured as 2400 events per mammalian cell and day most of which are rapidly 

repaired in the healthy cell by the base excision repair (BER) pathway [9] (see also section 1.2.2 Repair 

Pathways). 

There are several other chemical metabolites that also threaten the integrity of DNA (reviewed in 

[10]): The first to name is the process of lipid peroxidation which results in a production of highly 

reactive species, such as epoxides and aldehydes. Among the aldehydes 4‐hydroxynonenal (HNE) and 

malondialdehyde (MDA) are considered most mutagenic. The bulky adducts formed by aldehydes 

interfere with the Watson-Crick pairing of bases, thus inviting mismatched base pairing. Other 

endogenous DNA damaging agents include the chemical families of base propenals, formed during DNA 

oxidation, by estrogens, by various alkylating and carbylating agents and lastly through DNA hydrolysis 

[10]. All these chemical agents can result in the formation of toxic DNA lesions.  

Another source of endogenous damage encountered by cells stems from replication stress, which 

can be defined as the slowing or stalling of the replication machinery during DNA synthesis [11]. During 

replication the mini-chromosome maintenance 2–7 (MCM2–7) complex unwinds the parental strands 

followed by replication by the leading and lagging strand polymerases, Pol ε and Pol δ. When replication 

stalls at a DNA lesion, DNA synthesis can resume downstream by activation of dormant origins. 

Obstacles on the DNA stemming from unrepaired lesions, trinucleotide repeats [12] or collisions of the 

transcription machinery [13] result in fork stalling, requiring signaling for fork stabilization and restart. 

When not stabilized or not restarted for too long, stalled replication forks result in fork collapse, thus in 

failure to continue synthesis [14-16]. 
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One of the major sources of exogenous damage is ionizing radiation (IR). IR is a form of high energy 

radiation. It originates from gamma-radiation, x-rays or high energy ultra violet (UV) light. When DNA 

encounters this type of high-energy electromagnetic waves, the absorption of energy results in DNA 

DSBs, i.e. severing of both strands of the DNA. On the lower energy spectrum of IR, DNA can also form 

single strand breaks.  

The next class of exogenous damage is caused by UV light. UV light is a type of electromagnetic 

radiation with a wavelength between 10 and 400 nm. Its frequency lies between that of visible light and 

X-rays. UV-B and UV-C light exposure results in formation of covalent linkages between cytosine and an 

adjacent thymidine bases, known as thymidine dimers. These bulky lesions interfere with replication and 

confer distortion to the curvature of the DNA [17, 18]. UV-A light exposure results in occurrence of free 

radicals and lesions associated with them [19, 20]. In combination with photosensitive agents, such as 

psoralen, UVA light can cause highly toxic interstrand cross-links (ICL) [21]. A substantial variety of 

chemicals such as vinyl chloride and hydrogen peroxide and environmental chemicals such as polycyclic 

aromatic hydrocarbons found in smoke, soot and tar create a diverse range of DNA adducts, such as 

ethenobases, oxidized bases and alkylated phosphotriesters [2]. 

Various groups of chemicals contribute to a class of DNA damaging agents deserving to special 

recognition due to their severe toxicity: ICL-inducing agents. ICL-inducing agents such a Mitomycin C 

(MMC), Cisplatin, nitrogen mustard, aldehydes alkylating agents or the above mentioned psoralen create 

highly toxic lesions through covalently binding the guanines between two strands thus effectively 

blocking replication and transcription. One of the best described ICL-inducing agents is MMC. MMC is a 

methylazirinopyrroloindoledione antineoplastic antibiotic used to treat a variety of cancers. MMC 

generates oxygen radicals, alkylates DNA, and produces DNA ICLs between guanines of 5’-CG-3’ 

sequences, thereby inhibiting DNA synthesis [22] (Figureg1.2). 

 

 

 

https://en.wikipedia.org/wiki/Vinyl_chloride
https://en.wikipedia.org/wiki/Hydrogen_peroxide
https://en.wikipedia.org/wiki/Polycyclic_aromatic_hydrocarbon
https://en.wikipedia.org/wiki/Polycyclic_aromatic_hydrocarbon
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Figure 1.2. Depiction of genotoxic agents and consequent damage type. 

Lesions affecting one strand caused by ROS, UV light or alkylating agents are repaired by MMR, NER or 

BER.  ROS, free radicals and alkylating agent create lesions such as 8-oxoguanine that affect only one 

strand of the DNA.  The repair usually involves base excision repair (BER). UV-light causes mostly bulky 

lesions such as thymidine dimers, requiring nucleotide excisions repair (NER) for removal. More complex 

lesions such as DSBs or ICLs require a combination of pathways including HR, C-NHEJ and TLS. 
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1.2  DNA damage response 

Throughout their evolution organisms have relied on DNA as a coding molecule for biological 

information. In order to prevent erroneous information from being passed onto the next generation, 

organisms have developed mechanisms to maintain the integrity of their genomes. The DNA damage 

response contains a system of mechanisms, which allows cells to monitor the DNA, detect lesions, halt 

the cell cycle through activation of checkpoint and then commit to an appropriate fate be it repair, 

senescence or apoptosis (Figure 1.1). 

 

1.2.1  DNA Damage Checkpoints 

Historical overview 

Since the early 1900 scientist have been observing cells undergo the process of cell division. Basic 

concepts of cell division were proposed already in 1832, when Barthelemy Dumortier (1797–1878) of 

France described "binary fission" (cell division) in plants. He observed the formation of a mid-line 

partition between the original cell and the new cell. These observations led him to reject the idea that new 

cells arise from within old ones, or that they form spontaneously from non-cellular material. The 

discovery of cell division is usually attributed to Hugo von Mohl (1805–1872), but Dumortier preceded 

him in this regard, however without insights into its mechanism of regulation, yet [23].  

In the last 40 years, scientists have uncovered features of both the cell cycle and its control on a 

molecular level that significantly impacted the development of current models of aging, development and 

cancer [24]. The research on cell cycle control was spearheaded by three scientists: Leland Hartwell, Paul 

Nurse and Tim Hunt, who used three different model organisms to merge the formerly independent fields 

of genetics and cell cycle control. In 2001, they were awarded the Nobel prize in Physiology and 

Medicine for their achievements [25]. 

Fission yeast (Saccharomyces pombe), a unicellular rod shaped eukaryote, grows longitudinally 

followed by a medial fission. It has been used as a model organism in Biology since the 1950ies. 

Beginning in 1976, Paul Nurse first described the gene cdc2 [26]. He discovered that cdc2 regulates the 
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transition from the cell cycle G1 phase to S-phase as well as the G2/M transition. In consequence, Nurse 

searched for and identified the human homolog CDK1 in 1987, which codes for a cyclin dependent kinase 

[26]. Hartwell used budding yeast (Saccharomyces cerevisiae) to conduct his research on cell cycle 

control. Against the prediction of his peers, he succeeded in using yeast genetics to study the cell cycle 

and its control. Since budding yeast undergoes visible morphological changes as it undergoes cell 

division, Hartwell recognized its unique fit as a cell cycle control model. He identified various cell-

division cycle (CDC) mutants that were defective in progression through specific phases of the cell cycle 

[27]. This collection of CDC mutants was the foundation for the major discovery in the field: The CDC 

genes proved to be highly conserved in eukaryotes and contained most key regulators of cell proliferation 

across species. Hartwell identified key events in the transition of cells through the cell cycle that slow the 

cycle in response to damage. This checkpoint response allows the evaluation of the damage, time for 

repair. Without checkpoints cells would risk passing on altered genetic information to the next generation 

[28].  

The third scientist, Tim Hunt, used biochemical rather than genetic approaches in sea urchin 

(Arbacia punctulata) embryos to identify the key proteins important for progression of the cell cycle. 

Hunt and his colleagues described the protein cyclin. Cyclin level oscillation, caused by on cue 

expression and degradation, contributes to cell cycle regulation [29].  This demonstrated that a timing 

mechanism created by cytoplasmic proteins could control cell cycle progression. Hunt discovered that 

cyclin synthesis begins after fertilization and increases in levels during interphase. In the middle 

of mitosis cyclin levels rapidly declined. He also demonstrated that cyclins are conserved in vertebrates, 

with respectively similar functions [30].  

Hunt and other scientists later showed that cyclins interact with and activate a family of 

protein kinases, called the cyclin-dependent kinases. A discovery fitting in with Hartwell’s work on 

CDKs. Nurse, Hartwell and Hunt together described two groups of proteins, cyclin and cyclin dependent 

kinase (CDK) that control cell cycle progression. The fundamental hypothesis to be shaped by these three 

scientists was the notion that key cell-cycle events could be grouped into dependent, genetically definable 

https://en.wikipedia.org/wiki/Mitosis


9 
 

pathways [31]. These were to guarantee, that only after completion of specific cell cycle events, following 

events would occur.  

Initially, the favored hypothesis was that dependent relationships of events in the cell cycle could 

be explained by earlier events generating products that were required for later events. Nurse, Hartwell and 

Hunt, however showed that these dependencies were regulated in an entirely different fashion: Through 

upstream to downstream signal transduction. When genes in these checkpoint pathways are mutated, then 

late events are permitted to unfold before the completion of early events, resulting in faulty division of 

cells. This was shown by Hartwell and colleagues in key checkpoint experiments in which checkpoint 

defective cells failed to arrest when challenged with DNA damaging agents [32]. Cell cycle checkpoints 

therefore monitor and preserve genomic integrity by allowing for detection and repair of problems, or 

rejection of cell cycle progression. 

 

Current understanding of DNA damage checkpoints  

As the cell undergoes mitosis, it has to ensure that its daughter cells will be provided with intact copies of 

its genome. Damage from exogenous or endogenous sources will result in cell cycle arrest through the 

G1/S, intra-S, or G2/M checkpoints, in order to allow time for repair. If DNA damage checkpoint 

pathways are defective, this can result in mutagenesis, cellular toxicity or genome instability.  If cell 

arrest is achieved, repair pathways will be activated to remove the lesion, otherwise cells will elect 

apoptosis or senescence. DNA damage surveillance is active during the whole cell cycle and can therefore 

halt or slow the transition of the cell into the next phase when needed. Halting of the cell cycle at G1/S, 

intra-S, and G2/M coins the title of the respective checkpoint. 

 The three checkpoints have in common that they respond to DNA damage and that they share 

many proteins. Two DNA damage signaling pathways existent in mammalian cells are individually 

headed by two phosphatidylinositol 3-kinase-like (PIKK) serine/threonine protein kinases named ATM 

and ATR respectively. The genomic disorder Ataxia Telangiectasia was name-giving for the two PIKK 

kinases ATM and ATR (Ataxia Telangiectasia Mutated, respectively Ataxia Telangiectasia and Rad3 
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related). The activation of the kinases results in phosphorylation of their downstream targets CHK1 and 

CHK2. CHK1 and CHK2, carrying phospo-kinase properties themselves, phosphorylate CDC25 marking 

it for degradation. The absence of CDC25 prevents activation of the cyclin E-CDK complex causing 

arrest in G1 [33]. Other responses follow in order to maintain the arrest: CHK1 or CHK2 also 

phosphorylate P53. This saves P53 from ubiquitin mediated degradation. P53 serves as a transcriptional 

activator for various targets. Among them is P21, another important cell cycling controlling protein. P21 

inhibits cyclin E-CDK21, thus maintaining the arrest. 

During S-phase, as DNA strands replicate, the forks may encounter lesions which do not allow 

for progression of the fork. Most typically, obstacles such as bulky lesions or ICLs cause the fork to halt. 

Through exposed ssDNA that becomes coated with RPA, ATRIP-ATR and activating factors are attracted 

to the site of damage (see also 1.5.1). In cases of DSBs, the MRN complex binds to the free ends of the 

DNA. It recruits ATM which in undamaged cells, dimerizes. ATM undergoes auto-phosphorylation at 

serine 1981 upon damage sensing. This activates ATM and releases it from its dimer bond. Activated 

ATM phosphorylates multiple targets. Among them is ɣH2AX, a recruiter for further modulation and 

recruitment of repair factors, CHK2 and P53.  These events delay replication allowing for further time to 

carry out repair. See 1.5.1 for more details. 

In addition to mechanisms similar to the ones in the G1-checkpoint which rely on the 

phosphorylation of CDC25, P21 and P53, the G2/M checkpoints harbors another mechanism to arrest the 

cell in G2 [34]. It operates through stabilization of WEE1 which inhibits CDC2, keeping the cell arrested 

until the damage is repaired [35]. 

  

 

1.2.2  Single strand DNA damage repair pathways 

Depending on the type of damage, the cell will employ one or multiple repair pathways to address the 

damage repair task. (see sections 1.6 and 1.7 for more detail on ICL and DSB repair). Lesions affecting 

one of the strands are typically repaired by one of three mechanisms: BER, NER or MMR.  
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Base excision repair (BER) results in DNA-glycosylases based excision of sequences containing small, 

non-bulky lesions that do not distort the helix. The 8-oxo-dG and uracils stemming from deamination fall 

into this category [36]. 

 Nucleotide excision repair (NER) operates either within context of transcription interference 

(transcription coupled or TC-NER) or independently of it (global genomic or GG-NER). NER addresses 

bulky, or helix-distorting lesions such as thymidine dimers. In TC-NER the initializing event is the 

stalling of the RNA polymerase during transcription. In transcriptionally silent regions, the distortion of 

the helix or the bulky adduct serve as recognition factors for sensing the damage and recruitment of 

nucleases that cut out, and polymerases that repair the damage [37]. 

 The evolutionary conserved mismatch repair (MMR) machinery reduces the number of false 

insertions stemming from replication errors, thus reducing the mutation rate in cells. It typically scans the 

newly synthesized DNA strand for atypical base matches. When encountering base substitution 

mismatches and insertion-deletion mismatches, the MMR becomes activated. Repair is initiated when 

homologs of MutS bind to the site of damage, followed by excision and replacement of the affected 

region [38]. 

 

1.2.3  Apoptosis 

If a cell is faced with damage too severe to repair, this can result in a permanent block of the cell cycle. 

The cell can choose to undergo a suicide program called apoptosis or enter a dormant state called 

senescence, both possible consequences of DDR through checkpoint activation. 

Apoptosis involves shrinkage of the cell body, fragmentation of all cellular components and 

concludes with the inevitable death of the cell. It differs from necrosis in that it is a tightly controlled and 

contained demise rather than a traumatic destruction. Apoptosis is induced through either an intrinsic or 

extrinsic pathway, depending whether the cell receives the kill signal from within or from a different cell. 

In both cases the process involves an activation of caspases that degrade proteins [39]. 
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1.3  Genomic instability 

Genomic instability (GIN) is the tendency to acquire and accumulate genetic alterations within the 

genome of a cellular lineage. This includes aberrations of DNA sequences and chromosomal instability as 

well as aneuploidy. Genome aberrations of various kinds are commonly found in cancer and are 

considered one of its hallmarks [40]. High exposures to exogenous damage, increased replication rates as 

well as defects in DNA repair pathways have been identified as sources of GIN. Inactivation of genes that 

are involved in DSB repair such as BRCA1/2 [41] or its regulators such as KU, NBS1 or ATM [42, 43] 

have been shown to increase likelihood of cancer occurrence in patients. This connection establishes DSB 

repair as an important guardian of the genome integrity and a tool to understand the origin of cancer. 

 

1.4  Significance of DNA damage repair models for cancer therapy  

In cancer, a careful balance between genomic variability and limitation of GIN is crucial for the survival 

and progression of a malignant cells [1]. The usage of cancer drugs, which function through DNA damage 

infliction is affected by the cancer cell’s ability to repair the damage or disable apoptosis: The more 

defects in DDR genes are accumulated in a tumor cell, the more it will struggle with repairing additional 

damage stemming from chemotherapy drugs. In traditional treatment, DNA damage infliction acted rather 

indiscriminately. Any rapidly replicating cell could be affected. Through increasing knowledge of DDR 

pathways and their function in normal, transforming and cancerous cells, novel more selective treatment 

approaches are emerging. These treatment approaches take advantage of specialized roles for DDR 

proteins during the multi-step process of tumorigenesis. 

GIN in cancer is a matter of both cause and consequence. A common model postulates a mutator 

phenotype, a condition in which genomic alterations in caretaker genes form a prerequisite for further 

alterations, which subsequently lead to tumorigenesis. DDR genes form a majority of care taker genes, 

with the role to prevent GIN, both prior and post initiation events. 

Due to imperfections in DDR, initiation events can persist in cells and be passed on to following 

generations. While the majority of initiation events will remain dormant, occasionally rapid cell division, 
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inflammation or vulnerable gene location can result in amplification of initiation effects: When initiation 

events enhance cellular replication rate, initiation events transfer into the next stage of tumorigenesis, 

promotion. In such pre-cancerous lesions, again DDR genes such as 53BP1 and BRCA1 protect the 

organism by inducing apoptosis or senescence in precancerous tissues [44-48]. Only cells, which escape 

removal through apoptosis or senescence, can undergo tumor progression. DDR poses therefore a 

tumorigenesis barrier; which tumor cells can only circumvent by disabling elements of DDR. 

At the forefront of the tumorigenesis barrier stands the DDR which activate P53 when a hyper 

proliferation signal is detected. In analyses of mutated genes in 210 human cancers, ATM was the third 

ranked gene in frequency [49]. Mutations in CHK2, have been linked to a cancer predisposition syndrome 

clinically indistinguishable from Li-Fraumeni syndrome [50]. Furthermore, upstream DDR genes such 

53BP1 were found silenced in a variety of melanomas, breast and lung carcinomas [51]. 

After pre-cancerous lesions have progressed into the cancerous stage, DDR inhibition provides a 

tool for radio or chemosensitization. Inhibitors such as wortmannin and LY294002 can inhibit ATM, 

(ATR) and DNA-PKcs which results in increased sensitivity to radiation in exposed tissues [52, 53]. 

Selective inhibitors of ATM (KU55933, KU60019, and CP466722) show promise as well as 

radiosensitizing and chemosensitizing agents do [54-56]. For DNA-PKcs, small molecules such as 

NU7441, IC8736 and SU11752 are promising drugs to improve radio sensitivity [57-59].  

As a consequence of breaking though the tumorigenesis barrier, most tumors acquire defects in 

DDR genes. Through targeted synthetic lethality, DDR mutations provide a strategy for targeted cancer 

therapy. Synthetic lethality is understood as cell death, caused by simultaneous occurrence of two 

mutations [60].  

An example for this approach is simultaneous targeting of two DSB repair pathways: canonical 

non-homologous end joining (C-NHEJ) and homologous recombination repair (HRR). In a very 

successful approach for treating breast and ovarian cancers, which often hold BRCA1/2 mutations, 

PARP1 inhibition was used [61-63]. PARP inhibitors are toxic in BRCA-mutant but not in normal cells, 

resulting in the development of several inhibitors including iniparid, olaparib, PF-01367338, veliparib, 
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and CEP-9722 for clinical trials [64]. A similar approach successfully targeted ATM and DNA-PK in 

parallel, creating a new therapy target [65].  

Recently a drug based screen revealed new interactions: The sensitivity of 67 cancer cells lines to 

a specific inhibitor of one of the major DNA DSB repair pathways C-NHEJ was assessed resulting in the 

identification of a novel therapeutically actionable synthetic lethal interaction between the MMR protein 

MSH3 and DNA-PK [66]. By further exploring mechanisms for DSB processing and repair, new 

interactions between repair pathways can be revealed and the knowledge could be exploited for further 

establishment of treatment targeting different types of cancer. I hypothesize that simultaneous disabling of 

a player of the C-NHEJ pathway, DNA-PK and of the PCNA-like heterotrimeric checkpoint clamp 9-1-1, 

may result in a synthetic lethal interaction on a cellular or organismal level, due to cytotoxic effects of 

unrepaired DSB accumulation.  

Alternatively, 9-1-1 and DNA-PK simultaneous disabling can lead to chemosensitization or 

radiosensitization. If 9-1-1 has an important role in HRR, in DSB repair and for ICL repair pathway 

(Mleczko et al., manuscript in preparation), targeting the disruption of the clamp could impart severe 

damage to cancer cells, sensitizing them to conventional cancer drugs, radiation and endogenous DNA 

damage repair defects. This study will elucidate the role of HUS1 in genomic instability, HRR and its 

potential function as a regulatory entity in the processing of DSBs (Figure 1.3). 
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Figure  1.3. Acquired mutations sensitize tumor cells for DDR inhibitor treatment through the 

mechanism of synthetic lethality.  Healthy cells will survive inhibition through reliance on a redundant 

repair pathway within DDR. Tumor cell often harbor inactivation of important DDR genes, allowing them 

to survive DDR based selection processes. When faced with an inhibitor of a redundant repair pathway, 

these cells succumb to overwhelming accumulation of genomic instability. 
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1.5  The role of the DNA damage checkpoint clamp 9-1-1 in DNA damage response 

1.5.1  9-1-1 in checkpoint signaling 

Several DNA clamps help in replication and repair of the DNA. One such clamp is the 9-1-1 DNA 

damage checkpoint clamp composed of three subunits, RAD9, RAD1 and HUS1. 9-1-1 does not have an 

enzymatic function of its own; it serves as a protein scaffold tethering various players in place. The role 

of the 9-1-1 complex is to bind DNA preferentially at single strand-double strand 5’ junctions when RPA 

is present [67, 68]. The 9-1-1 complex is structurally very similar to PCNA (Proliferating Cell Nuclear 

Antigen), whose role in DNA replication and repair is well established. The 9-1-1 complex is known to 

function within the ATR-mediated DNA damage checkpoint pathway.  

Upon sensing replication stress, ssDNA is coated with replication binding protein A (RPA). 

ATR–ATRIP is independently recruited to ssDNA–RPA stretches and RAD17/RFC2–5 loads 9-1-1 onto 

5’ junctions [67, 69]. 9-1-1 through interaction of RAD9 and TOPBP1 [70-72] helps activate ATR. 

Several ATR-dependent phosphorylation events occur, including sites on RAD17, 9–1–1 clamp 

components, and TOPBP1. Phosphorylated TOPBP1 can bind surfaces on ATR and ATRIP, causing 

ATR to become more active and to phosphorylate its downstream effectors including CHK1. The 

phosphorylation of CHK1 halts the cells cycle thus preventing the cell from entry into mitosis. It further 

allows for stabilizing the stalled replication forks. Other replication fork components such as RPA, 

polymerases, MCM proteins, PCNA, and Claspin are also ATR phosphorylation targets supporting the 

stabilization of the fork. Through phosphorylation of recombination related proteins such as BRCA1, 

WRN and BLM, ATR initiates repair processes [73-76]. 

 In summary, ATR checkpoint activation allows time for and stimulates repair, or if that is not 

possible, launches the cell’s suicide program-apoptosis (Figure 1.4). 
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Figure 1.4.  The ATM and ATR pathways work in parallel in response to DSBs and ssDNA 

lesions.  Due to its strong affinity to exposed single stranded DNA (ssDNA) RPA coats the ssDNA. RPA 

attracts ATR-TRIP and the 9-1-1 loading complex RAD17/RFC2-5. TOPBP1 interacts with RAD9 and 

promotes activation of ATR. ATR phosphorylates downstream targets such as CHK1 resulting in cell cycle 

arrest. In response to DSBs the MRN complex binds free DSB ends. ATM, which exists as an inactive 

dimer, dissociates and autophosphorylates, thus augmenting its phosphokinase activity. 
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 1.5.2  9-1-1 in DNA damage repair, its coordination and genomic instability 

9-1-1 components were first discovered using genotoxin sensitivity screens in yeast. In fission yeast, six 

checkpoint genes (hus1+, rad1+, rad3+, rad9+, rad17+, and rad26+) were identified in close succession 

[77-80]. HUS1 homologs were found in humans and mice [81, 82] they also interacted with RAD1 and 

RAD9 [83, 84]. Molecular modeling techniques predicted a similar form and function as that of PCNA 

that of a DNA sliding clamp. Soon after, this was confirmed when shown that 9-1-1 forms a stable 

heterotrimeric clamp that in fact interacts like PCNA [84-93].  

In 1999 the Hus1 gene was first cloned in mice and placed on chromosome 11 [94]. Shortly after, 

Weiss et al. describe mid-gestational embryonal lethality in mice that are deficient for HUS1. MEFs 

obtained from Hus1-deficient embryos showed chromosomal instability and sensitivity to genotoxin 

stress [95]. The importance of HUS1 for mammalian development became apparent in 2002 when HUS1 

was identified as a checkpoint protein acting upstream of CHK1 [96] with disruption of any of its 

components resulting in checkpoint defect phenotypes similar those to CHK1 defects [96, 97 432, 98]. In 

2003, the role of HUS1 was placed in S-phase checkpoint signaling as Hus1-deficient cells failed to slow 

replication in response to replication stress inducing agents [99]. The alternative clamp loader 

RAD17/RCF2-5 was identified as required for 9-1-1 DNA binding in response to genotoxin induced 

DNA damage, in yeast frog and human models [67-69, 91, 93, 100-104]. 

The RAD9 tail was identified using truncation mutants to mediate checkpoint function [97, 105]. 

Soon, roles for 9-1-1 beyond checkpoint function emerged, first in TLS [106, 107]. Then experiments in 

yeast showed that RAD1 and RAD17 deletion, caused sensitivity to DSB inducing enzymes [108] and 

ionizing radiation [97]. The model of sliding clamp molecular tether was put forward. 

Even though 9-1-1 and its component are essential for ATR activation, HUS1 has been found to 

function not only in checkpoint signaling but also in DNA repair. HUS1 is necessary for DSB repair 

following ionizing radiation through HRR but is independent of C-NHEJ. In their study the authors used 

an I-Sce I-induced-DNA DSBs system, which measures HRR after knockdown of HUS1. Their results 
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show that HRR is impaired in Hus1-deficient cells while C-NHEJ efficiency as measured through 

asymmetric field inversion gel electrophoresis remains unaffected [109]. 

To study the consequences of partial Hus1 inactivation in mice, Levitt et al. developed the Hus1 

allelic series. In this approach, a partial expression allele of Hus1, coded by Hus1neo was combined with 

either a null allele or a wild type allele, to achieve a gradual protein level reduction of HUS1. This model, 

also explored in chapter three, established a role for HUS1 in genome maintenance in vivo as Hus1- 

deficiency increased micronucleus formation in peripheral blood in mice. Cells derived from Hus1neo/∆1 

mice displayed spontaneous chromosomal instability and underwent premature senescence [110]. 

Using the same cells, Meyerkord et al. revealed that apoptosis in response to epotoside treatment 

in Hus1-deficient cells is mediated through the BH3 proteins PUMA and BIM. [111]. To study a role of 

HUS1 protein in tissue morphology homeostasis and tumor suppression, Yazinski et al. employed a 

mammary specific CRE-mediated Hus1 deletion in a P53-deficient background. The authors observed 

accumulation of defective cells with morphological and functional changes to the mammary tissue [112]. 

A 2012 study by Balmus et al. analyzed the role of HUS1 in the context of ATR signaling and its effect of 

ATM function in mice. HUS1 reduction using hypomorphic mice resulted in embryonal lethality in the 

background of Atm deletion. A dose increase of HUS1 in the same ATM-deficient background yielded 

viable mice, with severe developmental defects reminiscent of human AT patients. This study underlined 

findings of crosstalk between ATM and ATR pathways as well as strengthened a role of HUS1 as 

modulator of DNA damage response [113]. Lyndaker et al. studied a role of HUS1 in meiosis in 

mammals, to extend on knowledge of HUS1 function in yeast worm and flies. The author utilized germ-

line specific Hus1 inactivation and discovered a crucial role for HUS1 protein in meiotic prophase I. Such 

as in somatic cells, HUS1 contributes to the 9-1-1 clamp formation and acts in DSB repair, thus enabling 

germ cell maturation and therefore fertility [114]. Balmus et al. showed that HUS1 is required for 

resistance of genotoxin sensitivity in vivo. Mice that where hypomorphic for Hus1, showed increased 

sensitivity to the replication stress inducers MMC and HU, but not the DSB inducer ionizing radiation. 
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These findings support the hypothesis of ATR and ATM responding in specialized manner to different 

types of DNA damage, in vivo [115].  

In 2015 Lim et al. published a comprehensive site directed mutagenesis study confirming roles 

for HUS1 in protein-protein interactions between the 9-1-1 clamp and DNA repair players. Furthermore, 

the authors described functional residues responsible for clamp assembly and DNA-interactions. Firstly, 

Lim et al. identified the HUS1 residue arginine 128 at the RAD9A surface to be crucial for clamp 

formation and DNA binding. The mutation of arginine 128 to glutamine resulted in loss of clamp 

formation and DNA association. Next, the authors localized positively charged residues Lys-25, Lys-93, 

Lys-173, Arg-175, Lys-236, and Lys-237 at the inner ring surface of HUS1 that were cooperatively 

responsible for DNA association and genotoxin survival.  

Lastly, HUS1 was found to harbor one surface area resembling interaction pockets on PCNA and 

one novel pocket, that when mutated, resulted in increased sensitivity to genotoxin-induced DNA 

damage. Interestingly, these pockets were dispensable for DNA interaction and ATR- checkpoint 

activation. Direct interaction between HUS1 via outer surface pockets and MYH, supports the model of 

HUS1 harboring several separable functions: HUS1 plays a role in ATR checkpoint activation as well as 

one in DNA repair [116]. 

Cells taken from patients of the rare genomic instability disorder Fanconi Anemia (FA) patients 

[117], show characteristic formation of radial shaped chromosomes upon treatment with crosslink 

inducing agent such as MMC. These radial chromosomes have been linked to erratic repair of DSBs. 

Hus1-deficient cells have been shown to present similar structures upon treatment with DNA damaging 

agents, which is suggestive of HUS1 involvement in the repair of MMC-induced DNA crosslinks (chapter 

two). Newly emerging studies place the 9-1-1 clamp into a context of ATR independent repair functions: 

BER proteins interact with 9-1-1 both physically and functionally suggesting a role for the 9-1-1 clamp as 

a coordinating scaffold in BER [118-121]. Furthermore, 9-1-1 has been implied in mismatch repair 

(MMR) [122], in regulation of DSBs [110, 123] and finally, emerged in a proteomic screening study, 

which examined targeted proteins needed for ICL repair [124]. HUS1 is suggested to be involved in 
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nucleotide excision repair (NER), base excision repair (BER), translesion synthesis (TLS) and DNA 

damage tolerance (DDT) pathways [121, 125-127] (Table 1). 9-1-1 is involved in end resection through 

stimulation of EXO1, SGS1 and DNA2 as well as ligase stimulation  [128] (Figure 1.5). All these studies 

suggest a role for HUS1 which is likely not limited to checkpoint signaling.  Two paralogs of RAD9 (also 

called RAD9A) and HUS1 have been identified in 2002 and 2003 respectively. RAD9B and HUS1B are 

highly expressed in testes and were found to interact with other elements of 9-1-1 as well as each other 

[129, 130]. Lyndaker et al. has put forward the idea of a non-canonical clamp consisting of RAD9B, 

HUS1B and RAD1 to function during meiosis [114]. 
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Figure 1.5.  Model of 9-1-1 dual roles in ATR checkpoint activation and DNA repair. Beyond its 

canonical role in ATR checkpoint activation, 9-1-1 has proposed roles in DNA repair. It associates with 

members of the NER, BER, TLS and MMR pathways and works thus as a molecular scaffold. 
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Table 1. DDR proteins that interact with elements of the 9-1-1 complex.   

Model 

system 

Method DNA repair 

component 

Repair 

pathway 

Interacting partner(s) Reference 

S. pombe In vitro 

pulldown, 

crystal structure 

SpMYH BER SpRad9, SpHus1, SpRad1 [131] 

H. sapiens In vitro 

pulldown 

FEN1 BER Rad9, Hus1, Rad1 [119] 

H. sapiens In vitro 

pulldown 

Pol β BER Rad9, Hus1, Rad1 [118] 

H. sapiens In vitro 

pulldown 

DNA Lig I BER Rad9, Hus1, Rad1 [121] 

H. sapiens In vitro 

pulldown 

APE1 BER Rad9, Hus1, Rad1 [132] 

H. sapiens In vitro 

pulldown 

NEIL1 glyc. BER Rad9, Hus1, Rad1 [122] 

H. sapiens In vitro 

pulldown 

TDG glyc. BER Rad9, Hus1, Rad1 [122] 

H. sapiens In vitro 

pulldown 

hOGG1 glyc. BER Rad9, Hus1, Rad1 [133] 

H. sapiens In vitro 

pulldown 

MSH2 MMR Rad9, Hus1, Rad1 [122] 

H. sapiens In vitro 

pulldown 

MSH3 MMR Rad9, Hus1, Rad1 [122] 

H. sapiens In vitro 

pulldown 

MSH6 MMR Rad9, Hus1, Rad1 [122] 

H. sapiens 

M. musculus 

In vitro 

pulldown 

MLH1 MMR Rad9 [134] 

S. cerevisiae  Y2H screen and 

in vivo studies 

Rev17 TLS Mec3 (Hus1) 

Ddc1 (Rad9) 

[135] 

S. pombe In vitro 

pulldown 

DinB TLS SpHus1, SpRad1 [107] 

S. cerevisiae In vitro 

pulldown 

Rad14 (XPA?) NER Ddc1 (Rad9) [136] 

H. sapiens In vitro 

pulldown 

Metnase NHEJ Rad9 [137] 

M. musculus In vitro 

pulldown 

Rad51 HR Rad9 [138] 
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1.6 The Fanconi Anemia pathway and the repair of interstrand cross-links 

Sensitivity to genotoxin-induced DNA damage has been exploited in cancer treatment, as highly 

replicative transformed cells have an increased sensitivity to DNA damage. Thus, our understanding of 

DNA damage repair pathways helps advance treatment of cancers through inducing targeted damage in 

neoplastic growths [139].  

One type of exogenous damage applied in cancer chemotherapeutic treatment is by utilization of 

ICLs generating agents. ICLs are covalent linkages between the complementary strands of the DNA helix. 

They are particularly toxic to cells as they interfere with the unwinding of the DNA, thus blocking 

transcription, replication and recombination. Among the many classes of ICL-inducing genotoxins, 

Mitomycin C (MMC) is one frequently used in chemotherapeutic treatment. 

 

 

1.6.1 DNA ICL crosslink creation and recognition 

Repair of ICLs can happen inside or outside of replication, still in both cases similar steps are required for 

repair [140]: Recognition during S-phase is induced through the collision of replication forks into an ICL, 

signaling and recruitment of downstream effectors, followed by excision through nucleases at 3’and 5’ of 

the lesion. If carried out during S-phase this results in a DSB intermediate, eventually repaired by RAD51 

mediated (HRR) [141]. In both cases, unhinging of the lesion is followed by trans lesion synthesis (TLS) 

repair and the remaining bulky lesion is removed by nucleotide excision repair (NER) [142].  

 

1.6.2 FA signaling cascade 

The proteins involved in the repair of ICL have been traditionally grouped into a family of proteins 

coined the Fanconi Anemia (FA) Pathway. The pathway is named after the Swiss pediatrician Guido 

Fanconi who originally described the related FA syndrome in 1927 [143]. FA is a rare genetic disorder 

characterized by cancer susceptibility, bone marrow failure and congenital abnormalities believed to 

occur as a result of failure to repair ICLs. Mutations of one of at least 17 genes coding for the FA protein 
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family have been demonstrated to result in characteristic genomic and chromosomal abnormalities in 

humans and various model systems. Cells obtained from patients display extreme sensitivity to ICL-

inducing agents such as MMC or Cisplatin. The mechanistic details of the role of FA proteins, especially 

for the core complex, largely remain unresolved. Due to its low abundance, complex structure and the 

lack of orthologues in lower class eukaryotic systems the purification of the core complex components 

has proven to be a challenge, only recently resolved in an avian model [144]. 

While in mammalian cells ICL repair begins with the recruitment of sensor proteins to the site of 

damage, the detailed molecular interactions of this process remain unresolved. The FA core complex 

protein FANCM, a DNA translocase and its helper proteins FAAP24, MHF1 and MHF2 are the sensors 

of ICLs [145, 146]. The phosphorylation of FANCM by ATR [147] and the assembly of the remaining 

core complex proteins follows [148]. The core complex is activated after phosphorylation of FANCI 

[149-151] by ATR, phosphorylation of core complex components [152-154] and the following 

ubiquitination of the FANCI/ FANCD2 (ID) heterodimer which then localizes to the site(s) of damage 

[116, 155].  

The ubiquitination of the ID heterodimer is a crucial step in activation of the FA pathway after 

which the heterodimer must localize to the chromatin for normal FA signaling. The RING domain-

containing E3 ligase FANCL carries out the monoubiquitination of ID. Along with FANCL, the presence 

of FANCB and FAAP100 is required for ubiquitination in vitro [156] while disease associated mutations 

in crucial components of the complex disrupt ubiquitination of FANCD2 [155, 157, 158]. Isolated 

FANCL is capable of ubiquitinating FANCD2 by itself in vitro, however its activity and specificity 

greatly increases in presence of the remaining core complex components [156] (Figure 1.6).  
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Figure 1.6.  The Fanconi Anemia pathway combats ICL-induced DNA damage.   

When replication forks stall at ICL, exposed ssDNA associated with RPA. ATR-ATRIP binds RPA and 

activates the phospho-kinase activity of ATR. ATR phosphorylates FANCI and elements of the core 

complex, after which, the core complex ubiquitinates FANCD2. The phosphorylated and ubiquitinated 

FANCD2/FANCI dimer localizes to DNA and serves as a recruiting platform for downstream repair steps 

involving, nucleases, polymerases and ligases. 
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1.6.3 Interstrand cross-link resolution 

The binding of the ID heterodimer to chromatin signals for recruitment of downstream players, such as 

SLX4, XPF-ERCC1, FAN1, SLX1 and MUS81-EME [159, 160]. FAN1 and XPF-ERCC1 nucleases 

perform incisions at 3’and 5’ of the lesion allowing for further processing [161-164]. During S-phase, the 

strands are separate as they undergo replication. The incision on one strand therefore results in creation of 

DSBs, which requires HRR for error free repair [165]. The DSBs if unprocessed or repaired erroneously, 

pose a major threat to chromosomal integrity.  

One of the consequences of FA protein dysfunction, as seen in clinical cases, is the formation of 

cross-like chromosomal structures. These are called radial chromosomes and have been used as a 

diagnostic feature for more than 30 years [166], long before the responsible protein mutations were 

identified. They are believed to be remnants of a failed HR attempt and subsequent C-NHEJ substitution. 

While multiple FA and non- FA protein defects lead to observation of radials chromosomes, a DSB 

intermediate seems to be a common denominator, thus linking the FA pathway once again to DSB 

pathways [167].  

 

 

1.7 Mechanisms of DNA double strand break resolution 

DNA DSBs are lesions in which both strands of the DNA are severed. Common pathological sources of 

DSBs are ionizing radiation, or fork collapse stemming from collisions of the fork with obstacles during 

replication. A number of DNA alterations can cause these obstacles, starting with simple base detoriation, 

bulky lesions, intercalating agents to highly toxic ICLs, preventing separation of strands. Unrepaired 

DNA DSBs pose a danger to the maintenance of genome integrity as reviewed in [168]. Thus, the cell 

employs multiple repair mechanisms to respond to DSBs reviewed in [169] (Figure 1.1). One of them, 

HRR is active during S-phase as it requires an intact sister chromatid to be used as a template. C-NHEJ on 

the other hand is responsible for the majority of repairs outside of S-phase with some overlap of the 



28 
 

pathways during S-phase and G2 phase [170]. C-NHEJ (reviewed in [171]) is the more error prone 

pathway as it does not employ an intact template, but instead ligates ends together. If applied to imperfect 

or structurally damaged ends, the C-NHEJ proteins will resect sequences resulting in loss of information. 

Alternative End Joining, (A-EJ) is a backup pathway that relies on micro homology sequences. It steps in 

in absence of functional HRR and C-NHEJ with a tendency to incorporate errors as it has no proofing 

mechanism [172] (Figure 1.7). A-EJ has been proposed to be responsible for chromosome radial 

formation, which are products of error prone repair. I hypothesize that the 9-1-1 clamp suppresses both 

end joining pathways to favor HRR, or suppress C-NHEJ but not A-EJ. 
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Figure 1.7.  C-NHEJ, HRR and A-EJ compete for access to DSBs.   

When cells repair DSBs, multiple repair systems compete for access to free DSB ends. During S-

phase HRR, a mostly error-free template based repair pathway, wins priority. Outside of S-phase 

C-NHEJ or A-EJ repair the lesions, with regulating mechanisms still remaining unclear. 
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1.7.1 Homologous Recombination Repair 

HRR begins with the binding of the MRN complex to free ends during S-phase. The MRN complex 

harbors nuclease activity that begins the resection of DSB ends in cooperation with CTIP. MRN also 

recruits DNA2, SGS1 and EXO1 to follow up with prolonging the resection until a free 3’overhang 

ssDNA end is created [173]. RPA coats the exposed single strand DNA. With the help of BRCA2, and 

following phosphorylation events on RPA, RAD51 loads onto the single strand end and begins the strand 

invasion. The invading RAD51 strand finds a donor strand with the help of RAD54 resulting in 

displacement of the complimentary strand of the donor DNA, a D-loop forms. Polymerases now using the 

donor DNA template fill in the missing elements.  

Post synapsis, the HRR pathways separates into multiple sub pathways. When a second free end 

is available, synthesis-dependent strand annealing SDSA will attempt to reverse the D-loop, leading to 

annealing with the newly synthesized strand. Outside of meiosis the HRR pathways avoids crossovers 

which could lead to genomic rearrangement. During meiosis, HRR undergoes double Holliday junction 

formation and their resolution. This process serves primarily accurate chromosome segregation and 

secondly, rearrangement of genetic information to guarantee generation of diverse offspring [174]. 

 

 

1.7.2  Canonical-Non-Homologous End Joining  

C-NHEJ is one of three DSB repair mechanisms. It allows the cells to join any type of DSB regardless of 

sequence at any time during the cell cycle. Thus, together with A-EJ, it carries out the majority of cellular 

DSB repair events [175-177]. C-NHEJ can be divided into a five step process: After recognition and 

binding of the free ends (I), the alignment and bridging of the free ends follows (II); the ends are 

processed to generate congruent elements (III), next ligation of the free ends occurs (IV) and finally 

resolution of the repair complex concludes the successful repair (V).  

The initializing step (I) is the binding of free DSB ends by the protein subunits KU70 and KU80, 

which form the heterodimer KU [178]. KU is a highly conserved and abundant protein. It has an essential 
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role in C-NHEJ as it initiates the binding of free DSB ends [179-183]. The subunits form a ring which 

cover the sugar backbone of the DNA, making it inaccessible for other competing binding proteins and 

providing protection against nucleolytic processes [184]. The high abundance and DNA affinity of KU 

guarantees rapid DNA binding to the free ends [185]. Without KU cells experience dramatic disruptions 

of DSB rejoining resulting in chromosomal aberrations through error prone break repair, increased 

sensitivity to ionizing radiation, aneuploidy, and mutagenesis [183, 186-190] 

Next (II), the DNA-PK catalytic subunit (DNA-PKcs) a member of the phosphoinositide 3-

kinase-related kinase (PIKK) family [191] joins KU to form an enzymatically active complex named 

DNA-PK. DNA-PK promotes juxtaposition and tethering of the ends. The combined DNA-PK and KU 

holoenzyme also serves as a binding platform for following repair factors. DNA-PK undergoes 15 auto-

phosphorylation events [192-196] and phosphorylates KU. The deletion of Prkdc, which codes for the 

DNA-PKcs, results in decreased C-NHEJ function. This defect manifests in IR sensitivity in certain cell 

types and disrupted Variable-Diversity-Segment (V(D)J) recombination, a process which rearranges 

genetic information in maturating lymphocytes [197]. The following step (III) which eventually results in 

ligation is flexible. The order and participation of processing factors such as nucleases and polymerases 

depends on the presentation and quality of the free ends, which the system encounters. Non-ligatable 

residues are processed by a number of kinases/phosphatases, nucleases (WRN, MRE11, ARTEMIS, 

EXO1), polymerases, helicases (RECQ1) to produce compatible DNA ends [198]. For the following step, 

again KU presence is required to recruit the ligation complex comprising of DNA ligase IV, 

XRCC4/CERNUNNOS, XLF and PAXX [185, 199-202]. The exact sequence in which the processing 

steps take place remains uncertain. However, it has been proposed that in cases of low complexity of the 

DSB surrounding DNA damage, the processing steps can be omitted allowing for a simple ligation 

following KU binding. Accordingly, highly complex structures rely more heavily on the catalytic activity 

of DNA-PK and the processing factors [203, 204]. The remaining step, the removal of KU, leaves many 

questions open. Due to its high affinity to DNA and the fact that in the process of ligation KU translocates 

proximally and away from the free ends, it could become trapped after the repair is concluded. Various 
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DNA repair models have been applied to date, suggesting that either proteasomal degradation or nicking 

of the DNA allows KU to be removed from the site [205-208]. A recent study from the Jackson lab 

suggests the neddylation pathways as the responsible mechanism to release KU from the site of former 

damage [209]. 

 

 

1.7.3 Alternative End Joining 

The A-EJ is considered an intermediate between HRR and C-NHEJ as it shares certain characteristics of 

each pathway. The molecular interactions in A-EJ are not yet fully characterized, however it is considered 

the most error prone of the three pathways due to sequence deletions [210]. The A-EJ employs micro 

homology sequences of 5-25 bp flanking the break to prepare for DSB repair, which represents its 

foremost distinguishing property. The application of homology sequences that are distant from the DSB 

results in extended resection and therefore loss of genetic information. It is the source of the mutagenic 

properties of A-EJ [172, 210-212]. In stark contrast to HRR, there is no requirement for a homolog to be 

used as a template, therefore A-EJ is theoretically active throughout the cell cycle but secondary to C-

NHEJ [211, 213, 214]. C-NHEJ repair attempts can result in the employment of A-EJ as the cell rarely 

encounters perfectly compatible DSB ends. In absence of functional C-NHEJ, such as in KU and 

XRCC4/CERNUNNOS knockout cells, reporter plasmid assays revealed an elevated rate of deletions 

during residual ligation events [215, 216]. This resulted in the recognition of A-EJ as a related but partly 

distinct pathway from C-NHEJ, frequently defined as an end joining event that is KU and LIGIV 

independent. In contrast to C-NHEJ mechanism, the A-EJ can be summarized in at least three main steps. 

First, the two DNA ends must be recognized and held together, associated with PARP1 and MRN. 

Several end processing steps follow, including the operation of factors such as PNK, FEN1, XPF-ERRC1, 

CTIP and POL δ, λ and ɵ [217]. While all above mentioned factors function in other repair pathways, the 

third and final step that is the ligation being carried out by LIGIII or LIGI define the distinction of A-EJ 

[210]. 
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1.7.4  Regulation of DNA double strand break resolution and the competition of pathways 

Among the three repair pathways, HRR is considered the least error prone. However, it is only available 

during S-phase and G2 when a suitable homologue is available in close proximity. It appears therefore 

intuitive that cellular decision-making processes would take a cue from the cell cycle, which provides the 

information that a homologous template is available. The choice of the pathways is linked to cyclin 

dependent proteins [218], which regulate end resection and therefore the competition of proteins such as 

MRN complex and KU for DNA DSB end binding [173]. Resection is defined as the generation of 

ssDNA from a DSB. It requires nucleolytic degradation of the 5'-terminated strands to generate 3'-ssDNA 

tails. It is the deciding step in preventing the binding of KU, thus committing the cell to HRR. 

In the absence of resection stimulating signals from CDK proteins, KU binds DSB ends therefore 

preventing resection promoting enzymes such as MRN and CTIP and nucleases from accessing and 

resecting the ends [184]. In absence of KU, HRR is promoted [219]. On a more upstream level, BRCA1 

is known to promote resection [220], whereas 53BP1 counteracts it [221]. While exact mechanisms are 

yet to be understood, the 9-1-1 complex is proposed to have an enhancing role in regulating resection, and 

thus regulating the pathway choice for the repair of the break [128]. Other than in C-NHEJ, KU and 

DNA-PK are dispensable for the ligation. Studies in cell lines deficient for elements of C-NHEJ show an 

increased use of A-EJ both in combatting IR induced damage as well as in V(D)J recombination (Figure 

1.7). 

 

 

1.8 Epistatic effects in DDR genes predict molecular interactions 

ATM and HUS1 

Any member of the ATR pathway is essential, thus null mutants cannot be viable. The sister pathway led 

by the ATM kinase, responds to DSB breaks, with Atm inactivation yielding viable mice, with some 

features of Ataxia Telangiectasia, the genome instability disorder coining the name for the ATM kinase. 

Even though ATR and ATM pathways respond to different types of DNA damage, cross-talk between 
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pathways has been proposed early on [222]. In order to dissect the molecular relationship between the 

ATR and ATM pathways, an ATM-/-Hus1neo/∆1 mutant mouse was created by our lab [113]. A hypomorph 

mutant of HUS1 that is viable although suffering from genome maintained defects, proved to be synthetic 

lethal in Atm-/- background. With partial HUS1 inactivation through combination of two Hus1neo alleles in 

Atm-/- background a viable model emerged. Atm-/- Hus1neo/neo mice were born at reduced Mendelian ratios 

and suffered from a dwarfism phenotype combined with cranio-facial abnormalities. This study 

confirmed a cooperative relationship between the ATR and ATM pathways, in which simultaneous 

disabling of Hus1 and Atm resulted in a synthetic lethal phenotype or increased genomic instability 

phenotype with a HUS1 dose dependent regulation of severity. 

 

RAD54 and HUS1 

Cells with Hus1 deficiency show defects in HRR and spontaneous genomic instability. RAD54 is an 

auxiliary protein in HRR. Simultaneous disabling of Rad54 and Hus1 was predicted to aggravate HRR 

defects as well as overall genomic instability through a synthetic sick interaction as is currently under 

investigation in a parallel study in the Weiss lab. Mice that are defective for both Rad54-/-Hus1neo/∆1 

showed signs of early aging and mild skeletal abnormalities. Furthermore, the mice showed elevated rates 

of genomic instability in peripheral blood, infertility and genotoxin sensitivity. Preliminary results 

suggest that MEFs defective for both Rad54 and Hus1 have increased genotoxin sensitivity. In survival 

assays MEFs defective for both Rad54 and Hus1 showed increased chromosomal instability as seen in 

metaphase chromosome analyses (Lim et al. unpublished data). Taken together, this model of dual 

inactivation of genes acting in related pathways shows promise of deepening the understanding of the 

interplay between the pathways as well as revealing novel function of its individual proteins of interest. 
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PRKDC and ATM 

Another example of how dual deactivation of related pathways can become a powerful tool of synthetic 

lethality was revealed by Gurley et al. As observed in similar examples where single mutants displayed 

mild phenotypes but showed epistatic exacerbation when combined, they bred Prkdc with Atm mutant 

mice. While causing phenotypes of genomic instability and IR sensitivity when inactivated in mice, 

neither the DNA-PK nor ATM kinase are essential for embryogenesis. The combined defect was 

embryonic lethal, displaying dramatic effects of synthetic interaction when combining inactivation of 

DDR genes [223]. 

 

LIGIV and RAD54  

In order to elucidate the interaction between HRR and C-NHEJ, Mills et al. generated mice that harbor a 

dual deficiency for RAD54 and LIGIV [224]. LIGIV null mice show a sever phenotype involving 

embryonic lethality, likely mediated through P53 mediated neuronal apoptosis. Additional P53 

inactivation rescues viability, however the mutants suffer from proliferation defects, substantial IR 

sensitivity, and genomic instability as well as neuronal defects and a Severe Combined Immuno-

deficiency (SCID) phenotype [225, 226]. RAD54 mice on the other hand, appear mostly normal [227] 

with only subtle sensitivity to HRR challenges. In order to study RAD54 function in absence of C-NHEJ 

activity, RAD54 null mice were bred in LIGIV null background. The authors observed that dual 

impairment in addition to RAD54 resulted in severe DSB repair and proliferation defects in cells, 

although the mice were viable. This revealed a cooperation of LIGV and RAD54 in repair of DSBs, 

maintenance of chromosomal and genomic integrity. 

With a similar rationale, Couёdel et al. generated crosses between RAD54 and KU80: Double 

mutant mice had decreased survival rates, severe IR sensitivity and displayed fertility defects, again 

uncovering a novel interaction between C-NHEJ and HRR pathways [228]. 
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1.9 Summary 

The DNA damage response system provides the tool kit that allows cells to maintain and repair their 

genome. At the hub of the DDR stand two serine/threonine- phosphor kinases, ATM (Ataxia 

Telangiectasia mutated) and ATR (Ataxia telangiectasia Rad3-related) driving checkpoint and repair 

regulation. Proteins featured in checkpoints and repair pathways such as P53, RB, P21, BRCA1 and 

BRCA2 were increasingly found mutated in human and animal tumors, prompting the interest for further 

research. Other DDR proteins when mutated conferred complex syndromes such as in the cases of the FA 

Syndrome, Li-Fraumeni-Syndrome, Seckel-Syndrome or Xeroderma Pigmentosum.  

These syndromes shared features such as tumor proneness, sensitivity to DNA damaging agents 

as well as proliferation and repair defects. Deepening analyses in the molecular interaction of these and 

other syndromes revealed crucial roles for DDR proteins in protecting the genome, controlling the cell 

cycle and protecting development. With the identification of tumor suppressor and oncogenes, the 

therapeutic potential that manipulating the DDR system held, crystallized. Scientists understood that 

cancer cells benefit from genetic alteration, but they do so in a controlled manner. Selection for 

advantageous mutations allows tumor to adapt to their changing environment and toxic challenges. 

However, if the subtle balance in mutations spirals out of control, genomic instability can harm tumor 

cells. Furthermore, while disabled DNA repair elements can allow tumor cells to thrive, they also bear the 

risk of leaving a tumor cell defenseless in the face of medically inflicted damage in the form of 

chemotherapy drugs.  

The concept of synthetic lethality exploits this fragile balance: With increasing knowledge on an 

individual tumors genome and the weaknesses it is bearing; a targeted approach is increasingly 

applicable. Multiple synthetic lethality drugs are already in clinical trials. BS1-201, a PARP1 inhibitor 

has progressed into phase 3 of clinical trials, with multiple inhibitors of MGTM, CHK1 and P53 in phase 

one or two in the pipelines. However, as recurrences and metastatic disease prove, cancer is capable of 

changing its genome to grow resistant. 
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9-1-1 is a DNA sliding clamp with growing importance in the field of DDR. Its role in ATR checkpoint 

activation and genome maintenance is well described. However, as a regulatory hub for multiple repair 

pathways it is an important candidate in the search for new cancer drug targets that are capable in 

exploiting non-oncogene addictions in tumors. The purpose of molecular interactions between 9-1-1 and 

various binding partners is yet to be explored.  

In chapter two I analyze implications for HUS1 in ICL repair. I base this study on prior findings 

discovered in the lab that showed phenotypes for HUS1 that resembled those found in FA and HRR 

defective cells. I employ interaction screens to identify potential binding partners and Hus1-deficient cells 

to test possible roles for HUS1 in ICL resolution.  

In analyzing the role of HUS1 I will gain insight in the decision making process between HRR 

and C-NHEJ. Both pathways are specialized in the repair of DSBs. During S-Phase, they compete for the 

right of way at DSB ends. In light of the redundancy of pathways, it is important to monitor 9-1-1 

function in a C-NHEJ defective background. The generation of a Prkdc-/- Hus1neo/∆1 double mutant mouse 

will allow insights into DSB repair regulatory mechanisms that have been proposed for HUS1. 

Furthermore, possible synergistic interactions, applicable for future drug discovery can be revealed 

through this study. 
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2.1  Abstract 

DNA interstrand cross-links (ICLs) induced by chemotherapeutics such as Mitomycin C (MMC) are 

highly toxic to cells as they block replication and transcription. To combat the negative impact of ICLs, 

mammalian cells launch a multifaceted repair response that includes the FA pathway. Here, we establish a 

requirement for the RAD9A-RAD1-HUS1 (9-1-1) checkpoint clamp, for activation of the FA pathway 

and proper resolution of ICLs. Hus1-deficiency disrupted MMC-induced chromatin loading of the FA 

signaling protein FANCD2, resulting in radial chromosome formation and significantly increased cellular 

sensitivity to MMC. In addition to physically associating with several FA proteins, the 9-1-1 complex 

also was necessary for loading of the critical repair protein RAD51 onto DNA at MMC-induced ICLs but 

not at DNA breaks caused by ionizing radiation. Taken together, the results suggest a model in which the 

scaffolding activity of the 9-1-1 complex coordinates multiple signaling and repair proteins required for 

efficient and accurate ICL repair.  

 

 

2.2  Introduction 

DNA is constantly exposed to endogenous and exogenous insults, resulting in DNA lesions which if left 

unrepaired disrupt replication and transcription, and can cause genomic instability and cancer. On the 

other hand, sensitivity to genotoxin-induced damage has been exploited in cancer treatment, as highly 

replicative transformed cells have an increased sensitivity to DNA damage. Among the 

chemotherapeutics used clinically are agents that induce ICLs, covalent linkages between the 

complementary DNA strands. ICLs prevent DNA unwinding and thus interfere with transcription, 

replication and recombination. Mitomycin C (MMC) is a prototypical ICL inducer used in the treatment 

of certain cancers. 

ICL repair is carried out in most part by the members of the FA pathway. FA is a rare genetic 
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disorder characterized by cancer susceptibility, bone marrow failure, and congenital abnormalities 

hypothesized to occur due to defective ICL triggered repair responses. FA pathway activation begins with 

the sensing of ICLs by the FA core complex protein FANCM and associated proteins [146], followed by 

the assembly of the remaining core complex proteins at the ICL. The FANCL component of the core 

complex serves as a ubiquitin ligase that targets the FANCI/FANCD2 (ID) heterodimer, enabling its 

localization to damage sites [155]. The ID heterodimer coordinates the actions of a number of 

downstream players, including XPF1-ERRC1 and FAN1 in collaboration with SLX4 [160, 162-164] 

which carry out the unhooking of the lesion. After translesion synthesis (TLS) restores the template [229], 

HRR synthesizes the missing information [141]. 

One consequence of FA pathway dysfunction, as seen in clinical cases, is the formation of 

aberrant chromosomal structures known as radial chromosomes. Radial chromosomes are believed to 

reflect failure of HRR in DSB repair and use of error-prone mechanisms such as the C-NHEJ pathway 

[167]. During HRR, DSBs are resected to create 3’ ssDNA overhangs that give rise to RAD51 

nucleofilaments which invade an intact template duplex (reviewed in [230]). The observation that cells 

deficient in FA core proteins are proficient in repairing ionizing radiation (IR) but not ICL- induced DSBs 

[231], highlights the distinct nature of ICL lesions and the requirement for specialized repair processes.  

Another element of the cellular response to DNA lesions such as ICLs are the DNA damage 

checkpoint signaling pathways that regulate cell cycle progression, coordinate DNA repair, and mediate 

other responses that protect genomic integrity. Of particular relevance during ICL responses is the 

checkpoint pathway headed by the kinase ATR. When exposed single strand DNA (ssDNA) accumulates 

at ICLs or other lesions, it becomes coated by RPA facilitating the recruitment of ATR and its binding 

partner ATRIP, as well as the heterotrimeric RAD9A-HUS-RAD1 (9-1-1) complex. The 9-1-1 complex is 

structurally similar to the sliding clamp PCNA and like PCNA is loaded onto recessed DNA ends by a 

clamp loader, where it serves as molecular scaffold [232]. One binding partner of 9-1-1 is TOPBP1, 

which interacts with the C-terminal tail of RAD9A and then stimulates the ATR kinase through its ATR 

activating domain [70]. Activated ATR phosphorylates downstream effectors including the kinase CHK1, 
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which further transduces the DNA damage signal [233], resulting in cell cycle arrest and initiation of 

DNA repair, or apoptosis in case of severe damage. The phosphorylation of core complex proteins by 

ATR and the FA pathway is activated through phosphorylation of FANCI [119] by ATR, and the 

phosphorylation of core complex components [150] which is followed by monoubiquitination of the ID 

dimer, marking the activation of the FA pathway. 

In addition to promoting ATR activation and checkpoint signaling, the 9-1-1 complex also 

executes ATR-independent repair functions through direct interactions with a variety of effectors. 9-1-1 

subunits have been reported to interact with protein from BER, NER, TLS, HRR repair pathways [110, 

118-122, 128]. Notably, disruption of putative effector binding sites on the exterior surface of the HUS1 

subunit causes genotoxin hypersensitivity without affecting TOPBP1 binding or ATR activation [101]. 

The 9-1-1 complex was previously shown to be essential for resistance to ICL inducing agents, 

both in cultured cells and in mice [115, 116, 234]. Moreover, a recent proteomic analysis established 9-1-

1 complex recruitment to ICL containing chromatin, which preceded both FANCD2 and RAD51 loading 

[124]. Here we build on these findings by showing that the 9-1-1 complex acts at multiple steps during 

the cellular response to ICLs. Consistent with observations that Hus1-deficiency causes hallmark features 

of a FA defect, including MMC hypersensitivity and susceptibility to radial chromosome formation, we 

found that the 9-1-1 complex physically interacts with several FA proteins and is required for FANCD2 

focus formation after MMC exposure. Furthermore, 9-1-1 is necessary for RAD51 recruitment to DNA 

following MMC treatment, indicating a central role for the checkpoint clamp at multiple steps during ICL 

repair.  

 

2.3  Materials and Methods 

 

Cell culture and treatments 

MEFs of Hus1-/-p21-/- and Hus1+/+p21-/-, Hus1-/-p53-/- and Hus1+/- p53-/-, cells were described before [95]. 

MEFs were grown in DMEM with 10% BCS cells and 1% Penicillin-Streptomycin, 1% NEA and 1% L-
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Glutamine. Transfected or infected cells were maintained in 1.83g/ml puromycin selection medium.  

MEFs from FANCD2 [235] and FANCA [236] null mice (129 background) and controls were generated 

from 13.5 days old embryos, immortalized with large T antigen virus [237]. Cells were grown in DMEM 

with 10% BCS cells and 1% Penicillin-Streptomycin, 1% NEA and 1% L-Glutamine. In brief, MEFs 

were seeded in 60 mm dishes and after 24 hours were treated with 2.5ml of Phoenix medium containing 

2.5 l Polybrene (Sigma-Aldrich) per dish and 250 l of large T virus. Cells were puromycin (Fisher 

Scientific) selected by feeding cells with 10% BCS 1% Penicillin-Streptomycin, 1% NEA and 1% L-

Glutamine medium containing 1.5ug/ml puromycin. Cells were maintained in 1.83 g/ml puromycin 

selection medium. Plasmids, vectors and transfection and infection methods are described in Co-

Immunoprecipitation, Immunoblotting and Constructs. All plasmids contained mouse DNA with the 

exception of Co-IP experiments which used human DNA. FANCI-HA plasmids were a generous gift 

from Dr. Tony Huang. 

 

Survival assays  

Short term viability assays with MMC (Abcam) were carried out by seeding 20,000 cells in triplicate in 6-

well plates 24 hour prior to treatment with and without genotoxin. Control cells were treated with either 

DMSO, 0.25g, 0.50g, or 1.00g for 1 hour. Cells were counted 72 hours post-treatment using a 

hemocytometer. For trioxsalen treatment, 5,000 cells were seeded in triplicate in 6-well plates 48 hours 

prior to treatment. Cells were treated for 20 minutes with either DMOS, 100M, 1M, or 0.1M of 

trioxsalen and then activated with 2.5 J/cm2 of UVA by exposing cells in 6- well dishes to UVA light for 

10 seconds. 72 hours post treatment cells were counted using a hemocytometer. Percent survival was 

calculated by dividing the average of cells treated with genotoxin by cells untreated. Error bars ± SD. 

Statistical analysis was carried out by Student’s T-test, and p-values of <0.05 were considered significant. 
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Immunofluorescence Staining  

For IF staining cells were seeded on 0.01 % gelatin coated glass coverslips in 6 well dishes and allowed 

to attach for 24 hours. Then cells were treated with 5 µM Hydroxyurea, 2 g/ml of MMC or 10 Gy of IR 

at indicated time points. When staining for FANCD2, cells were pre-extracted with 0.5 % Triton-X 100 

for 1 min before fixation with 4% PFA for 20 min at RT. Following fixation cells were washed in 1X 

PBS, then permeabilized with 0.5 % NP40 for 20 min. Cells were then blocked in PBG (0.2% cold water 

fish gelatin (Sigma G-7765) and 0.5% BSA (Sigma A-2153) for 20 minutes and incubated in primary 

antibody solution at a concentration of 1:500 (FANCD2 Abcam ab2187) overnight. The next day, cells 

were triple rinsed in 1X PBS and incubated in a 1:1000 dilution of secondary antibody (Alexafluor 488 

A11034 anti-rabbit) for two hours in the dark. Cells were mounted in DAPI containing 0.05% DAPI 

mounting medium and imaged the same day using a Leica DMRE fluorescence microscope. For γH2AX 

immunofluorescence staining cells were grown and treated as above but fixed with methanol, triple rinsed 

in 1X PBS and permeablized in 3% BSA (Sigma). Next, cells were incubated with anti-γH2AX 

(Millipore) primary antibody and goat anti-mouse Alexa Fluor 488 secondary antibody. 

Immunofluorescence co-staining was performed on Hus1-/-p21-/- MEFs stably expressing WT or mutant 

mHUS1-3XFLAG proteins. Cell were grown and treated as described above, then immunostained with 

mouse α-FLAG (Sigma-Aldrich) and rabbit α-FANCD2 (Novus Biologicals) primary antibodies 

overnight one antibody at a time. Alexa Fluor 488 goat α -mouse and 555 goat α-rabbit secondary 

antibodies (Life Technologies X) were used for IF detection according to antibody manufacturer’s 

instruction. 

For RPA staining, cells were pre-extracted with 0.1% Triton X-100 for 1 minute then fixed in 

10% phosphate buffered formalin following 10% goat serum block and rat anti-RPA antibody (Cell 

Signaling). For RAD51 staining, cells were fixed in 4% PFA followed by 15 min of permeabilization in 

0.5% Triton X-100 and 3% BSA block. The antibody used was purchased from Calbiochem. Cells were 

mounted in DAPI containing 0.05% DAPI mounting medium and imaged the same day using a Leica 

DMRE fluorescence microscope. 
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For BrdU staining, cells were pre-treated with 0.03 mg/ml BrdU for 48 hours to allow for incorporation 

into the DNA. Then, cells were treated with 2 µg of MMC for 16 hours. After MMC treatment, one HCL 

control was denatured with 2 M HCL solution for 30 minutes. The remaining conditions, were fixed in 

4% PFA followed by 15 min of permeabilization in 0.5% Triton X-100 and 3% BSA block. The antibody 

used was purchased from Cell signaling (Bu20a) Mouse mAb #5292. Cells were mounted in 0.05% DAPI 

containing mounting medium and imaged the same day using a Leica DMRE fluorescence microscope. 

 

Metaphase spread preparation 

MEFs were seeded in 10 cm dishes and grown until 70% confluence was reached. Then, cells were 

treated with 0.10 μg/ml, 0.20 μg/ml, 0.30 μg/ml or 0.40 μg/ml of MMC for 24 hours. Cells were then 

incubated in 0.10 μg/ml Colcemid for 1 h. Cells were then harvested by trypsinization, incubated for 7 

min at 37°C in hypotonic buffer (0.034M KCl, 0.017M Na3C6H5O7), and fixed for at least 20 min at 4°C 

in 75% methanol-25% acetic acid three times. Cells in fixative were then spotted onto microscope slides 

and stained with 2.0% Giemsa in Gurr buffer (pH 6.8). Chromosomal abnormalities were scored based on 

standard guidelines [238]. 

 

Co-Immunoprecipitation, Immunoblotting and Constructs 

To analyze the interaction of HUS1 with FANCD2, FANCG and FANCI protein, HEK293T cells 

transiently transfected with human pCMV-Hus1-3xFLAG, or pCMV- Hus1-HA and FancI-HA or 

FancG-3xFLAG constructs were treated with 0.5 µg/ml of MMC or DMSO as control. After 24 hours of 

treatment, the cells were fractionated to isolate nuclear fraction and subsequently protein lysates are 

prepared for co-IP analysis. Lysates were incubated with Anti-Flag M2 resin (Sigma) or Anti-HA 

antibody (Covance) overnight before immunoblotting. For analysis of HUS1 mutants’ interaction with 

FANCI and FANCD2, HEK293T cells were transiently transfected with pCMV-3XFLAG construct 

containing either wildtype human Hus1, pCMV- Hus1-R4D (PM1), pCMV- Hus1-V151Y (PM3) or 

pCMV- Hus1-R4D+V151Y (PM4). Cells were treated with 0.5 µg/ml of MMC, before fractionation and 
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cell lysate preparation described above. Lysates were incubated with Anti-FLAG resin. 

Immunoprecipitates and total cell lysates (input) were resolved by SDS-PAGE. Standard immunoblotting 

procedures were performed using antibodies specific for FLAG M2 (Sigma-Aldrich), HA (Covance), and, 

FANCD2 (Novus Biologicals). Analysis on γH2AX was assessed by immunoblotting using antibodies 

against γH2Ax (S139) (Millipore), RPA70 (Santa Cruz) and Actin (Sigma-Aldrich).  

 

Chromatin fractionation Hus1-/-p21-/- MEFs stably expressing mouse WT, PM4 or A6 HUS1 protein 

were treated with 0.5 µg/ml of MMC overnight before fractionating the cells as described in [239] with a 

few modifications. Cells were hypotenized using Buffer 1 (10 mM HEPES, pH 7.9; 10 mM KCl; 1.5 mM 

MgCl2; 0.34 M sucrose; 10% glycerol; 1mM DTT; 0.3 mM PMSF) for 5 minutes, before centrifuging 

them at 5000g for 5 minutes to separate the cytoplasmic (supernatant) and nuclear fraction (pellet). The 

pellet (nuclear fraction) was lysed using Buffer 2 (3 mM EDTA, 0.2 mM EGTA, 1 mM DTT, 0.3 mM 

PMSF) and incubated for 30 minutes on ice. After centrifugation at 5000g for 5 minutes, the supernatant 

(soluble nuclear fraction) was collected and the pellet (chromatin fraction) was resuspended with Buffer 3 

(10 mM Tris-HCl pH 8.0, 5 mM KCl, and 1 mM CaCl2) along with 1 unit of Micrococcus nuclease. The 

solution was incubated at 37oC for 10 minutes before centrifuging at 14000 rpm for 10 minutes to 

produce the chromatin fraction in the supernatant. 0.5 µg of the chromatin fraction were used for 

immunoblotting. Immunoblotting was performed using specific antibodies against FANCD2 (Novus 

biologicals), Phospho-RPA32 (Bethyl), RA51 (CalBioChem), GAPDH (ImmunoAffinity), and histone 3 

(Abcam).  

 

LUMIER with BACON 

Lumier with bait control (BACON) was performed as described before [240]. 3xFLAG-tagged constructs 

were transfected in 96-well format in duplicates into HEK293T-derived reporter cell lines using 

polyethylenimine (Polysciences 24765). To avoid spatial gradients in transfection efficiency, plates were 

incubated at room temperature for 30 minutes before transfer to 37°C (5% CO2). Two days after 
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transfection, cells were washed in 1xPBS using an automated plate washer (Biotek ELx406) and lysed in 

50mM HEPES [pH 7.9]/150mM NaCl/10mM MgCl2/20mM Na2MoO4 (stabilizes metastable chaperone-

mediated protein interactions)/0.7% TritonX-100/5% glycerol, protease and phosphatase inhibitors, 

benzonase and RNAseA. The lysates were transferred with an automated liquid handler (Tecan) into 384-

well plates that had been coated with monoclonal anti-FLAG M2 antibody (Sigma-Aldrich, F1804) and 

blocked with 3% BSA/5% sucrose/0.5% Tween 20. Plates were incubated at 4°C for 3 h, after which 

plates were washed with HENG buffer [241] using an automated plate washer. Luminescence was 

measured with a plate reader (Perkin-Elmer Envision) using Gaussia Flex luciferase kit (New England 

Biolabs, E3308). To determine FLAG bait protein expression levels, after luminescence measurement, 

HRP-conjugated anti-FLAG antibody in ELISA buffer (1x PBS, 2% goat serum, 5% Tween 20) was 

added to wells. Plates were incubated for 90 minutes at room temperature and were subsequently washed 

in 1xPBS/0.05% Tween 20 with an automated plate washer. ELISA signal was detected using a 

chemiluminescent substrate (Thermo Scientific, 37069) and used for LUMIER Interaction Scoring. To 

avoid normalization artifacts due to the low expression of bait proteins, ELISA signal was used only 

qualitatively to determine which proteins were expressed. To correct for variability in cell number across 

wells, LUMIER signal was normalized against the luminescence of the total cell extract (5%). 

Background ratios fit a log-normal distribution, and thus we calculated z-scores for each protein-protein 

interaction. Three independent experiments were performed and average z-scores and standard deviations 

were plotted. 

 

 

2.4  Results 

2.4.1  9-1-1 complex dysfunction causes cellular hypersensitivity to DNA crosslinking agents and 

leads to ICL-induced radial chromosome formation. 

Previous findings indicated that Hus1-deficient cells are hypersensitive to ICL-inducing agents [115, 116, 

234]. To compare the degree of MMC sensitivity in Hus1-null cells to that of cells lacking Fanca or 
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Fancd2, we performed short term survival assays in MMC-treated and untreated control mouse 

embryonic fibroblasts (MEFs). Direct comparison among the cell lines revealed Hus1-null cells to be 

comparably sensitive to MMC as Fanca or Fancd2-null cells (Fig. 2.1A and B). To further characterize 

the response of Hus1-null cells to crosslinking agents, we used UVA-activated Trioxsalen, which induces 

a higher frequency of ICLs than monoadducts or intrastrand crosslinks [242]. Similar to the results with 

MMC, Hus1-null MEFs showed hypersensitivity to UVA-activated Trioxsalen (Fig. 2.1C). 

The sensitivity of Hus1-null cells to MMC and Trioxsalen/UVA was suggestive of failure to 

repair ICLs. We therefore directly monitored chromosomal integrity in these cells. Upon low dose MMC 

treatment, multiple independent Hus1-null MEF lines showed increased chromosomal damage relative to 

matched control cultures (Fig. 2.1D, 2.1E, 2.2A, and 2.2B), including chromosome breaks, fusion events 

and formation of radial chromosomes (Table 2). Radial chromosomes are thought to stem from error 

prone DSB repair and used as a pathognomonic tool in diagnosis of FA syndrome in human patients 

[243]. Together with the observations of MMC hypersensitivity in Hus1-null cells, these findings 

suggested a possible connection between 9-1-1 and the FA pathway. We previously determined that 

epitope tagged HUS1 localizes to nuclear foci following MMC treatment [116] and therefore tested 

whether the 9-1-1 clamp and the FA protein FANCD2 co-localized at damage sites. Indeed, FANCD2 and 

HUS1-FLAG co-localized in large punctate structures consisting of 5-10 smaller foci in a subset of 

MMC-treated cells. (Fig 2.1F). Thus, not only does 9-1-1 dysfunction cause cellular phenotypes 

characteristic of FA, but 9-1-1 and FA proteins co-localize after MMC treating, hinting at a possible role 

for the 9-1-1 complex in the FA pathway in response to ICL formation. 
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Figure 2.1. The 9-1-1 complex is required for proper DNA damage responses to MMC-induced 

lesions in mouse fibroblasts.  

A, B and C. Short term viability assay. A and B. Hus1-/- (Hus1-/-p21-/-), control (Hus1+/+p21-/-) FancD2-/- , 

FancA-/- and their respective controls (Hus1+/+p21-/- , Fancd2+/+,  Fanca+/+) were treated with either 

DMSO or MMC doses of  0.25g, 0.50g, or 1.00g for 1 hour and counted 72 h post treatment.   The 

proportion of viable cells relates to the untreated control as shown. C. Hus1-/- (Hus1-/-p21-/-) and control 

(Hus1+/+p21-/-) cells were treated with Trioxsalen for 20 minutes with doses of either 100M, 1.0M, or 

0.1M and then activated with 2.5 J/cm2 of UVA. Cells were counted 72 h post treatment. The proportion 

of viable cells relates to the untreated control as shown. The experiments in A, B and C were performed 

by Catalina Perreira. D and E. Metaphase chromosome analysis of Hus1-/- (Hus1-/-p21-/-) and control 

(Hus1+/+p21-/-) cells following mock treatment or treatment with 0.06 g/ml MMC for Hus1. F. 

Immunofluorescence co-staining for FANCD2 and FLAG in Hus1-3xFLAG complemented Hus1-/- 

(Hus1-/-p21-/-) cells following treatment with 2 µg/ml MMC for 24h. Cells were counterstained with 

0.05% DAPI. 
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Table 2. Chromosomal aberrations in Hus1-/- p21-/- and Hus1+/+ p21-/- control cells following MMC 

treatment a.   

Genotype Breaks/Gaps Fusions Acentrics Radials 

Hus1+/+ p21-/- (UNT) 3 5 4 0 

Hus1-/- p21-/- (UNT) 8 27 72 0 

Hus1+/+ p21-/- (MMC) 6 6 15 0 

Hus1-/- p21-/- (MMC) 139 143 303 24 
 

a Hus1-deficient and control cells were treated with Mitomycin C (MMC) at 0.06 g/ml for 24 hours or 

mock treated (UNT). Then chromosome spreads were prepared and 50 spread per condition were counted.  
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Figure 2.2. The 9-1-1 complex is required for proper DNA damage responses to MMC-induced 

lesions in mouse fibroblasts.  A and B. Metaphase chromosome analysis and quantification of Hus1-

deficient (Hus1-/-p53-/-) and control (Hus+/- p53-/-) cells following mock treatment or treatment with 0.06 

g/ml MMC for 24 h shown in independent cell line. Spreads categorized based on number of aberrations 

per spread.  
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2.4.2  HUS1 is required for FANCD2 focus formation and chromatin loading in response to ICLs.  

The formation of FANCD2 foci in MMC treated cells is a traditional readout of FA pathway activation. 

We therefore tested whether the 9-1-1 complex was necessary for FANCD2 focus formation. Whereas 

FANCD2 foci readily formed in Hus1-proficient cells after MMC treatment, they failed to form in 

multiple independent Hus1-null cell lines (Fig. 2.3A, 2.4A, 2.4B and 2.4C and 2.4D).  Importantly, this 

phenotype could be rescued by complementing the Hus1-null cells with a retroviral Hus1 expression 

construct, which restored nearly wild-type levels of FANCD2 formation (Fig. 2.3B and C), suggesting 

that the 9-1-1 complex is indeed required for FA pathway activation. To rule out the possibility that the 

FANCD2 defect was due to a reduced amount of DNA damage in Hus1-null cells, we performed staining 

for the histone variant γH2AX (Fig. 2.3D, and 2.4E). As early as 2 hours after treatment γH2AX focus 

formation occurred to a similar extent in Hus1-null and control cells, indicating that cells lacking Hus1 

failed to form FANCD2 foci despite experiencing MMC-induced damage. To confirm these findings in 

an independent assay, we performed chromatin fractionation on MMC-treated and control cells followed 

by immunoblotting. MMC-treated Hus1-proficient cells showed the expected significant increase in 

presence of FANCD2 on chromatin but this failed to occur in Hus1-null cells (Fig. 2.3E), further 

implicating the 9-1-1 complex in FA pathway signaling. 
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Figure 2.3. DNA crosslink-induced FANCD2 focus formation and chromatin binding are defective 

in Hus1-/- cells and can be rescued by Hus1 complementation. A, B. Immunofluorescence staining for 

FANCD2. A. Hus1-/- (Hus1-/- p21-/-) and control (Hus1+/+p21-/-) cells were treated with 1 µg/ml MMC for 

24h. Nuclei were counterstained with 0.05% DAPI. B. Hus1-/- (Hus1-/-p21-/-) and control (Hus1+/+p21-/-) 

cells complemented with Hus1, or GFP as a control, were treated and stained as in A. C. Quantification of 

the FANCD2 staining data shown in B. The number of FANCD2 foci per cell was counted in 50 cells per 

condition. D. Immunofluorescence staining for FANCD2 side by side with ɣH2AX. E. Immunoblot 

analysis of chromatin fractionating and whole cell lysate: Cells were treated with 0.5 g/ml of MMC and 

were fractionated to obtain the chromatin-bound proteins to perform immunoblotting with antibodies 

specific to FANCD2, phospho-RPA32 (S4/S8), RAD51, GAPDH and histone 3. GAPDH and histone 3 

served as fractionation controls. The experiment in E was performed by Darshil Patel. 
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Figure 2.4. DNA crosslink-induced FANCD2 but not yH2AX focus formation and chromatin 

binding are defective in Hus1-/- cells. A and C Immunofluorescence staining and quantification for 

FANCD2 in independent cell line. Hus1-deficient (Hus1-/-p53-/-) and control (Hus1+/-p53-/-) cells were 

treated with 1 µg/ml MMC for 24h. Nuclei were counterstained with 0.05% DAPI. B. Quantification of 

the FANCD2 staining data shown in Figure 2.3. D and E Quantification of the FANCD2 and yH2AX 

staining data as shown in Figure 2.3D.  The number of FANCD2 and yH2AX foci per cell was counted in 

50 cells per condition.  
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2.4.3  The 9-1-1 complex physically associates with multiple Fanconi Anemia pathway 

components. 

As a PCNA-like DNA clamp, the 9-1-1 complex directly interacts with a variety of effectors involved in 

DNA damage signaling and repair. The defective cellular and molecular responses to crosslinking agents 

in Hus1-null cells suggested possible association between 9-1-1 and FA proteins. To test for co-

localization between 9-1-1 and FA core complex proteins we performed Immunofluorescence 

experiments in presence and absence of HUS1 in MEFs1 (Fig. 2.5A, 2.6A, B, C). FANCA foci readily 

formed after MMC treatment in Hus1 wildtype cells, however reduced numbers of foci were seen when 

Hus1-deficient cells were used. To exclude off target effects from long term Hus1-deficiency we 

reintroduced functional copies of Hus1 into Hus1-deficient cells and observed a rescue of FANCA foci 

formation in response to MMC treatment (Fig. 2.5B and C) Taken together, 9-1-1 displayed both physical 

and functional interaction with FA core complex proteins when challenged with ICL-induced MMC. 
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Figure 2.5. DNA crosslink-induced FANCA focus formation is defective in Hus1-/- cells and can be 

rescued by Hus1 complementation. A, B. Immunofluorescence staining for FANCA. A. HUS1-/- (Hus1-

/-p21-/-) and control (Hus1+/+p21-/-) cells were treated with 1 µg/ml MMC for 24h. Nuclei were 

counterstained with 0.05% DAPI. B. Hus1-/- (Hus1-/-p21-/-) and control (Hus1+/+p21-/-) cells complemented 

with Hus1, or GFP as a control, were treated and stained as in A. C. Quantification of the FANCA 

staining data shown in B. The number of FANCA foci per cell was counted in 50 cells per condition.  
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Figure 2.6. DNA crosslink-induced FANCA focus formation is defective in Hus1-/- cells and can be 

rescued by Hus1 complementation. A, B and C Immunofluorescence staining for FANCA. A. 

Quantification of the FANCA staining data shown in Figure 2.5. The number of FANCA foci per cell was 

counted in 50 cells per condition. B Hus1-/- (Hus1-/-p53-/-) and control (Hus1+/+p53-/-) cells were treated 

with 1 µg/ml MMC for 24h. Nuclei were counterstained with 0.05% DAPI. C. Quantification of the 

FANCA staining data shown in B. The number of FANCA foci per cell was counted in 50 cells per 

condition. 
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To screen for potential physical interactions, we next performed (luminescence-based mammalian 

interactome mapping (LUMIER) assays [241]. In LUMIER, FLAG-tagged bait and Renilla luciferase-

tagged prey proteins are co-expressed in mammalian cells and their ability to interact is quantified by 

luciferase assay following FLAG IP, allowing for high throughput screening of potential protein-protein 

interactions. In this study, luciferase-tagged 9-1-1 subunits were individually expressed in 293T cells and 

then tested for interaction with FLAG tagged FA proteins, with luciferase-tagged PCNA serving as the 

negative control bait. Notably, LUMIER assays revealed that luciferase-tagged HUS1 or RAD9A-C 

(lacking the C-terminal tail of RAD9A) interacted with several FA proteins (Fig. 2.7A). RAD9A showed 

the most robust interactions with FA proteins, including FANCG, FANCL, FANCM, PALB2, SLX4 and 

FANCF (listed in decreasing score for strength of interaction). HUS1 on the other hand showed 

significant interaction with PALB2, FANCG, FANCL, FANCA, FANCF, SLX4 and FANCD2. Other 

pathway components fell just below our rigorous threshold for significance (z-score of 2) but nevertheless 

could be legitimate interactors, particularly since the LUMIER assay was done without genotoxin 

treatment. FANCC and FANCI were found to interact with luciferase alone and therefore were excluded 

from further analysis. Interestingly, RAD1 displayed only weak interactions with FA proteins but strongly 

associated with HUS1 as expected, suggesting that the assay reads out direct interactions rather than 

indirect contacts via associated 9-1-1 subunits. Overall, the findings from LUMIER assays suggest that 

the 9-1-1 complex may promote FA signaling by scaffolding several pathway components. 

We next validated the potential physical interactions by performing co-immunoprecipitation (co-

IP) experiments using FLAG-tagged HUS1 to detect either endogenous FANCD2 or HA-FANCI.  
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Figure 2.7. 9-1-1 subunits directly interact with multiple Fanconi Anemia pathway components. A. 

Mammalian yeast-two hybrid screen. LUMIER-BACON assay showing interactions for 

RAD9/RAD1/HUS1 and FA proteins. The experiment and analysis was performed by Dr. Gorgios 

Karras. B, C and D. Co-IP interaction between FANCD2, FANCI-HA and FANCG-3XFLAG with 

HUS1 was assessed by co-IP. Cells were treated with 0.5 g/ml of MMC or DMSO before preparing 

nuclear fractionation. Nuclear lysates were used to perform the IP using Anti-FLAG M2 resin and 

subsequently immunoblotting was performed with antibodies specific to FLAG M2, HA, and FANCD2. 

The experiment was performed by Darshil Patel. E and F. Co-IP with interactions between FANCD2 and 

FANCI-HA with HUS1-3xFLAG and HUS1 mutants. Nuclear proteins were isolated after treating the 

cells with 0.5 µg/ml MMC overnight. Nuclear lysates were used to perform the IP using Anti-FLAG M2 

resin and subsequently immunoblotting was performed with antibodies specific to FLAG M2, HA, and 

FANCD2. The experiment was performed by Darshil Patel. 
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Both subunits of the ID dimer weakly interacted with FLAG-tagged HUS1 in absence of damage 

inducing agents. MMC-induced damage caused a significant increase in the levels of HUS1 in the nucleus 

and triggered much greater co-IP of FANCD2 and HA-FANCI (Fig. 2.7B and C). To test interactions 

between 9-1-1 and an FA core complex component, we co-expressed HA-HUS1 and FLAG-FANCG and 

found that HUS1 and FANCG specifically interacted, again to a much greater extent in MMC-treated 

cells (Fig. 2.7D).  

9-1-1 complex subunits are believed to associate with binding partners via the outer surface of the 

clamp, paralleling the mechanism utilized by PCNA. We recently established that the outer surface of the 

HUS1 subunit features two functionally important hydrophobic pockets. The first is positioned similarly 

to the PIP box binding pocket of PCNA, and we disrupted this pocket by introducing the V151Y 

substitution mutation (termed PM3). A second distinct hydrophobic pocket is positioned closer to the 

subunit interface with RAD9A and could be disrupted with the R4D mutation (PM1). Cells expressing 

either PM1 or PM3 showed increased MMC sensitivity. The double mutant, R4D+V151Y (PM4) was 

associated with greater MMC sensitivity than either single mutant and was found to be greatly impaired 

for interactions with a known HUS1 binding partner, MYH1. Importantly PM4 and the other HUS1 out 

surface mutants were fully functional for clamp formation, chromatin loading, and activation of ATR 

checkpoint signaling, which is mediated by the RAD9A c-terminal tail. These mutants therefore provide a 

useful separate of function for distinguishing between the checkpoint signaling and signaling-independent 

roles of the 9-1-1 complex during a DNA damage response. When tested in the co-IP we saw a modest 

reduction in FANCD2 binding with PM3, a more substantial defect in both FANCD2 and FANCI binding 

with PM1, and the greatest disruption of binding in the PM4 double mutant (Figs. 2.7E and F). These 

results suggest that the both HUS1 outer surface hydrophobic pockets contribute to interactions between 

HUS1 and the ID dimer.  

We next tested the impact of the HUS1 outer surface mutations on FA signaling. MMC-induced 

FANCD2 focus formation was analyzed in Hus1-null cells complemented with wild-type Hus1, the Hus1 

mutants, or the empty vector. While wild-type Hus1 was able to rescue the defect in FANCD2 formation, 
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cells expressing the PM4 Hus1 mutant remained defective for FANCD2 focus formation, to the same 

extent as cells with the empty vector. (Fig. 2.8A). Since the PM4 mutant is competent for MMC-induced 

CHK1 phosphorylation by ATR, these results identify a checkpoint signaling-independent function 

mediated by the HUS1 outer surface in the formation of MMC-induced FANCD2 foci on chromatin. We 

also tested the ability of the Hus1 mutants to suppress chromosomal aberrations following MMC 

treatment (Fig 2.8B and C). As compared to cells complemented with wild-type Hus1, which eliminated 

MMC-induced radial chromosome formation, cells expressing the PM4 mutant showed an intermediate 

but modest increase in MMC-induced radial chromosomes (6 radials in 50 metaphases), suggesting that 

the HUS1 outer surface does contribute to this role although other factors also seem to be involved. As 

expected, cells expressing the empty vector showed elevated MMC-induced radial chromosome 

formation (23 radials in 50 metaphases). 
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Figure 2.8. The 9-1-1 complex is required for proper DNA damage responses to MMC-induced 

lesions in mouse fibroblasts and cannot be rescued by Hus1 surface mutant expression. A. 

Immunofluorescence staining for FANCD2 in Hus1-deficient (Hus1-/-p21-/-) cells complemented with 

PM4, A6 or empty vector. Cells were treated with 1 µg/ml MMC for 24h. Nuclei were counterstained 

with 0.05% DAPI. B and C. Metaphase chromosome analysis and quantification of Hus1-deficient 

(Hus1-/-p21-/-) cells complemented with PM4, A6 or empty vector following mock treatment or treatment 

with 0.06 g/ml MMC for 24h. Spreads were categorized based on the number of aberrations per spread. 
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2.4.4  9-1-1 promotes ICL resolution by promoting HRR repair 

When replication forks converge at an ICL during S-phase, the subsequent processing steps create a DSB 

that normally is repaired by HRR. The severe chromosomal aberrations observed in Hus1-null cells after 

MMC treatment (Fig. 2.1C, 2.1D, 2.2A, 2.2B, 2.8B and 2.8C) raised the possibility that the 9-1-1 

complex also might act later during ICL repair to promote accurate resolution events. After ICL 

unhooking creates a DSB, end processing allows the strand exchange protein RAD51 to form the 

nucleoprotein filament necessary for template strand invasion and error free repair. To assess these steps 

of HRR repair we first examined RAD51 focus formation. Remarkably, MMC-treated Hus1-null cells 

showed a complete absence of RAD51 foci at all investigated time points (Fig. 2.9A and C). Similar 

results were observed with another replication stress inducing agent, hydroxyurea (HU), but following IR 

both Hus1- null and –proficient cells formed RAD51 foci (Fig. 2.9B and D). Further time course analyses 

revealed that the number of RAD51 foci after IR was slightly decreased in Hus1-null cells, unlike the 

fully defective response to MMC or HU (Fig. 2.9D, 2.10A). γH2AX phosphorylation was comparable in 

Hus1- null and –proficient cells following MMC, HU, or IR (Fig 2.11A), establishing a lesion-specific 

requirement for HUS1 for RAD51 loading.  

Several potential molecular defects could account for the observed failure of RAD51 loading. 

RAD51 nucleoprotein filament formation requires ssDNA reviewed in [244], and 9-1-1 has previously 

been implicated in end resection [123]. RAD51 focus formation also requires RPA coating of the ssDNA 

[244]. Although a defect in RPA coating might have explained the failure of RAD51 loading, IF 

confirmed the presence of RPA on chromatin in Hus1- null cells following IR, HU or MMC (Fig. 2.9F, 

2.11A and 2.12C). We proceeded to confirm these results in an independent assay using chromatin 

fractionation.  
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Figure 2.9.  9-1-1 governs post-MMC DSB resolution through promotion of HRR repair. A and 

B. Immunofluorescence staining for RAD51 in Hus1-/- (Hus1-/-p21-/-) following treatment with 2µg/ml 

MMC or 10Gy of IR over a time course. Cells were counterstained with 0.05% DAPI. C and D. 

Quantification of A and B. Time course experiment was carried out once, with individual time points 

repeated in other experiments. Means are shown. Error bars in D are SEM, obtained using 5 optical field 

values in one experiment. E. Immunofluorescence staining for BRDU in Hus1-/- (Hus1-/-p21-/-) following 

treatment with 2 µg/ml MMC or 6mmol HU. HCL treatment as positive control. Cells were 

counterstained with 0.05% DAPI. F. Immunofluorescence staining for RPA in Hus1-/- (Hus1-/-p21-/-) 

following treatment with 2 µg/ml MMC, 6mmol HU or 10 Gy IR. Cells were counterstained with 0.05% 

DAPI. G and H.  Immunoblotting analysis of chromatin fractionation and whole cell lysate. Cells were 

treated with 0.5 g/ml of MMC. Fractions and WCL were immunoblotted with antibodies specific to 

FANCD2, phospho-RPA32 (S4/S8), RAD51, GAPDH and histone 3. GAPDH and histone 3 served as 

fractionation controls. The experiments in E,F,G and H were performed by Darshil Patel. 
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Figure 2.10.  HUS1 is required for RAD51 function  in response to interstrand cross-links. A. 

Immunofluorescence staining for RAD51 in Hus1-deficient (Hus1-/-p21-/-) and control (Hus1+/+ p21-/-) 

cells were treated with 1 µg/ml MMC or 10Gy of IR for a time course from 2 to 24h. Nuclei were 

counterstained with 0.05% DAPI. B.  Immunofluorescence staining for RAD51 in Hus1-deficient (Hus1-/-

p21-/-) cells complemented with PM1, PM3, PM4, A6 or empty vector. Cells were treated with 1 µg/ml 

MMC for 24h. Nuclei were counterstained with 0.05% DAPI. 
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Figure 2.11. RAD51 defect in chromatin binding is ICL specific. 

A. Immunofluorescence staining for yH2AX, RPA and RAD51 carried out side by side, in Hus1-deficient 

(Hus1-/-p21-/-) and control (Hus1+/+ p21-/-) cells. Cells were treated with 1 µg/ml MMC, 10 Gy of IR or 0.5 

mmol of HU for a time course from 2 to 24h. Nuclei were counterstained with 0.05% DAPI. B. 

Immunoblotting analysis of chromatin fractionation and whole cell lysate in Hus1-deficient (Hus1-/-p21-/-) 

cells complemented with PM1, PM3, PM4, A6 or empty vector. Cells were treated with 0.5 g/ml of 

MMC. Fractions and WCL were immunoblotted with antibodies specific to FANCD2, phospho-RPA32 

(S4/S8), RAD51, GAPDH and histone 3. GAPDH and histone 3 served as fractionation controls.  
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Consistent with the IF results, RAD51 accumulation on chromatin was severely impaired in MMC treated 

Hus1-null cells containing the empty vector as compared to those complemented with wild-type HUS1 

(Fig. 2.9F). Also in line with our earlier findings, MMC-induced chromatin loading of FANCD2 was only 

observed in the presence of HUS1. On the other hand, RPA accumulation on chromatin following MMC 

in both Hus1- null and Hus1 proficient cells. However, the RPA immunoblots revealed a mobility shift in 

lysates from MMC-treated Hus1- null cells, suggestive of RPA hyper-phosphorylation. Because RPA 

hyper-phosphorylation at S4/S8 by ATM and/or DNA-PKcs has been suggested to suppress RAD51 

loading [245] we monitored phosphorylation of this site and observed a dramatic increase in phospho 

(S4/S8)- RPA in MMC-treated Hus1- null cells. To test whether RPA hyper-phosphorylation was 

responsible for the RAD51 loading defect, we attempted to block RPA hyper-phosphorylation by treating 

cells with the DNA-PK inhibitor NU7441 and the ATM inhibitor KU55933. Kinase inhibitor treatment 

failed to restore RAD51 loading in MMC-treated Hus1-null cells. However, while the kinase inhibitors 

reduced the total level of RPA hyper-phosphorylation in MMC-treated Hus1-null cells but they did not 

reduce the phosphorylation of chromatin-bound RPA, leaving a possible role for RPA phosphorylation in 

the RAD51 loading defect (Fig. 2.12A).  

To further understand the HUS1 functions that modulate RPA and RAD51 dynamics, we tested 

the same parameters in cells expressing the separation of function or loss of function of HUS1 mutants. In 

IF assays, both the outer surface (PM4) and inner surface (A6) Hus1 mutants were defective for 

supporting RAD51 focus formation, yielding results similar to those in Hus1-null cells containing the 

empty vector (Fig. 2.11B). In chromatin fractionation assays, the A6 mutant was unable to support 

RAD51 localization to chromatin, similar to the results from the IF assay. However, the outer surface 

PM4 mutant showed only a partial defect in RAD51 loading functions suggesting that checkpoint 

signaling cannot be ruled out. These findings establish that the HUS1 outer surface plays an important 

role in promoting DSB resolution at ICLs. 
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Figure 2.12. HUS1 regulates the loading of RPA and RAD51 as well a ssDNA generation at the 

chromatin in context of ICL repair. 

A. Immunoblotting analysis of chromatin fractionation and whole cell lysate. Treatment with the addition 

of ATM and DNA-PK inhibitor and MMC as indicated. B. Quantification of BRDU staining from figure 

2.9. C. Quantification of RPA staining from figure 2.9. 
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although this level of loading was not sufficient to drive detectable RAD51 focus formation in IF assays 

(Fig. 2.10B). Similar results were obtained for FANCD2 and phospho-RPA (S4/S8) chromatin 

association, with cells expressing HUS1-A6 yielding results similar to those with empty vector, while 

cells expressing HUS1-PM4 showed intermediate phenotypes.  

 

 

2.5  Discussion 

As previously reported by our group [115] Hus1-deficiency significantly reduces viability following 

MMC treatment in Hus1 hypomorph mice. Here we showed that cultured cells that are deficient for 

HUS1 have severe sensitivity to MMC and Trioxsalen/UVA, suggesting functional interaction of 9-1-1 

and ICL repair pathways. Cells failing to repair ICL DSB intermediates will display increased 

chromosomal damage. Here we demonstrate increased chromosomal aberrations as well as the formation 

of radial chromosomes in Hus1-/- cells post MMC exposure, which likely is a consequence of failed DSBs 

repair attempts. Radial chromosomes are pathognomonic for the FA disorder, which origins from defects 

in ICL repair pathways. This provided the rationale to investigate the link between Hus1 and ICL repair 

pathways. 

Formation of FANCD2 foci is a hallmark of the activation of the FA pathway in competent cells. 

Strikingly, our Hus1-deficient cells lines displayed a defect in FANCD2 focus formation as well as 

disruption of FANCD2 in binding to chromatin. Failure to form foci in absence of HUS1 revealed a 

possible function of the clamp in activation of the pathway. Previous reports suggested that inactivation of 

ATR results in a similar loss of FANCD2 foci [246]. HUS1 is essential for checkpoint function; therefore, 

the question arose: Is the loss of foci a consequence of ATR impairment or does HUS1 play a direct role 

in FA pathway function? The results of our study suggest a checkpoint independent function for HUS1, 

likely through direct modulation of interacting repair proteins. 

Ubiquitination of the ID dimer is important for their localization to the site of damage and is 
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maintained by the FA core complex. In the absence of 9-1-1, residual mono-ubiquitination of FANCD2 is 

still measureable. Hus1-/- cell lines showed elevated levels of ubiquitination in untreated conditions, likely 

due to increased replication stress in those cells. However, we observed no augmentation in the 

ubiquitination of FANCD2 post MMC treatment [115]. This indicates that the core complex retains a 

level of activity but is impaired in localization to the DNA or its target FANCD2. These results support 

the claim that 9-1-1 works as a scaffold allowing the interaction of the key proteins with each other at the 

damage site. We suggest the following: HUS1 allows for recruitment of the ID dimer to the chromatin, in 

its absence the likelihood of interaction between the ID dimer and the core complex is reduced. FANCL 

ubiquitin ligase monoubiquitinates FANCD2 at low levels, though the subsequent tethering to the 

chromatin is HUS1 dependent and lost in absence of HUS1. This separation of FANCD2 ubiquitination 

and chromatin localization is reminiscent of events observed in BRCA1 and FANCJ as well [155 , 247]. 

They suggest that ubiquitination and localization could be separately regulated events, with the potential 

for new regulatory elements to be identified. FAND2 foci formation cannot occur without prior 

ubiquitination. Ubiquitination of the ID dimer can occur as a residual function even if members of the FA 

protein family are disrupted. IF, as suggested, the evens of chromatin binding, protein recruitment, 

complex formation, and complex stabilization are independently regulated, 9-1-1 could play a role in 

regulation of these key events.  

Given the PCNA-like behavior of 9-1-1 as a scaffolding protein, functional defects in Hus1-/- cells 

in response to MMC, I predicted molecular interactions between 9-1-1 and FA pathway components. In 

LUMIER the RAD9A and HUS1 subunits showed reliable interactions with various FA proteins, with 

strong representation of FANCG, FANCA and FANCD2 suggesting that both the ID heterodimer and the 

core complex potentially coalesce around 9-1-1. The co-IP experiments showed a strong interaction of 

FANCD2, FANCG and FANCI with HUS1.  

The direct interactions as shown in the LUMIER assay and co-IP suggest molecular interaction 

between 9-1-1 and FA proteins, suggested an independent role for HUS1 in ICL repair. However, whether 

the phenotypes seen in Hus1-/- cells reflect the role of 9-1-1 in ATR activation or are independent of ATR 



81 
 

function remained unclear. In order to answer this question, we utilized three of the Hus1 mutants 

generated in our laboratory, Hus1-PM1, PM3 and PM4. These mutants of Hus1 harbor one of two or both 

mutations at important residues on the outer surface of the clamp. One mutation, R4D (PM1) exchanges 

the positively charged residue of arginine for the negatively charged aspartic acid in a conserved pocket 

near the RAD9A interface, the other, I152Y (PM3), obstructs the PCNA like hydrophobic pocket. Both 

residues are mutated simultaneously in PM4. Those mutations leave the clamp integrity unaltered, 

therefore maintaining the checkpoint [116]. The HUS1 outer surface double mutant PM4 that was 

generated in our lab failed at rescuing FANCD2 foci formation, despite being proficient for ATR 

checkpoint activation, suggesting a role for HUS1 surface residues in facilitating FANCD2 chromatin 

loading. Hus1-/- cells complemented with the HUS1 outer surface mutant have decreased cell survivability 

in response to MMC when compared to the wild type cells [116]. Moreover, HUS1-PM4 disrupts 9-1-1 

interaction with both FANCI and FACND2. 

Growing evidence suggests a role for 9-1-1 in coordination of the base excision repair (BER) 

pathway. The clamp is shown to interact with multiple components of LP-BER [121, 131, 132]. In a 

similar fashion, 9-1-1 helps govern in mismatch repair (MMR) [122]. HUS1 helps regulate the repair of 

DSBs [110, 123] and finally, emerged in a proteomic screening study, which examined targeted protein 

needed for ICL repair [124]. Overall, a protein scaffold function for 9-1-1 in complex repair processes 

seems increasingly likely. To further understand the role of HUS1 in DSBs and HRR especially, we 

looked into RAD51, an important HRR protein that sets up the stage for HRR repair. Our IF results show 

presence of RAD51 foci in Hus1-proficient cells and complete absence in Hus1-/- cells suggesting a 

critical role of HUS1 in mediation of HRR.  

The role of RAD51 and its paralogs has been established as essential for HRR (reviewed in 

[244]), in fork protection [248, 249] and in ICL repair [141]. Loss of RAD51 or its paralogs results in 

embryonic lethality and fertility defects [250-256] thus proving its importance in maintained of genome 

integrity and DSB repair. 

Multiple factors guide and govern the loading of RAD51 onto DNA in its role in replication fork 
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protection. FANCD2, BRCA1 CHK1, PARP1 all collaborate with RAD51 in fork stabilization [248, 

257]. In HRR, BRCA2 is crucial as it sequesters RAD51 away from DNA and releases it upon DNA 

damage signaling (reviewed in [258]). 

The role of FANCD2 in loading of RAD51 is controversial. Various groups have published 

contradicting evidence. It’s been shown that absence of FANCD2 results in a reduction of RAD51 and 

BRCA2 focus formation, along with HRR defects [119, 259-261]. Contradicting reports suggest 

association of RAD51 with chromatin in a FANCD2 independent manner, in which Fancd2-deficient 

cells still load RAD51 onto chromatin [262]. Others observed that presence of RAD51 was required for 

FANCD2 loading. [124, 141]. These contradicting reports are difficult to reconcile. In a model in which 

RAD51 recruitment is regulated differentially depending on the DNA damage context and extent, the 

question still remains how to achieve a separation of function during a number of processes: In fork 

protection, due to MCM-helicase and replication polymerase uncoupling, in ICL fork stalling, in post ICL 

DSBs, in IR-induced end resection RAD51 may require, may be helped by or could be independent of 

FANCD2. In our studies, the 9-1-1 complex which is known to work as a molecular scaffold, seems to be 

following a similar dynamic. In processing of MMC-induced ICLs, HUS1 is essential for the formation of 

RAD51 foci, however in response to IR, there is only a moderate decrease in foci positive cells, when 

comparing HUS-/- to wild type cells. HUS1 directly interacts with FANCD2 suggesting that it could carry 

a role in regulating and recruiting known DNA damage repair factors to the site of damages as needed. 

We were able to eliminate the idea of lacking ssDNA through resection defects in Hus1-/- cells, as 

our ssDNA binding assay showed presence of ssDNA in both Hus1-/- and wild type cells (Figure 2.9E and 

2.12B). This result begged the question what is inhibiting the RAD51 loading of the DNA in Hus1-/- cells.  

During the DDR, such as after exposure to ionizing radiation, RPA get hyper-phosphorylated on 

residues S23 and S29 by CDK. Mutations of these residues to alanine reduced the hyper-phosphorylation 

and had consequences for the DDR: S23/29A cells had reduced RAD51 chromatin binding after DSB 

induction, suggesting that phosphorylation of RPA32 may regulates HR repair pathway [263]. Another 

mutant of RPA32, S33A/T21A was impaired in DNA synthesis and delayed RPA displacement [264]. 
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S23/29A and S33A/T21A mutants were also shown to be defective in proper recruitment to the site of 

DNA damage for the HRR proteins PALB2 and BRCA2 [265]. Cells expressing an RPA32 mutant 

lacking seven phosphorylation sites (RPA32 Ala7: S4A, S8A, S11A, S12A, S13A, T21A and S33A) 

displayed reduced RAD51 chromatin loading after HU challenge but not after IR [266]. Together, these 

findings suggest that the phosphorylation of different sites of RPA32 may affect HRR differently, and 

these effects may be context specific. Recent studies suggested that hyper-phosphorylation of RPA32 at 

sites of damage S4/S8 delays RAD51 loading and HRR-mediated DSB repair [245]. Further investigation 

in the role of RPA phosphorylation in HUS1-/- cells revealed a state of hyper-phosphorylation of RPA32 

at sites S4/S8 in HUS1-/- cells corresponding to Liaw et al [245]. RPA is known to undergo hyper-

phosphorylation upon experiencing UV or IR-induced DNA damage [267]. The hyper-phosphorylation of 

the RPA32 is proposed to be carried out by the members of the PIKK family – ATM, ATR and DNA-PK 

[268]. As Hus1-/- cells are impaired in DNA repair, the cells experience heightened stress post MMC 

treatment. This results in continuous phosphorylation of RPA conferring the hyper-phosphorylation state 

of RPA32 in Hus1-/- cells. This could provide a possible explanation for the loss of RAD51 loading onto 

the chromatin in Hus1-/- cells The phosphatase responsible for dephosphorylating RPA32 is PP4C [269]. 

Both knockdown of the PP4C and overexpression of phosphor-mimetic RPA32 mutant results in 

disruption of the RAD51 nuclear foci after DNA damage [269]. Hence, our data converge with previous 

reports suggesting that a hyper phosphorylated state of RPA32 inhibits RAD51 loading to the chromatin 

in Hus1-/- cells. Alternatively, in a possible, albeit yet to be tested explanation, widespread RPA 

phosphorylation after MMC treatment in Hus1-deficient cells could result from cellular catastrophe 

following unrepaired extensive DNA damage. 

 The Taniguchi group with Tomida et al set out to test the relationship between ATR function and 

the activation of the FA pathway. Canonically, ATR activates checkpoint signaling through 

phosphorylation of one of its targets, CHK1.  The authors propose that ATR has a second independent 

path of activation which is specific to the FA pathway and targets FANCI, the important molecular switch 

FA protein. They propose a manner of FANCI phosphorylation that is independent of canonical, 
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RAD17/9-1-1 mediated ATR checkpoint function, providing a niche for possible, ATR-independent 9-1-1 

scaffolding [270]. Other groups show that loss of RAD9A and RAD17 results not only in decreased 

survival in response to ICL inducing agents but also in impaired monoubiquitination of FANCD2 [271]. 

In their 2008 study, Meier et al found that mrt-1and the 9-1-1 complex may function in a common 

pathway to promote ICL repair, in concordance with our results. 

Based on our data that show interaction with various FA core complex proteins and the ID 

heterodimer, we propose that the 9-1-1 has a PCNA-like regulatory function in governing the FA pathway 

(Figure 2.13). Chromatin loading of the core complex and the ID dimer is impaired in absence of 9-1-1 

suggesting a functional role of the clamp in recruiting the respective complexes to chromatin. HUS1 

contains hydrophobic pockets on its outer surface, which are important for interaction with repair 

proteins. While the Hus1-PM4 mutant rescues CHK1 activation, it fails to restore the focus formation of 

the ID complex, indicating ATR independent function. Co-immunoprecipitation data and LUMIER 

screening show physical interaction between 9-1-1 and FA proteins. Lastly, HUS1 shows a role in MMC-

induced DSB repair through promoting HRR. Taken together, the evidence collected in this and related 

studies, confirms a role for the 9-1-1 clamp in checkpoint independent repair through mediation of repair 

proteins, specifically for coordinating events in the FA pathway. 
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Figure 2.13.  Model of how HUS1 coordinates Fanconi Anemia and Homologous Recombination 

factors in response to ICL-induced DNA damage. 

As a scaffolding clamp, 9-1-1 tethers various players in plays allowing interaction and therefore activation 

of ATR, the core complex, and the localization of HRR protein RAD51. 
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CHAPTER 3 

HUS1-DEFICIENCY MODIFIES GENOMIC INSTABILITY, GENOTOXIN 

SENSITIVITY AND LYMPHOCYTE MATURITY IN NHEJ-DEFICIENT MOUSE 

MODEL 
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3.1  Abstract  

HUS1, a member of the DNA sliding clamp 9-1-1, has a well-established role in canonical activation of 

the ATR checkpoint, which supports safeguarding of the genome. Growing evidence suggests that HUS1 

has a role not only in checkpoint activation, but in DNA damage repair as well. HUS1-deficient cells 

showed no decreased y-H2AX or 53BP1 signal upon MMC treatment, however BRCA1 focus formation 

was reduced. This is suggestive of a potential regulatory role for HUS1 in HRR. HUS1 has been 

suggested by others to promote HRR. HRR which is considered the most error free DSB repair pathway, 

is backed up by the partially redundant C-NHEJ pathway and its subtype A-EJ. Roughly 70% of DSB 

events are believed to be repaired through the template free ligation process of C-NHEJ, exclusively so 

outside of S-Phase [272]. In S-Phase however, when a sister chromatid template is available for HRR, 

both pathways compete with each other for first access to free DSB ends. In order to investigate the role 

of HUS1 in protection of genome integrity through a putative function in HRR, I generated a mouse 

model with parallel impairment in HUS1 and C-NHEJ. I hypothesized that synthetic lethal defects in the 

dual inactivation mouse would affect frequency in birth ratio, survival, health and genotoxin sensitivity; 

however, the Prkdc-/-Hus1neo/∆1 was viable. As expected, the Prkdc-/-Hus1neo/∆1 double mutant mouse had 

elevated genomic instability measured by micronuclei assay. The double mutant mouse was exquisitely 

sensitive to MMC compared to wild type and single mutants but when exposed to IR, the Prkdc-/-

Hus1neo/∆1double mutant and Prkdc-/- single mutant mice were similarly sensitive. This is suggestive of a 

supportive role for HUS1 in HRR. Surprisingly, the Prkdc-/-Hus1neo/∆1 mice had a prolonged live span in 

comparison to their Prkdc-/- single mutant littermates, suggesting an unexpected rescue of the reduced 

viability phenotype seen in Prkdc-/-. Lymphocyte maturity analysis suggested a partial rescue of T-

lymphocytes in Prkdc-/-Hus1neo/∆1 mice and a potential novel role for HUS1 in lymphocyte maturation. 

 

3.2  Introduction 

Maintenance of genomic integrity is crucial for survival of all cells. In order to preserve the genome, most 

cells have an array of defense mechanisms at their disposal, referred to as the DDR. Among the tasks 
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tackled by the DDR is the sensing and repairing of DNA lesions as well as the regulation of DNA damage 

checkpoints. 

DNA lesions such as DSBs jeopardize the integrity of the genome. If left unrepaired, 

chromosomal integrity is compromised. If repaired erroneously, the information coded in the DNA can be 

altered or lost [1]. The cell has various options to repair DSBs, the most common and best understood 

being two mechanisms: The first is the error-free HRR, in which the sister chromatid is used as a template 

during S-phase. The second one is the error-prone C-NHEJ pathway in which the broken ends are directly 

ligated back together, potentially resulting in mutagenesis due to digestion of ill-fitting DSB ends [273]. 

Individual and simultaneous deactivation of C-NHEJ and HRR disturbs DSB repair and promotes 

chromosomal aberrations [167]. Unrepaired damage contributes to genomic instability which is the 

underlying reason for premature aging, cancer and degenerative diseases as reviewed in [1]. To assure 

correct repair of a DSB, the cells needs to commit to either HRR or NHEJ. The regulation of this process 

is tightly linked to the cell cycle, which provides the signal of sister chromatid template availability [174]. 

BRCA1, a tumor suppressor gene has been linked to promotion of HRR as cells deficient for BRCA1 

show decreased rates of HRR [274]. 53BP1 is the counter player which protects DSB ends from resection, 

thus positively regulating C-NHEJ [221]. The phosphorylation of H2AX by PIKKs is one of the first 

steps in DSB repair, serving as a surrogate marker for DSB detection through immunofluorescence 

staining [275]. 

HUS1, alongside of RAD9 and RAD1, is an imperative member of the DNA sliding clamp 9-1-1 

[84, 88, 89, 91]. When the cell senses DNA damage, the hetero-trimetric sliding clamp is loaded onto the 

DNA at the site of damage by its clamp loader RAD17-RFC which consists of RAD17 and four small 

subunits of the PCNA-loading RFC complex (RFC2-5) [69, 101, 276]. Once loaded, its function in part is 

to enhance ATR checkpoint activation through interaction with TOPBP1 [70, 71, 277]. Furthermore, 9-1-

1 participation has been observed in DNA repair pathways [232, 278], particularly in HRR [109], in NER 

[121], BER [279], and MMR [122]. In concordance with the described functions of the clamp, 
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inactivation of Hus1 results in increased genomic instability and genotoxin sensitivity [95]. Hus1-

deficiency disrupts the S-phase checkpoint [99].  

Loss of components of  HRR or C-NHEJ leads to varying degrees of sensitivity to DNA ICL-

inducing agents such as MMC [280]. ICLs are toxic lesions which prevent the separation of strands 

during replication and transcription. In the process of their excision, a DSB forms and requires repair 

[229]. In absence of proper repair mechanisms, scientists observed the occurrence of radial chromosomes 

[281]. These cross-shaped structures are believed to be a consequence of improper fusion of broken 

chromosome arms. Whether they are intermediate arrested stages of proper repair or irresolvable errors as 

well as the exact mechanisms of ICL repair remain unresolved. Careful dissection of molecular 

interactions is required, as the DSB pathways HRR and C-NHEJ act partially redundant.  

With the rationale of further elucidating the role of HUS1 in HRR and the decision making 

process between C-NHEJ and HRR, I have designed a dual inactivation mutant in a mouse model, with 

the goal of reducing the activity of both pathways in parallel. Inactivation of HUS1 in a C-NHEJ-deficient 

background holds promise to reveal unknown accessory roles of HUS1 in HRR, as well as potential 

epistatic effects between the pathways. As there is functional overlap of the C-NHEJ and HRR pathways 

during S-phase the involvement of yet unknown proteins in the pathways could be masked, as one 

pathway stands in for the other, thus possibly hiding importance and contribution of individual players in 

simple single mutant assays. I hypothesized that HUS1 is a player in HRR which is masked by the partial 

pathway redundancy with C-NHEJ. 

With Hus1 being an essential gene, complete inactivation is lethal [95]. To circumvent mid-

gestational death as seen in Hus1 null mice, a hypomorphic (Hus1neo/Δ1) mouse was created for in vivo 

studies. This mouse combines a null allele, containing an excised first exon, with a partial expression 

allele, containing a neo cassette. The mouse is grossly normal, but displays increased genomic instability 

[110] and increased sensitivity to MMC treatment [115]. 

To explore the role of HUS1 in the repair of DSBs, I combined the Hus1 defect with defects in C-NHEJ 

in mice. The C-NHEJ pathway consists of a number of proteins, beginning with KU70 and KU80, which 
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form the KU complex. KU, after detecting and binding free DSB ends [282], proceeds to bind DNA-PKcs 

to form the kinase active DNA-PK complex [283]. In selecting the candidate for impairment from the C-

NHEJ pathway, I was considering upstream players to achieve sufficient inactivation of C-NHEJ. 

However, KU70 and KU80 have roles that are independent of DSB repair such as in regulation of 

expression [284]. Selecting one of the KU proteins as an inactivation partner for HUS1 could therefore 

result in additional phenotypes, which could be unrelated to DSB repair. Knocking out DNA-PKcs 

(Prkdc) on the other hand has no known roles outside of DSB repair and its deletion sufficiently disables 

the C-NHEJ pathway. Deficiency or reduction of DNA-PK in mice results in increased IR sensitivity and 

impaired V(D)J, the latter manifesting in severe immunodeficiency  [197, 285, 286]. An important read 

out of C-NHEJ proficiency is provided by analyzing V(D)J recombination in lymphocytes. As 

lymphocytes mature, they undergo a tightly controlled process that involves rearrangement as well as 

initiation of expression of antigen receptor genes (Fig. 3.1). Absence of CD4 and CD8 surface markers 

(double negative (DN) cells), marks an early stage of T-cell development in which rearrangement at the 

TCRβ locus begins. Only cells that successfully rearrange the TCRβ locus, proceed to the CD4+ and 

CD8+ or double positive (DP) intermediate stage or pre-T stage. Next, the TCRα chain is assembled. 

With expression of successfully rearranged TCRα chains as well, thymocytes progress into either CD4+ 

or CD8+ single positive (SP) stage, thus becoming fully mature and ready for migration into peripheral 

lymphoid organs [287] (Fig. 3.2). 
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Figure 3.1.  Somatic V(D)J recombination accounts for antigen variability in T-Cell 

receptors.   Gene segments are cut and rearranged at the junction of two distinct segments, then 

ligated using C-NHEJ. Newly arranged segments code for T-cell receptors expressed on the 

surface of the cell. 
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Figure 3.2.  Maturation stages of T-Cells. 

T-cells acquire CD4 and CD8 receptors in the intermediate stage of maturation. After 

successfully recombining TCR, cells commit to either CD4+ or CD8+ lineage. 
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After selection of the candidate proteins for dual inactivation I proceeded with creating a mouse which is 

null for Prkdc and partially deficient for Hus1 (Hus1neo/Δ1). I proposed that this mouse is sufficiently 

impaired for C-NHEJ, as well as impaired for HUS1. Since HUS1 has been proposed to act in DSB repair 

via HRR [109], simultaneous disabling of the alternative repair mechanism C-NHEJ is likely to result in 

synthetic effects stemming from defects in overlapping functions of DSB repair. Accumulating damage 

from unrepaired DSBs can result in catastrophic cellular events and consequently apoptosis. The synthetic 

effects of cellular or organismal death could possibly manifesting in early aging, tumor proneness, 

genomic instability or genotoxin sensitivity. The Rad54-/-LigIV-/- dual inactivation conducted by Mills et 

al. is an example of dual impairment of HRR and C-NHEJ resulting in unmasking of new functions of 

HRR accessory proteins in C-NHEJ-deficient background as well as demonstrating a partial overlap in 

function DSB repair function of the pathways [224].  

In a similar fashion, dual impairment of DNA-PK and HUS1 as proposed in this thesis will 

uncover new roles beyond the already established ones: The 9-1-1 clamp member HUS1 is known to 

promote end resection and to suppress A-EJ [123], thus through dual impairment of Hus1 and Prkdc, we 

will gain insight into the fine tuning of the regulation between C-NHEJ, A-EJ and HRR. 
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3.3  Materials and Methods 

Cell culture and treatments 

MEFs of Hus1-/-p21-/- and Hus1+/+p21-/-, Hus1-/-p53-/- and Hus1+/- p53-/-, cells were described before [95]. 

MEFs were grown in DMEM with 10% BCS cells and 1% Penicillin-Streptomycin, 1% NEA and 1% L-

Glutamine. Hus1-/-p21-  transfected with mouse pCMV- Hus1-R4D+V151Y (PM4) (see chapter 2) were 

used in BRCA1 immunofluorescence staining. These cells were maintained in medium described above 

including 1.83 g/ml puromycin. 

 

Immunofluorescence 

Hus1-/-  and control MEF cells were seeded on 0.01 % gelatin-coated glass coverslips in 6 well dishes and 

allowed to attach for 24 hours. Then cells were treated with 10 Gy of IR or 1 µg/ml of MMC at indicated 

time points. For fixation cells were incubated with 4% PFA for 20 min at RT. Following fixation cells 

were washed in 1X PBS, then permeablized with 0.5% Triton-X 100 for staining. Cells were then blocked 

in 3% BSA for 1 hour and incubated in primary antibody solution at a concentration 1:500 overnight. 

Antibodies used were anti-BRCA1 provided by Dr. Lew Chodosh and 53BP1 purchased from Novus 

Biologicals. The next day, cells were triple rinsed in 1X PBS and incubated in a 1:1000 dilution of 

secondary antibody (Alexafluor 488 anti-rabbit or anti-mouse 488) for two hours in the dark. Cells were 

mounted in 0.05% DAPI containing mounting medium and imaged the same day using a Leica DMRE 

fluorescence microscope.  

 

 

γH2AX FACS 

Cells were grown in 10 cm dishes with the culturing methods described above. After treatment, cells were 

rinsed with 1X PBS once, then spun down and resuspended at a density of 1 x 106 cells per ml. Cells were 

then fixed in ice-cold 70% ethanol using about 5 ml per 15 ml conical tube. Cells were spun down and 
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washed in 3 ml of ice cold 1X TBS with 1 % BSA. After an additional spin, cells were resuspended and 

incubated in 1X TBS containing 1% BSA and .25% Triton-X 100 for 15 minutes on ice. Cells were then 

stained in 200 μl of antibody suspension (mouse anti-γH2AX Millipore) at a concentration of 1:500 in 

TBS containing 1% BSA and 10% goat serum overnight at 4⁰ C. The next day, cells were washed once in 

TBS with 1% BSA then spun again and incubated with 200 μl conjugated anti-mouse Alexa Fluor 488 at 

a concentration of 1:400 for 30 min in the dark. Cells were then washed and spun again, and then 

resuspended in PI staining buffer (40mL Tris (pH 7.4), 0.8% NaCl, 21mM MgCl2, 0.05% NP-40 5.6 

µg/ml PI, 10% RNAse A). The measurements were performed on a LSRII Flow cytometer using FACS 

DIVA software. The gates were normalized to the wild type negative control. 

 

Animals 

All mice in this study were handled in accordance with federal and institutional guidelines, under a 

protocol approved by the Cornell University Institutional Animal Care and Use Committee (IACUC). 

Mice were maintained in a 129S6 background. Crosses were generated using Prkdc+/- mice described in 

[197] and Hus1+/Δ1 and Hus1+/neo mice described in [95, 288]. Heterozygote double crosses were set up to 

obtain the four genotypical groups. The double mutant mouse group form the experimental group and is 

represented by Prkdc-/-Hus1neo/∆1. Prkdc-/- respectively Hus1neo/∆1 mice when heterozygote for the other 

gene, formed the single mutant control group. All other mice which were either wild type or heterozygote 

for both genes were placed in the wildtype control group. To obtain experimental and control mice, 

crosses paired a mouse of either sex with the Prkdc+/-Hus1neo/neo or a Prkdc+/-Hus1+/neo genotype with a 

mouse of Prkdc+/-Hus1+/ Δ1 genotype. PCR was used to genotype mice from tail snip DNA, then mice in 

individual groups were counted. 
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Birth ratio 

To test whether Prkdc-/-Hus1neo/∆1 double mutant mice are underrepresented in the frequency of births, 

birth ratios were calculated for 413 mice in 73 litters. The expected Mendelian ratio to produce one Prkdc-

/- Hus1neo/∆1 double mutant mouse was 1 in 16 pups. χ2 with df=3 was calculated to determine the p-value. 

  

Body weights 

Mice were aged for 300 days, once per week beginning at weaning. The colony underwent dramatic 

changes in number of animals due to increased mortality in the groups Prkdc-/- and   Prkdc-/- Hus1neo/∆1. 

The weights of the individual genotypical groups were averaged. Mice that fell sick were censored from 

the study at 20% weight loss (humane endpoint defined in animal user protocol) which accounts for the 

variability of mean weight for group between weeks 12-30. To test whether there is a statistically 

significant difference between genotypical groups, mice were analyzed at 10, 20, 30, and 40 weeks both 

with pooled and separated sexes. Shown is the mean of each group at the respective time point. For age 

analysis at ten 20, 30, and 40 weeks one-way ANOVA calculation was performed. Mean with SEM is 

shown. To test statistical significance between respective groups, an unpaired t-test was applied using 

Bonferroni correction. 

 

In vivo survival 

For analysis of survival, 68 Prkdc-/- Hus1neo/∆1 and control mice were aged over the course of 300 days. 

Mice showing apathetic behavior with hunched body posture and pilorectic fur or when experiencing a 

body weight loss of 20% were euthanized as indicated on the mouse user protocol. 

For in vivo MMC genotoxin sensitivity experiments Mice were injected IP with 4 mg/kg of MMC 

in sterile water which was obtained from the Cornell Small Animal Hospital Pharmacy. 9 Prkdc-/- 

Hus1neo/∆1 and control mice were monitored for 14 days but euthanized at the sign of clinical disease.  

For analysis of radiation sensitivity mice were subjected to 9 Gy of γ-irradiation using a Mark 1 

Model 68 137 CS source gamma irradiator. Mice were observed and weighed daily for 14 days and 
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euthanized when humane endpoint criteria as described above were reached. Survival was graphed in a 

Kaplan-Meier plot using Prism Graphpad. Statistical significance was calculated using Log-rank (Mantel-

Cox) test and p-value correction according to Bonferroni. 

 

Micronuclei assay 

The measurement of micronuclei in peripheral blood was carried out as described in [289]. In brief, 6-8 

week old Prkdc-/- Hus1neo/∆1 and control mice were submitted to mandibular vein blood collection with 

immediate stabilization of the blood in heparin. Consequently, the samples were fixed in ice cold 

methanol at -80 °C overnight. The next day, samples were washed in bicarbonate buffer and subsequently 

stained with FITC-conjugated anti-CD71 antibody (Southern Biotech) for 45 min in the dark. After an 

additional rinse with bicarbonate buffer cells were stained with propidium iodide (PI) (Sigma-Aldrich) 

and subjected to FACS using an LSR II. Gating was standardized for accumulation of PI and FITC using 

FACS Diva software. χ2 was used to determine statistical significance. 

 

Lymphocyte maturity 

Thymus was obtained from 12 week old Prkdc-/- Hus1neo/∆1 and control mice. The tissues were kept on ice 

in RPMI completed medium, the volumes standardized for expected number of lymphocytes. The organs 

were individually disintegrated by mechanical force using the plunger of a 10 ml syringe and a 70 µm cell 

strainer size filter. The cell suspension was driven repeatedly through the filter until an even suspension 

was achieved. The concentration of lymphocytes was measured by using 50 μl of cell suspension in 10ml 

of 1X PBS in a Coulter counter. Then lymphocytes suspension was aliquoted and briefly spun down. The 

supernatant was discarded and the pellet resuspended to stain in a mix of the following fluorescent 

conjugated antibodies: PE FC, CD4, FITC CD8α, APC γδ, and APCCy7 TCRβ (BD). All antibodies were 

used at a dilution of 1:200 in 1X PBS. FC block was added to all samples at a concentration of 1:200. 

Single dye stains for compensation control were prepared using 0.5 μl of each dye, 0.5 μl of FC block and 

100 μl of lymphocyte suspension. Counting was performed using a LSR II and FACS Diva software. 
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3.4  Results 

3.4.1  9-1-1 coordinates recruitment of DSB repair associated proteins to the site of damage 

First, to test for appropriate cell cycle arrest and damage recognition in Hus1-deficient cells, I tested 

γH2AX signaling and measured DNA content in cells treated with MMC using FACS. DNA content 

profiles measured by PI intensity showed profiles reminiscent of normal cell cycle transitions of cells, for 

both Hus1-deficient and Hus1-expressing cells. Next, after treatment with MMC for 24 hours, both Hus1-

deficient and Hus1-expressing cells accumulated in the G2/M gate, indicating damage-induced cell cycle 

arrest. In the untreated groups Hus1-deficient or Hus1-espressing cells 33% respectively 23% of cells 

were in G2/M gate. After treatment 58.4 % of Hus1-deficient and 65.4 % of Hus1-espressing cells 

accumulated in G2/M. Similar numbers of γH2AX positive cells were detected when comparing untreated 

Hus1-deficient (2%) and Hus1-espressing cells (0.5%) to each other. After treatment those rates increased 

in both Hus1-deficient (58%) and Hus1-espressing cells (50.3%) (Fig. 3.3). This indicates that cells are 

proficient in detection of MMC-induced damage and G2/M arrest. 

HUS1 has been implicated in HRR in cultured cells transfected with reporter plasmids [109]. To 

investigate functional interactions between 9-1-1 and BRCA1, I performed immunofluorescence staining 

using anti-BRCA1 antibody post MMC treatment (Fig 3.4). BRCA1 foci formed readily in cells 

expressing wild type HUS1 protein. In Hus1-deficient cells, the formation of BRCA1 foci was reduced 

after MMC treatment. When expressing surface altered mutant PM4- Hus1 (see chapter 2) (Fig. 3.5), cells 

showed an intermediate amount of foci.  After IR treatment, the formation of BRCA1 foci was greatly 

augmented in Hus1-deficient cells, but not in wild type cells (Fig. 3.4  

To test whether HUS1 presence affects the upstream DSB repair regulator protein 53BP1, I 

carried out immunofluorescence staining in cells expressing wildtype and Hus1-deficient cells. There was 

no observable difference between the number of 53BP1 foci positive cells, wild type, mutant expressing 

or Hus1-deficient cells. This suggests a role for HUS1 in the regulation of repair proteins recruited to 

damage sites, which is regulated outside of 53BP1 (Fig. 3.6). 
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Figure 3.3.  γH2AX staining reveals intact MMC-induced damage recognition and G2/M 

arrest in Hus1-deficient cells.  MEFs were treated with MMC for 24 hours or mock treated. 

Staining for FITC-conjugated γH2AX and PI was performed followed by FACS.  
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Figure 3.4.  HUS1 deficiency promotes BRCA1 focus formation after IR treatment but not 

after MMC treatment.  A and B.  Immunofluorescence staining. Parental MEFs were genotoxin 

treated for indicated periods of time. IF staining against mouse BRCA1 was performed. 50 cells 

per condition counted, mean of positive cells per 40 X optical field with SEM is shown. 
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Figure 3.5.  HUS1 promotes BRCA1 focus formation after MMC treatment but not after 

IR treatment.  A and B.  Immunofluorescence staining. Hus
-/-

 MEFs complemented with wild 

type Hus1, PM4-Hus1 or vector were treated with 1 μg/ml of MMC for 24h. IF staining against 

mouse BRCA1 was performed. 50 cells per condition counted, mean of positive cells per 40X 

optical field with SEM is shown.  

+vec 
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Figure 3.6.  HUS1 deficiency promotes 53BP1 focus formation after IR treatment but not 

after MMC treatment.  A and B.  Immunofluorescence staining. Parental MEFs were genotoxin 

treated for indicated periods of time. IF staining against mouse 53BP1 was performed. 50 cells per 

condition counted, mean of positive cells per 40 X optical field with SEM is shown. 
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3.4.2  Partial Hus1-deficiency extends lifespan in Prkdc-/- mice 

During embryonic development, cells undergo rapid proliferation, requiring protection from replication 

stress. Cells with elevated rates of replication stress may succumb to the consequences of genomic 

instability. This can result in altered morphology, small size or non-viable embryos. Hus1-deficiency 

confers spontaneous genomic instability in mice and cultures cells due to its known role in ATR 

checkpoint signaling and proposed roles in HRR. DNA-PK (Prkdc) is a member of the C-NHEJ pathway 

which is required for the repair of DSBs, often resulting from unabated replication stress. The 

simultaneous impairment of HUS1 and DNA-PK was predicted to pose a heavy burden on the genomic 

integrity of the developing mouse embryo. We hypothesized that the Hus1-deficiency in a C-NHEJ 

impaired background would result in synthetic lethal effects in mouse embryos on either a cellular or 

organismal level. 

We selected Prkdc-/- as the C-NHEJ impaired background mice, as the more upstream players of 

DNA-PK, KU70 and KU80 have independent roles outside of C-NHEJ and confer a too dramatic 

phenotype when deleted [188, 290]. Synthetic-like interactions could be revealed by crossing mutant mice 

of these two pathways. Hus1-/- mice are embryonic lethal, thus we employed the Hus1 allelic series to 

generate a Prkdc-/-Hus1neo/∆1 mouse.  

We predicted that given the high necessity for intact DNA repair pathways during the phase of 

increased proliferation, the Prkdc-/-Hus1neo/∆1 double mutant mouse would be synthetic lethal. To test this 

hypothesis, we generated 413 mice and calculated the Mendelian ratio of the frequency for four defined 

genotypic group. To obtain Prkdc-/-Hus1neo/∆1 we crossed either Prkdc+/-Hus1neo/neo or Prkdc+/-Hus1+/neo 

mice to Prkdc+/-Hus1+/∆1 mice. The experimental group was defined as Prkdc-/-Hus1neo/∆1. 

Prkdc+/+Hus1neo/∆1 and Prkdc+/-Hus1neo/∆1 were considered the Hus1 partially deficient single mutants. 

Prkdc-/-Hus1+/+, Prkdc-/-Hus1+/∆1 and Prkdc-/-Hus1+/neo/ mice formed the Prkdc single mutant group. All 

other mice were considered wild type controls. Out of 413 mice 38 Prkdc-/-Hus1neo/∆1 double mutants were 

born while 33.4 were expected. The result of χ2 test equaled 0.96 at df=11 and p-value > 0.99. Therefore, 

there is no difference between the observed and expected ratio of events (Table. 3). 



105 
 

 

 

  

Table  3. Frequency of Prkdc-/-Hus1neo/∆1  offspring follows expected Mendelian ratios a.  

a Mice were genotyped using PCR analysis at 3 weeks of age using DNA from tail tissue. Expected 

values represent the combined Mendelian ratios from crosses with different parental genotypes. The 

observed and expected genotype frequencies are not significantly different (p-value > 0.99 in χ2 test). 
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To observe the mice for overt physical anomalies, mice were compared for body weight from weaning 

until 300 days of age. To test whether the Prkdc-/-Hus1neo/∆1 double mutant mice presented an altered size 

phenotype such as observed in Atm-/-Hus1neo/neo [113] 68 mice were weighed weekly for the course of 300 

days. The prediction for the Prkdc-/-Hus1neo/∆1 double mutant mice was for the group to be on average 

lighter than Prkdc single mutant mice, outweighed by Hus1neo/∆1 and those in return outweighed by wild 

type group mice. (Figure 3.7A). As the mice aged, the number of animals enrolled in each group varied 

due to unexpected deaths. To test whether there was a difference between genotype groups at specific 

times, mice were analyzed at ten, twenty, thirty, and forty weeks post weaning. While at twenty, thirty, 

and forty weeks Prkdc single mutants and Prkdc-/-Hus1neo/∆1 double mutants were slightly lighter than 

wild types, Prkdc-/-Hus1neo/∆1 double mutant mice were only slightly lighter than Prkdc null mice. The 

differences were not statistically significant (ANOVA) (Figure 3.7B) 

As the renewal of tissues requires intact replication cycles, early aging, increased mortality or 

tumor burden can be a sign of increased genomic instability. As we observed unexpected deaths of mice 

in the groups of Prkdc-/-Hus1neo/∆1 double mutant and Prkdc single mutant mice, we sought to determine if 

there were differences in mortality rates and mean survival between the groups. Physical examination and 

necropsy of mice suggested general inflammation of the gastro-intestinal tract as the cause of death, with 

no observable changes in histopathological examinations (visual inspection on the microscope). To test 

whether the Prkdc-/-Hus1neo/∆1 double mutant mice had an altered longevity, mice of the four genotypical 

groups were observed over the course of 300 days. The days from birth until the death of each mouse 

were quantified. (Figure 3.8). If a mouse reached humane endpoint criteria it was euthanized and counted 

as an event of death. While mice from both the wild type group or Hus1neo/∆1 group died over the time 

course of 300 days, the Prkdc single mutant mice showed clinical signs of disease or died between the 

80th and 220th day of the study with a median survival of 162 days and five mice alive at the end of the 

study. Contrary, the Prkdc-/-Hus1neo/∆1 double mutant mice showed a statistically significant extension in 

life span. The mice in this group died between days 180-290 of the study, with a median survival of 285 

days and 8 mice alive at the end of the study.  
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Figure 3.7.  Body mass is grossly normal in adult Prkdc
-/-

 Hus1
neo/∆1 

mice.  A. 68 mice 

were weighed for 300 days weekly. Means are shown. B. Data from A was analyzed for 

indicated time points post weaning. Differences are not statistically significant (1-way Anova). 

A 

B 
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Figure 3.8.  Body mass is grossly normal in adult Prkdc
-/-

 Hus1
neo/∆1 

mice. 68 mice were 

observed for 300 days. Mean survival shown. Differences not statistically significant by Gehan-

Breslow-Wilcoxon test. P-value= 0.0072. 
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In an attempt to explain the surprising rescue of survival in the Prkdc-/-Hus1neo/∆1 double mutant group, we 

collected organs from all four genotype groups and weighed each organ as well as the whole mouse. The 

weights of the organs were calculated as percentage of each respective mouse and averaged to allow for 

comparison. Organs collected for measurement were liver, spleen, brain, kidneys, seminal vesical, and 

testes. As seen in figure 3.9 there was no difference between the organ weights among the genotype 

group, indicating grossly normal organ development. The livers were the exception with a 4% body mass 

for wild type and Hus1neo/∆1 while Prkdc-/-Hus1neo/∆1 had a slight increased average liver weight (6%) and 

the Prkdc-/- single mutants had a reduced average liver mass at 1% body mass. However, the number of 

surviving animals in the groups Prkdc-/-Hus1neo/∆1 and Prkdc-/- was too small (n=3) to determine statistical 

significance. To better identify trends an earlier endpoint would be helpful. 

 

3.4.3 Hus1-deficiency in a Prkdc background increases spontaneous genomic instability 

To test whether there are differences among the genotype groups in regard to genomic instability, 8-12 

week old mice were utilized for micronuclei (MN) assay. In this assay, erythrocytes obtained from 

peripheral blood are sorted by presence of CD71 reticulocyte markers and by DNA content. Maturing 

erythrocytes normally shed both the nucleus and CD71. Only if prior to expulsion of the nucleus DNA 

content was fragmented due to genomic instability, residual DNA in form of MN marked by PI staining 

can be detected in CD71 negative (mature) erythrocytes [289]. For measuring of MN the mice were bled, 

followed by PI and maturity marker staining of the red blood cells. Hus1neo/∆1 mice were reported to have 

a percentage of micronuclei (0.37% ± 0.09%) [110]. Micronuclei data for Prkdc-/- have not been 

previously reported. In this study as well, Hus1neo/∆1 showed elevated MN at a mean of (0.38% ± 0.04%). 

Interestingly, this was surpassed by the count of MN in the Prkdc-/-Hus1neo/∆1 double mutant group at 

(0.50% ± 0.03%). The increase of MN in the double mutants exceeded the sum of the MN count from the 

single mutant groups suggesting increased genomic instability in the Prkdc-/-Hus1neo/∆1 double mutant 

mice, likely stemming from synergistic effects from dual inactivation of Hus1 and C-NHEJ (Fig. 3.10). 

The differences between groups were statistically significant as determined by single factor ANOVA (p-
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value =3.58-12). Pairwise comparison between Hus1neo/∆1 and Prkdc-/-Hus1neo/∆1 confirmed the difference 

with p-value= 0.006 in two sample t-test. 
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Figure 3.9.  HUS1-deficiency does not affect gross organ weight in aging Prkdc
-/- 

mice.  A and B 

Organ weights. Organs were obtained from surviving 300 days old mice. Organs were weighed at sacrifice 

and presented as mean with SEM. The differences were not statistically significant (1-way Anova run for 

groups larger than n=3). 

B 

A 
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Figure 3.10.  MN assay reveals elevated rates of genomic instability in Prkdc
-/-

 Hus1
neo/∆1 

mice.  A 

and B.  6-8 weeks old mice were bled for MN assay. Staining for FITC-conjugated CD71 and PI was 

performed followed by FACS.  
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3.4.4  Hus1-deficiency and Prkdc-deficiency synergistically increase sensitivity to genotoxin 

treatment related DNA damage 

Hus1neo/∆1 mice and control mice have been reported to display insignificant differences in sensitivity to 

IR at a dose of 9 Gy [115]. MEFs of Prkdc-/- genotype have displayed increased IR sensitivity [197, 285]. 

PrkdcSCID mice (no data for Prkdc-/- mice whole body irradiation was available), which harbor a truncation 

mutation in Prkdc, are exquisitely sensitive to IR [291].  In order to test their genotoxin sensitivity, Prkdc-

/-Hus1neo/∆1 double mutant mice were treated with 9 Gy of full body exposure of ionizing radiation. Both 

weight loss in percent and survival were monitored. At that dose, there was no difference detectable 

between Prkdc-/-Hus1neo/∆1 double mutant and Prkdc-/-single mutant mice. Both these groups were 

however substantially more sensitive to IR than either Hus1neo/∆1 single mutant or wild type control mice, 

with no animal surviving the treatment (Fig. 3.11). This means that a regulatory role for HUS1 in repair 

of IR-induced DSB is less likely. 

Hus1neo/∆1 mice were reported to have increased sensitivity towards MMC in comparison to wild 

type littermates [115]. Prkdc-/- MEFs showed no difference in MMC sensitivity when compared to control 

MEFs [292]. To compare MMC to IR sensitivity in Prkdc-/-Hus1neo/∆1 double mutant mice 8-12 weeks old 

mice were injected with 4 mg/kg of MMC. Preliminary data suggest that Prkdc-/-Hus1neo/∆1 double mutant 

are drastically more sensitive to MMC than their Prkdc-/-, Hus1neo/∆1 and control mice. In two independent 

experiments, the Prkdc-/-Hus1neo/∆1 double mutant mice died between days 4-6 (Fig. 3.12). The single 

mutant and control groups did not have losses due to treatment, however Hus1neo/∆1 showed weight loss as 

previously reported [115]. Repeat experiments are required as the sample size does not allow appropriate 

interpretation. If sensitivity of Prkdc-/-, Hus1neo/∆1 mice was indeed higher than that of the single mutant 

controls it would suggest a cooperation between HUS1 and DNA-PK in repair of ICL-induced DSBs. 
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Figure 3.11.  HUS1-deficiency modulates genotoxin sensitivity in Prkdc
-/- 

mice.  A.  Weight 

loss analysis. Mice of indicated genotypes at age of 8-12 weeks were exposed to 9Gy full body 

irradiation. Weights were recorded daily and % of original weight calculated. Mice were 

euthanized when humane end criteria were reached. B. Kaplan-Meyer Survival plot. Mice from A 

were counted when found dead or when end criteria were reached. 
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Figure 3.12.   HUS1 deficiency modulates genotoxin sensitivity in Prkdc

-/- 
mice. A. Weight loss 

analysis. Mice of indicated genotypes at age of 8-12 weeks old mice were injected with 4 mg/kg MMC in 

DMSO sc. or B in H2O ip. Weights were recorded daily and % of original weight calculated. Mice were 

euthanized when humane end criteria were reached. C. Kaplan-Meier Survival plot. Mice from A and B 

were counted when found dead or when end criteria were reached. Means are shown. The sample size was 

too low for statistical analysis. 
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3.4.5  HUS1-deficiency modulates lymphocyte maturity in Prkdc-/- mice 

To test C-NHEJ proficiency via V(D)J recombination we analyzed mouse lymphocytes obtained from 

peripheral and central lymphatic organs can be grouped into stages of maturity analyzed. Briefly, single 

positive (SP) CD8 or CD4 represent mature immune-competent stages, double positive (DP) cells (CD8+, 

CD4+) are transitioning through the process of maturation and double negative (DN) cells are immature. 

Prkdc-/- have been reported to harbor no mature thymocytes at an age of up to 6 weeks as V(D)J 

recombination is required for TCR expression [197, 285]. To test C-NHEJ proficiency in my model, I 

analyzed lymphocyte maturity in Prkdc-/-Hus1neo/∆1 and control groups (Fig. 3.13A). In the thymus, which 

is the primary site of T-cell development in the mouse, mostly immature and maturating stages of T-cells 

are expected. The preliminary results indicate, that the wild type control and Hus1neo/∆1 groups showed 

normal T-cell maturation (Fig. 3.13B): The DN stage was represented with 1-2% cells of the total 

population, the majority of cells was undergoing rearrangement in the DP group. SP cells were present at 

a normal CD4+ to CD8+ ratio of about 2, before migrating into peripheral organs. In our hands, Prkdc-/- 

single mutant mice reproduced the drastic phenotype seen by Gao et al. and Taccioli et al. [197, 285]. 

Thymocytes from both Prkdc-/- and Prkdc-/-Hus1neo/∆1 animals displayed an accumulation of cells at the 

DN stage, however with striking differences in distribution between the Prkdc-/- and the Prkdc-/-Hus1neo/∆1 

double mutant. In the Prkdc-/- single mutant, the DN population made up 28.8% of the thymocytes and the 

DP harbored 57% of thymocytes. Neither mature stage was highly populated (2.8 and 3.9 % respectively). 

This indicates that the cells have struggled rearranging their TCRαβ resulting in halted progression at the 

immature stage. The number of cells that progressed into the CD4+ stage was reduced. Numbers of cells 

that progressed into the CD8+ stage were elevated likely to quality control detainment in the thymus. In 

the Prkdc-/-Hus1neo/∆1 double mutant the DN stage makes up 34% of thymocytes, which is even further 

increased than in the Prkdc single mutant. The DP intermediate stage is surprisingly depleted at only 

2.3% (83% in controls). This can mean that a portion of cells must proceed into the SP stage. Even 

though a greater portion of the cells (in comparison to the Prkdc single mutant) proceeds into the SP 

stage, further differentiation stages are at an abnormal ratio. Both CD4+ and CD8+ cells are drastically 
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elevated, likely due to reduced migration. To further analyze the DN population and to detect whether 

Prkdc-/-Hus1neo/∆1 manage to rescue early chain rearrangement events, TCRαβ positive cell were gated 

from the DN population. While TCRαβ staining (marked as TCRβ in figure 3.13C) was detected in the 

DN populations of control and Hus1 hypomorph mice, the Prkdc-/- single mutant showed no presence of 

TCRαβ. Surprisingly, low levels of TCRαβ were restored in the Prkdc-/-Hus1neo/∆1 double mutant. A 

rescue in rearrangement of TCRαβ in Prkdc-/-Hus1neo/∆1 could provide an explanation for rescued survival 

in this group. The experiment described here was performed one time with two Prkdc-/-Hus1neo/∆1 mice 

(one mouse is shown, the other own showed indentical patterns) and one respective control mouse, thus 

requiring repeated experiments. 

 

A 
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Figure 3.13.  HUS1-deficiency modulates lymphocyte maturity in Prkdc
-/- 

mice. A, B and C 

Thymus was obtained from 8-12 weeks old mice. Fluorescence-conjugated specific maturity markers 

CD4, CD8, TCRαβ and TCRγδ were used for FACS sorting. Genotypes and populations shown as 

indicated. This work was supported by Dr. Avery August and Nicholas Koylass. A. Overal population 

sorted by size. B CD4 by CD8 from within T-cell population. C. TCRαβ and TCRγδ from within DN 

population. 

B 

C 
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3.5  Discussion 

In times of heightened proliferation such as during development, cells react particularly sensitive DNA 

damage resulting in replication stress. 9-1-1 is required for ATR- checkpoint activation [99] and has been 

proposed to carry out independent roles in DSB repair [109, 138]. I predicted dual inactivation of Hus1 

and Prkdc to increase genomic instability in mice to an extent that would overburden remaining repair 

mechanisms and therefore result in synthetic lethality of Prkdc-/-Hus1neo/∆1 embryos. However, Prkdc-/-

Hus1neo/∆1 double mutant mice were born at expected Mendelian ratios and were grossly normal, 

suggesting the presence of compensatory mechanisms. This however does not mean that the predicted 

synthetic interactions do not exist. There are chances that moderate effects exist which would be 

exacerbated by appropriate challenges. 

A standard approach to characterize C-NHEJ proficiency in mutants of this and related pathways 

is the measurement of lymphocyte maturity. Lymphocytes, originating in the bone marrow and thymus 

undergo a maturation process in which they rearrange their DNA at specific DNA loci. The 

recombination of the TCRβ and TCRα gene loci while transitioning through maturation marker stages, is 

well documented [293]. Immature cells begin as CD4- and CD8- (DN). Then, with successful 

rearrangement at the TCRβ locus they express CD4+ and CD8+ surface markers (DP), later committing 

to just one of the two lines (SP). The expression of mature T-cell receptors requires V(D)J recombination, 

a process of cutting and recombining gene fragments at the T-cell receptor recognition site. This process 

requires C-NHEJ, thus conferring an immune deficiency phenotype to C-NHEJ impaired mice. In a so far 

unrepeated experiment, Prkdc null mice showed expected maturation defects in thymocytes, while the 

Prkdc-/-Hus1neo/∆1 double mutant mouse achieved generation of low levels of lymphocytes with TCRαβ 

expression.  

Until this study, no role for HUS1 has been described in regard to lymphocyte maturation. Yet, in 

this study HUS1 reduction seems to positively affect survival and lymphocyte maturation in Prkdc-/- mice. 

The question emerges, as to why an organism would benefit from additional HUS1 reduction when 

already harboring a defect in C-NHEJ. The answer may lie in a possible regulatory role for 9-1-1 in the 
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decision making process between C-NHEJ, A-EJ and HRR. Wang et al. reported that Hus1-deficency 

reduces HRR rate, but not C-NHEJ rate [109]. Furthermore, Pandita et al. described a role for RAD9 in 

repair of DSBs through HRR [138]. 9-1-1 plays a role in promoting end-resection through stimulation of 

SGS1, DNA and EXO1 while at the same time suppressing A-EJ [123, 128]. In V(D)J recombination, A-

EJ can step in the place of C-NHEJ for the rejoining steps in conditions when A-EJ is not suppressed 

[294]. As 9-1-1 has been shown to also suppress A-EJ, it is possible that in Prkdc-deficient thymocytes, 

the loci completely fail to rearrange: They cannot use neither C-NHEJ as it is disabled, nor A-EJ as it is 

suppressed (Figure 3.14). In this scenario, reduction of HUS1 could allow the cells to apply A-EJ for a 

make-shift rearrangement at the TCRαβ loci. This partial rescue could restore basic levels of adaptive 

immunity allowing for prolonged survival. Further repeats are required to confirm these results. 

  



121 
 

 

 

  

Figure 3.14.  Model of compensatory A-EJ recombination in T-Cells in absence of HUS1.    

In wildtype mice, T-cells recombine their receptors using C-NHEJ and DNA-PK. In Prkdc-/- mice 

this pathway is inhibited. The back-up pathway using A-EJ is suppressed when HUS1 is active, 

thus impairing T-cell maturation. In the absence of HUS1, A-EJ provides partial rescue. 
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Whether this phenomenon can be observed in non-lymphatic cells as well, would require reporter 

plasmids for A-EJ, C-NHEJ and HRR to be used in Prkdc-/-Hus1neo/∆1 and control MEFs. Sequencing of 

the respective receptor generating regions in the genome would allow to identify which joining process 

has been employed by the cells to generate the receptor region and whether the rearrangement and 

rejoining quality is sufficient for restoration of function. 

Inside of lymphocyte maturation DSBs are introduced to enhance variability and during meiosis 

to assure accurate chromosome segregation. These are tightly controlled processes that manage to channel 

initiation of DSBs for the cell’s advantage. Outside of these two processes, DSBs are usually toxic to 

genome integrity and require immediate and accurate repair. The astounding possible role of HUS1 in 

lymphocyte maturation might reverberate in unplanned DSB repair regulation scenarios. 

Prkdc-/-Hus1neo/∆1 double mutant mice display strong IR sensitivity on par with Prkdc-/- single 

mutants in comparison to Hus1neo/∆1 and normal controls. A preliminary interpretation would suggest that 

in regard to IR-induced DSB repair, the two proteins act independently, with both Prkdc-deficient groups 

succumbing to the burden of unrepaired DSBs. As IR-induced DSBs challenge the cell regardless of stage 

in cell cycle, the majority of the repair burden lies on C-NHEJ. It is possible, that at lower doses, Prkdc-/-

Hus1neo/∆1 double mutant could be more sensitive than Prkdc-/- single mutant mice. This would reveal a 

partial overlap of roles for 9-1-1 and DNA-PK providing further evidence for a role of HUS1 in HRR.  

A role for HUS1 in DSB repair is however more likely in the context of MMC-induced damage 

(fig 3.15). Preliminary data suggest that Prkdc-/-Hus1neo/∆1 double mutant mice sensitivity to MMC is 

severely aggravated, supporting a strong role for HUS1 in MMC-induced ICL resolution. If dual 

inactivation of Hus1 and Prkdc resulted in higher sensitivity to MMC-induced damage than partial 

inactivation of Hus1 alone, then epistasis-like interactions could be involved. It would be crucial to 

carefully measure differences in sensitivity, in order to identify synergistic versus additive effects. If the 

sensitivity in Prkdc-/-Hus1neo/∆1 double mutant mice was more than the combined sensitivity of the single 

mutant, then synergistic interaction would be likely, suggesting a cooperation of HUS1 and DNA-PK in 

the response to MMC-induced damage. To understand which exact role HUS1 plays in the coordination 
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of repair effort after MMC exposure, an analysis of HRR, NHEJ and ICL repair efficiency should be 

conducted, with the use of reporter plasmids as one possible way. If all repair mechanisms are impaired in 

Hus1-deficient cells, then a hypothesis of HUS1 within 9-1-1 acting as a molecular scaffold coordinating 

and regulating the repair of complex lesions becomes more likely. A comparison with the Atm-/- Hus1neo/Δ1 

mouse allows for interesting conclusions. ATM as one of the major DDR PIKK kinases, is an early sensor 

of DNA damage, including DSBs occurring from MMC damage [295]. ATM can function upstream from 

DNA-PK [296] and thus a dual inactivation of Prkdc-/-Hus1neo/∆1 could be expected to show similar 

synergistic effects in response to MMC treatment as the Atm-/- Hus1neo/Δ1 in regards to post-ICL DSBs. 

However, the lesions resulting from MMC are diverse and complex: Simple DSBs resulting from ICL 

excision form only a fraction of the lesions, bulky mono-adducts and ICLs can result in fork stalling, 

complex replication structures and fork collapse in the worst case [297, 298]. For these challenging and 

versatile lesions, a well-organized scaffolding structure might be required. Both dual inactivation models 

suggest that HUS1 as a member of 9-1-1 could be a central player in the coordination of high complexity 

repair jobs. 
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Figure 3.15.  Model of genotoxin sensitivity caused by absence of HUS1 in a Prkdc null 

background.    In cells with redundant DDR pathways, genotoxin challenge can be tolerated. Dual 

inactivation of related pathways causes increased genomic instability. When dual inactivation is 

combined with genotoxin challenge, viability is compromised.  Similarly, selective toxicity in 

tumor cells harboring DDR defects can be achieved by combining DDR inhibitor treatment with 

genotoxin challenge. 



125 
 

I hypothesized that the 9-1-1 clamp member HUS1 plays a central role in coordinating DSBs and post-

ICL DSBs. In the present study I described a possible cooperative role with DNA-PK in response to 

MMC treatment in vivo and a potential new role in life span reduction of immunosuppressed Prkdc-/- 

mice. Taken together, the Prkdc-/-Hus1neo/∆1 double mutant mouse displays promise as a synthetic lethality 

drug cancer model as well as a tool in uncovering additional roles for HUS1 in lymphocyte maturation. 
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CHAPTER 4 

SUMMARY AND FUTURE DIRECTIONS 
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4.1. Significance of DNA Damage Response research. 

The role of 9-1-1, a heterotrimeric DNA sliding clamp composed of RAD9, HUS1 and RAD1, has been 

well established in the context of checkpoint signaling. However, it has been implied to harbor, functions 

going beyond that of an ATR activator alone: 9-1-1 functions as a regulatory platform in NER and BER 

pathways, where it interacts with multiple factors in a typical scaffolding manner and has been shown to 

enhance function of the pathways [121, 132, 299]. While 9-1-1 has been implied in ICL repair through an 

ICL repair-based proteomic screen [124] and in DSB repair through HRR reporter assays [109, 138], its 

molecular modus operandi remains in the dark. Attempts to elucidate the role of HUS1 in various repair 

pathways has proven difficult as 9-1-1 members, in fact, all major elements of the ATR pathway are 

essential genes. Knocking out Hus1 results in early embryonic death in mice. MEFs made from embryos 

display cell cycle arrest and genomic instability [95]. One way to still study the role of Hus1-deficiency in 

live animals has been achieved through the generation of an allelic series: When combing a partial 

expressing Hus1neo allele with a null allele (Hus1∆1) mice are viable, while only marginal levels of HUS1 

protein expression are detectable. This hypomorph mouse model and the Hus1 null MEFs generated by 

simultaneous disabling of p21 provide invaluable tools in discovering molecular interactions of HUS1 

and DDR pathways [95, 288]. 

The interplay between DDR pathways has been well studied in the context of cancer therapy. As 

tumors often acquire mutations in DDR genes, hijacking and altering of these genes for purposes of their 

own proliferation, scientists began discovering the true potential in DDR research. Improving the general 

understanding of DDR genes such as HUS1 provides potential candidates in the search for drug targets. 

Tumors can be addicted or sensitive to the presence of certain DDR genes, which encouraged further 

research. Famous examples of DDR genes that have been altered are BRCA1/2 and P53, which have 

already reached a level of recognition among the lay population. Less recognized but promising, is a 

fairly sophisticated attempt of applying DDR knowledge onto the medical field: The exploitation of 

synthetic lethality. This concept takes advantage of known sensitivities of tumors that are consequences 

of shedding certain tumor suppressor functions. Simplified, after disabling one major DDR pathway to 
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allow for uncontrolled growth, cancer cells more heavily rely on a remaining DDR pathway to repair 

damage (Figure 3.15). When the remaining DDR pathway is now targeted by an inhibitory drug, the 

cancer cell is particularly sensitized to exogenous and endogenous damage. Following this approach, 

multiple DDR inhibitors are currently in pre-clinical or clinical trials, amongst these are DNA-PK, 

CHK1/CHK2, PARP, ATM, and P53 inhibitors [52-59].  

Dual impairment of DDR genes can mimic a situation in which a certain cancer, which already 

harbors one DDR mutation, is challenged with the inhibition of another. Multiple dual inactivation 

models generated in our laboratory serve as powerful tools in understanding cellular requirements for 9-1-

1 in resistance to genotoxic drugs. In further applications, these synthetic lethal interactions can be 

reproduced in tumor models harboring DDR defects to proof therapeutic efficacy. 

9-1-1 which stands at the hub of multiple DDR pathways could emerge as a future drug target, if 

its molecular interactions were better understood. As a target in dual impairment models, it has proven to 

aggravate genotoxin sensitivity and reduce survival, promising signs of therapeutic application. The 

research described in this dissertation aims at elucidating molecular interactions between 9-1-1 and major 

repair pathways for later application for the benefits of medicine. 

 

4.2. 9-1-1 modulates the DDR response to MMC-induced ICL lesions 

Guided by previous findings describing increased MMC sensitivity in mice partially deficient for Hus1 

[115] we set out to investigate the role of HUS1 in MMC-induced cross link repair. We found a role for 

HUS1 in the maintenance of chromosomal stability. In Hus1-deficient cells, MMC treatment resulted in 

severe chromosomal aberrations including the formation of radial chromosomes. Radial chromosomes are 

a hallmark of the genome instability disorder FA, the pathway responsible for ICL resolution. 

Complementation of Hus1-deficient cells with wildtype or surface mutated HUS1 brought about a rescue 

of the phenotype in the former and partial rescue in the latter, suggesting a possible involvement of 

further HUS1, RAD9 or RAD1 residues in the prevention of radials. Including Prkdc-/-Hus1neo/∆1 MEFs in 

this study alongside with their respective controls would possibly show, if the defect is indeed mediated 
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by C-NHEJ or A-EJ, as (DNA-PK) Prkdc has no known role in A-EJ. Furthermore, as RAD9 has been 

implied to partake in the decision making process between HRR and C-NHEJ as a promotor of resection 

[123], comparable surface mutants could indicate whether the chromosomal protection function is 

mediated through the checkpoint, the whole clamp or one of its members. 

We have shown that 9-1-1 has interacted with multiple FA proteins, both functionally and 

physically: Functionally, 9-1-1 is required for metaphase radial prevention and MMC resistance. 

Physically, HUS1 interacts with FANCI, FANCD2 and FANCG in co-IP experiments. As our study was 

conducted in a mouse model, few reliable antibodies were available for endogenous protein localization 

and interaction studies. The generation of Hus1 knockout human cell lines, which is under development 

in the lab, would allow us to include interaction studies for each single FA core complex protein and 

unveil a potential role of HUS1 in recruiting or stabilizing the complex. The study of HUS1 in human 

cells would allow for better predictions regarding cancer sensitizing approaches in Hus1-deficient cells in 

humans. Specifically, FA patients could benefit from this research, as by the nature of their disease, 

classic cancer drugs such as MMC cannot be used in the treatment of their tumors. 

In the processing of the post-ICL DSBs multiple repair proteins, mostly members of the HRR 

pathway, have been shown to participate in the repair [140]. Our studies identified HUS1 as a major 

participant in ICL-induced DSB repair. During the process of the repair, RAD51 is required at the fork to 

stabilize the fork as well as to induce strand invasion after the ICL is excised. We showed that HUS1 is 

essential for the appropriate loading of RAD51 at the site of the ICL. In absence of HUS1, unrepaired 

damage continues to signal for activation of kinases. These kinases hyper-phosphorylate RPA, a state that 

is likely upheld by unrepaired damage delaying RAD51 loading to prevent stray strand invasion. 

However, some questions remain unanswered: Which kinases phosphorylate RPA at which sites 

specifically? Which sites on RPA are important for blocking or promoting RAD51 loading? How does 

HUS1 interject in these processes? Careful site mutagenesis studies will decipher the relationship between 

RPA phosphorylation sites, the responsible kinases and the regulatory effects on RAD51. An interesting 

follow up experiment to complement the DNA-PK and ATR inhibitor treatments would be to compare 
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RAD51 focus formation in regard to the role of HUS1 in a background of ATM-deficiency. A possible 

involvement of ATM in phosphorylation of RPA in Hus1-deficient cells could be tested. A recently 

emerged kinase, PLK1, which phosphorylates BRCA1 and RAD51, should be considered for interaction 

with 9-1-1 as well, possibly forming the missing link between HUS1 reduction and loss of RAD51 focus 

formation. 

 HRR and C-NHEJ players could be affected by HUS1 in the context of MMC-induced DSB 

repair. One of the most important regulators of RAD51 is BRCA2. Preliminary data showed a reduction 

of BRCA1 foci in Hus1-deficient cells. As BRCA1 is only an indirect regulator of RAD51, localization 

and interaction studies between HUS1 and BRCA2 would be most telling. I speculate that HUS1 and 

BRCA2 interact functionally, perhaps with 9-1-1 yet again taking on the protein scaffolding role. 

I proposed that 9-1-1 has a regulatory role in ICL repair. In this study I described defects in ICL repair 

that were observed in absence of HUS1 in the form of radial chromosomes. I demonstrated co-

localization of HUS1 and important ICL repair protein and showed defects in loading of some of these 

repair proteins onto chromatin. In summary, HUS1 emerged as a novel player in the ICL/DSB repair 

process. Its molecular fine tuning remains yet to be understood. 

 

4.3. HUS1 modulates MMC sensitivity and lymphocyte maturity in NHEJ-deficient mice 

In an attempt to unveil potential synthetic lethal interactions on the one hand and dissection of HRR and 

C-NHEJ crosstalk on the other hand, I designed a dual inactivation mutant mouse of 9-1-1 and C-NHEJ. 

The targeted genes of choice were Hus1 in its hypomorphic manifestation and Prkdc as a major C-NHEJ 

member. Although predictions of synthetic mortality did not hold true, likely due to compensatory 

mechanisms, the double mutant mouse revealed interesting insight into the molecular crosstalk between 

9-1-1 and NHEJ. In genomic instability assays measuring micronuclei formation, Prkdc-/-Hus1neo/∆1 mice 

stood out with elevated levels of MN formation. These resemble a synergistic interaction, indicating that 

in this context the target proteins operate in independent pathways.  
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When aged over 300 days, Prkdc-/- single and Prkdc-/-Hus1neo/∆1 double mutant mice displayed increased 

mortality, with a more severe manifestation in the Prkdc-/- single mutant mice. As these mice suffer from 

immune deficiency, infections with opportunistic pathogens is a likely explanation for increased 

mortality, as discussed in chapter three. To test this hypothesis, mice could be aged in SPF conditions. 

Clinical tests to confirm possible infections and immune response in Prkdc-/-single, Prkdc-/-Hus1neo/∆1 

double mutant and control mice is advisable. To examine whether the reduced viability is due to genetic 

causes rather than infections, the generation of MEFs would be advantageous. In proliferation assays, 

early senescence could be revealed. 

When challenged with MMC or IR radiation, Prkdc -/- Hus neo/∆1 double mutant mice showed an 

exquisite sensitive reaction, that is more severe than that of the Hus1neo/∆1 mice. While further studies are 

required, trends indicate that double mutant mice are synthetic lethal when challenged with MMC. In IR, 

the chosen dose did not allow for a dissection of sensitivity degrees between Prkdc single and double 

mutant mice: All mice in these two groups died within 72 hours of IR exposure, while control mice 

showed a gradual decline peaking at day 12. Further studies are required using lower doses to identify a 

potentially altered sensitivity to IR. Dose response tests would provide tolerable dose ranges for IR. 

Exposure of MEFs from the same four genotypical groups to IR and MMC would also reveal genotoxin 

sensitivity in quantifiable ways. 

A standard approach to characterize C-NHEJ proficiency in mutants of this and related pathways 

is the measurement of lymphocyte maturity. Lymphocytes undergo a maturation process transitioning 

from a DN stage to a DP stage, then later shedding one of the CD4 and CD8 surface markers, thus 

differentiating [300]. The expression of mature T-cell receptors requires V(D)J recombination, which in 

turn heavily relies on C-NHEJ [301]. Strikingly, while Prkdc null mice showed practically no mature 

lymphocytes, the double mutant mouse achieves to generate low levels of TCRαβ expressing 

lymphocytes. Further repeats are required to confirm these results. Sequencing of the respective receptor 

generating regions in the genome would allow identifying which joining process has been employed by 

the cell to generate the receptor. As discussed in chapter three, HUS1 might be responsible for 
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suppression of A-EJ in Prkdc null mice leaving it with no alternatives to generate rearranged T-cell 

receptors. When HUS1 is absent, A-EJ is no longer being suppressed, thus partially rescues genetic 

rearrangement at the TCRαβ loci allowing for residual lymphocyte maturation. Sequencing of the TCRαβ 

gene loci would answer this question unequivocally. If confirmed by further analyses, this would be the 

first time a role for HUS1 in lymphocyte maturation is described. To test if this result is observable in 

lymphocytes only or globally, DSB repair fluorescent reporter plasmids should be used in Prkdc-/-

Hus1neo/∆1 double mutant MEFs as well as in their single counterparts and controls. Then, by using 

specific A-EJ, C-NHEJ and HRR reporter plasmids, one could test if A-EJ is upregulated in Prkdc-/-

Hus1neo/∆1 double mutant MEFs but suppressed in Prkdc-/- single mutants. 

Concluding, HUS1 has been implied in genome integrity maintenance, in DSB and ICL repair 

and possibly in lymphocyte maturation through biochemical and genetic studies. HUS1 is indispensable 

for MMC related damage repair in regard to chromosomal integrity, ICL signaling, and the repair of the 

resulting DSBs, likely through coordinating DSB repair factors through direct and indirect interaction. In 

the decision making process between DSB repair mechanisms, HUS1 likely suppresses A-EJ, thus 

contributing to favoring of HRR outside of V(D)J recombination, and loss of recombination in V(D)J 

recombination. Further elucidating the role of HUS1 and its fellow clamp members in regulating DDR 

holds promise for future application in synthetic lethal cancer therapy. 
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