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Abstract 

Single stranded DNA (ssDNA) binding proteins (SSBPs), are known key players 

of DNA damage response (DDR) pathway and play an essential role in stabilising fragile 

ssDNA generated during DNA replication, transcription and repair. The canonical SSBP 

is the heterotrimeric Replication Protein A (RPA) which is involved in a number of key 

cellular processes including replication and repair via Homologous Recombination (HR) 

in the course of DNA damage. Our lab recently described two new SSBPs, termed SSB1 

and SSB2 (also known as NABP2/OBFC2B/SOSS-B1 and NABP1/OBFC2A/SOSSB-2, 

respectively) which form independent co-complexes with two additional proteins, the 

Integrator complex subunit 3 (INTS3) and the chromosome 9 open reading frame 80 

(C9ORF80), a small acidic 104 residue polypeptide. Previously, we demonstrated that 

whilst Ssb1/Nabp2 KO in mouse caused perinatal lethality, Ssb2/Nabp1 KO did not lead 

to any phenotypic abnormalities. Interestingly, ablation of Ssb1 led to stabilisation of 

Ssb2 and vice-versa, indicating functional redundancy between these two proteins. This 

was recently demonstrated in-vivo by the generation of Ssb1 and Ssb2 (together referred 

as Ssb1/2) double-knockout (DKO) mice, which caused early embryonic lethality in a 

constitutive model and acute bone marrow failure and intestinal atrophy using the 

inducible Rosa26-CreERT2 system.  

To delineate the functional redundancy between these two proteins at the 

molecular level, we have generated inducible DKO mouse embryonic fibroblasts (MEFs) 

using the Rosa26-CreERT2 system, which will be described in the first research chapter. 

We found that cumulative loss of Ssb1/2 in the primary as well as SV40-immortalised 

MEFs led to acute proliferation arrest and cell death following TAM administration. This 

was associated with accumulation of genomic instability via endogenous replication 

stress. Although loss of Ssb1/2 in-vivo and in-vitro is associated with accumulation of R-

loops, the overall DKO phenotype was not able to be rescued with overexpression of 

RNaseH1, which resolves R-loops. Additionally, we investigated the roles of Ssb1/2 

following treatment with different DNA damaging agents to determine their roles in the 

DDR system. Interestingly, DDR signalling in DKO was normal following ionizing 

radiation, ultraviolet C and camptothecin but with hydroxyurea treatment that causes 

replication stress, we observed a delayed signalling response in DKO. Together, this 

chapter defines the phenotypic changes that take place in-vitro when Ssb1 and Ssb2 are 

deleted. 
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 The second research chapter describes our finding that loss of Ssb1 and Ssb2 

together leads to reduced levels of several Integrator components and thus, has an 

equivalent profound effect on the misprocessing of the Sm- associated small nuclear 

RNAs (snRNAs) to that of the Integrator catalytic components- IntS9 and IntS11. Here, 

we show that upregulated snRNAs are not only misprocessed, but extend up to several 

hundred to a thousand base pairs past their native termination site, and are polyadenylated. 

Additionally, we demonstrate that loss of Ssb1/2 led to changes in the dynamics of 

alternative splicing, likely due to perturbation of the splicing machinery by aberrant 

snRNAs. We further show that a number of regulators of transcription and the cell cycle 

are affected by these changes, which might contribute to the loss of viability observed in 

DKO cells. Together, these findings reveal the critical role of Ssb1/2 and their association 

with the Integrator complex in regulating cellular proliferation and spliceosomal function.  

The third chapter of this thesis further investigates the intestinal atrophy observed 

upon loss of Ssb1 and Ssb2 in the DKO mice from our lab. For this, we have generated a 

small intestine (SI) specific Ssb1/2 DKO mouse- the VillinCreERT2 Ssb1flox/flox; Ssb2flox/flox 

model. This mouse model is a unique system to study the undefined roles of Ssb1/2 in the 

small intestine (SI) by bypassing the confounding effects of the bone marrow phenotype 

in the ubiquitous Rosa26-CreERT2 DKO model. We have found that loss of intestinal 

Ssb1/2 leads to exhaustion of the stem cells in the crypts, resulting in loss of the normal 

crypt-villus axis anatomy which causes acute morbidity within six days of induction. 

Interestingly, the stem cells are pushed to proliferate immediately after the loss of Ssb1 

and Ssb2, followed by the exhaustion of these cells. This is demonstrated by sequential 

proliferation studies using the known thymidine analogue 5-bromo-2’deoxyuridine 

(BrdU) as well as quantitative reverse transcription polymerase chain reaction (qRT-

PCR). Therefore through this model, we have demonstrated a fundamental role of Ssb1/2 

in the maintenance of intestinal homeostasis. 

In conclusion, through the inducible abrogation of two SSBPs- Ssb1 and Ssb2 

together, we have demonstrated several novel roles of these proteins in the maintenance 

of genomic stability both in-vitro and in-vivo that were previously masked in single KO 

studies. Further, we have defined the molecular mechanisms underlying the acute 

lethality observed upon abrogation of these two proteins.  
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A note on the structure of this thesis 

At the commencement of the project, the focus was to understand the roles of mouse Ssb1 

and Ssb2 in the maintenance of genomic stability and in the DNA damage response. 

However, unexpected findings throughout this study have identified a novel role of these 

proteins in the processing of small nuclear RNAs (snRNAs), and in the maintenance of 

intestinal homeostasis.  

To cover the background literature in these diverse fields, the introductory chapter 

(literature review) describes the canonical DDR pathway and repair mechanisms, 

highlighting the roles of SSBPs in the maintenance of genomic stability in the context of 

DNA replication and repair. Each results chapter then introduces and describes the 

findings in the context of their specific fields- genomic instability, snRNA processing and 

intestinal stem cells. The final discussion then combines these findings highlighting Ssb1 

and Ssb2 as essential genes for cellular viability. 
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A note on nomenclature: 

Standard rules of nomenclature have been used in this thesis to refer to genes, RNA and 

proteins. Human gene and RNA symbols appear all in uppercase and italicised (SSB1), 

whereas proteins appear in all uppercase only (SSB1). Mouse gene and RNA in this thesis 

appear as all italicised with the first letter in uppercase (Ssb1) and mouse proteins appear 

as non-italicised with the first alphabet in uppercase (Ssb1). 
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1. Chapter 1 Literature Review 

 

1.1 Genomic instability 

DNA, the fundamental building block of our life, is very dynamic and fragile. Its 

stability is constantly challenged through the formation of a number of endogenous toxic 

by-products of cellular metabolism or exogenous sources of damage which are derived 

from the environment. Of these, endogenous sources of damage like base change 

reactions of the DNA (hydrolysis, alkylation, oxidation and mismatch) or changes to the 

duplex structure of DNA like single strand DNA (ssDNA) or DNA: RNA triple hybrids, 

G-quadruplex, are the major dictators of genomic instability. These lesions in turn can 

escalate to exaggerate the damage through cell cycling. For example, ssDNA which is an 

important intermediate in multiple DNA transactions including replication, transcription 

and repair can induce the DNA damage response system and cause replication stress (RS) 

if not properly protected. On the other hand, extrinsic factors such as ultraviolet (UV) 

rays, ionizing radiation (IR), and carcinogens can cause physical DNA lesions such as 

DNA strand breaks and mutations. These lesions when formed in turn can contribute to 

global genomic instability and lead to disease and inflammation (Hoeijmakers 2001) 

[Figure 1.1].   

Genomic instability can also arise from defects to the chromosome, which carries 

genetic information as compacted form of DNA. This is often referred to as 

“chromosomal instability” or CIN. Loss of telomeric function or physical damage to the 

telomere is a common form of CIN that can either lead to uncontrollable proliferation or 

senescence. Another example is chromosomal aberrations that can either be structural or 

numeric. Structural aberrations can occur when a part of the chromosome is lost/gained. 

This can occur as a consequence of DNA damage or mitotic errors, which are often 

observed as a lagging chromosome. Lagging chromosomes are visualised when a part of 

the sister chromatid fails to incorporate in one of the daughter nuclei and gets carried over 

to the other. Often this extra chromosome can get excised out as a third nuclear body 

known as a “micronucleus” (Zhang, Spektor et al. 2015). Additionally, loss in ploidy or 

chromosome number (aneuploidy) has been long associated with genomic instability and 

is currently thought to be an early sign of tumorigenesis (Sheltzer, Blank et al. 2011, 

Nicholson, Macedo et al. 2015). Another form of CIN is chromosome rearrangement 

wherein parts of chromosomes from multiple chromosomes get shuffled. When this 
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occurs in a single event, it is called Chromotripsis (Liu, Erez et al. 2011, Kloosterman 

and Cuppen 2013) and is a common phenomenon in a number of congenital diseases that 

are characterised by mental retardation  and cancers like lymphoma, melanoma, sarcoma 

and colorectal, bone and thyroid cancers (Rode, Maass et al. 2016). In conclusion, these 

unbalanced translocations can generate DNA strand breaks and cause genomic instability. 

 

1.2 Sources of DNA damage 

As mentioned above, there are two major sources of DNA damage- exogenous or 

endogenous sources of DNA damage. 

 

 

 

Figure 1.1 The various insults to the genome. Upon formation of DNA damage, the DDR 

is activated and performs multiple functions, including:  activation of DNA damage 

checkpoint kinases to halt the progression of the cell cycle, recruitment of repair proteins, 

chromatin remodelling proteins and pausing of the transcription machinery. Upon repair 

of the lesion, the chromatin returns to its unmodified state, leading to cell cycle and 

transcription resumption. [Figure published in (Chatterjee and Walker 2017). Permission 

obtained from John Wiley and Sons, license number: 4566820629859.] 
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1.2.1 Exogenous source of damage 

Exogenous sources of damage are also called environmental or extrinsic sources 

of damage. The most common example is smoke from cigarettes, engines and factories, 

or ultraviolet rays from the sun. Although these extrinsic sources can be limited to a 

certain extent, however, persistent exposures to these agents can cause both acute and 

often chronic damage to the organism’s DNA. Paradoxically, agents which cause DNA 

damage are commonly used as chemotherapeutics to treat cancer, due to their potent 

growth inhibitory effects. Some common examples of drugs that cause DNA damage and 

are utilised in the clinic are cisplatin, hydroxyurea (HU), and topotecans such as 

camptothecin (CPT). Additionally, several natural agents like mitomycin-C and 

streptozotocin have also been exploited as therapeutics to treat cancer. These agents 

catalyse inter-strand crosslinks in the DNA structure which are extremely difficult to 

repair. One class of drugs being actively investigated for cancer therapy are those that 

target methyltransferase-dependent DNA methylation. Several methylating agents that 

target DNA methyl transferases like dacarbazine and temozolomide can in turn cause 

lethal O6- methylguanine (O6MeG) (Curtin 2012, Fu, Calvo et al. 2012, Cheung-Ong, 

Giaever et al. 2013).  

 

1.2.2 Endogenous source of damage 

A major proportion of DNA damage occurs as a result of endogenous DNA 

damage. Oxidative stress is one of the most common forms of endogenous DNA damage 

(Klaunig and Wang 2018). Errors can occur during transcription, replication as well as 

during the process of cell division. During these metabolic processes, the DNA is required 

to uncoil from its stable double helical structure in order to transcribe, or to duplicate and 

distribute the genetic information to the daughter cells upon division. Single-stranded 

DNA (ssDNA) intermediates are formed during these cellular processes which are very 

fragile and prone to damage. The following section describes this process in more detail. 

1.2.2.1 Oxidative stress (OS) 

Oxidative stress (OS) is defined as the overwhelming imbalance between reactive 

oxygen species (ROS) or free radicals and antioxidants that chelate ROS (Sies 2018) 

[Figure 1.2]. Persistence of OS has been associated with ageing (Zhang, Davies et al. 

2015) as well as a number of diseases (Cooke, Evans et al. 2003) including inflammation 

(Wiseman and Halliwell 1996), gastrointestinal mucosal diseases (Phull, Green et al. 

1995, Bhattacharyya, Chattopadhyay et al. 2014), cancer (Piskounova, Agathocleous et 
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al. 2015, Klaunig and Wang 2018) and neurodegenerative diseases (Lin and Beal 2006) 

like Parkinson’s (Blesa, Trigo-Damas et al. 2015) and Alzheimer’s (Wang, Wang et al. 

2014).  It is one of the major contributors to endogenous DNA damage which has further 

harmful implications. For example, increased ROS can cause complications during 

pregnancy including placental-diseases, pre-eclampsia and miscarriage (Duhig, Chappell 

et al. 2016, Jauniaux and Burton 2016). 

 

Additionally, many studies have shown that upregulation of ROS in the body 

affects the quality of oocytes in females (Behrman, Kodaman et al. 2001) and sperm in 

males (Agarwal and Saleh 2002), impacting on fertility. Indeed, it is estimated that a 

mouse is exposed to about 100,000 oxidative lesions per day and humans up to 10,000 

per day (Klaunig and Wang 2018). ROS can be formed during a number of metabolic 

processes including respiration, phagocytosis, lipid synthesis and metabolism of certain 

metals as well as upon exposure to hydrogen peroxide, some dietary items and smoking. 

ROS are generally neutralised by a number of enzymes like superoxide dismutase and 

Figure 1.2: Sources of OS. A number of endogenous and exogenous sources can 

give rise to ROS and OS which can lead to a number of consequences such as cell 

death and cancer. [Figure published in (Ahmad, Akhter et al. 2018). Permission 

obtained from Elsevier, license number: 4576751336150.] 
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glutathione synthetase and antioxidants like vitamins (C and E), reduced thiols and 

catecholamines. However, an imbalance in this mechanism causes distortions to a number 

of biomolecules including proteins, lipids and DNA, causing oxidative damage in cells 

(Gagné 2014). 

 

1.2.2.2 Replication-associated DNA damage 

Failure to repair DNA or a defective repair mechanism is a very atypical 

phenomenon. However, often cumulative accumulation of certain structural lesions can 

lead to failing of the repair machinery, pushing the cells to malignancy, untimely 

apoptosis or cellular senescence (Khanna and Jackson 2001, Shiloh 2003, Jackson and 

Bartek 2009). For example, ssDNA intermediates are a very common but unstable 

structure formed during the DNA transactions of replication, transcription and repair. 

These structures if left unprotected for prolonged periods of time can ultimately lead to 

the formation of DSBs, causing the failure of replication machinery. Along with this, the 

presence of any other form of physical barrier to the progressing replication fork (RF) is 

called RS. However, when RF stalls or pauses the cell cycle through S-phase and hinders 

DNA synthesis, the phenomenon is referred to as RF stalling, which when accumulated 

can lead to RF collapse (Mazouzi, Velimezi et al. 2014, Zeman and Cimprich 2014). 

Although the exact reason for replication collapse still remains somewhat ambiguous, a 

few of the reasons speculated to cause this occurrence is replication run-off, replisome 

component dissociation or digestion of stalled or reversed forks.  

Stalled forks on the other hand have been associated with a number of causes 

which is further described in section 1.7.2.1, including limiting nucleotides (such as 

caused by the agent HU), presence of long stretches of G-C rich regions, formation of 

secondary and tertiary DNA structures (G-quadruplex, hairpins, DNA: RNA hybrids) or 

unrepaired DNA lesions that are carried over to the S-phase, leading to obstruction or 

firing or multiple origins (Shechter, Costanzo et al. 2004, Chan, Palmai-Pallag et al. 2009) 

[Figure 1.3]. Often, damage acquired during replication and persisting during mitosis 

manifests as the formation of anaphase bridges, giving rise to micronuclei and leading to 

non-uniform chromosomal segregation. Conversely, it has been shown that DNA damage 

acquired specifically during cell division can cause RS and lead to genomic instability 

during the following cell cycle (R, Karemore et al. 2016). Persistence of DNA damage 

resulting from RS can be observed by the presence of distinct, large 53BP1 nuclear bodies 
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in G1 cells (Chan, Palmai-Pallag et al. 2009, Mazouzi, Velimezi et al. 2014, 

Minocherhomji, Ying et al. 2015). 

 

1.2.2.3 R-loops at the juncture of transcription-replication collision 

Recently, replication stalling has been associated with unresolved DNA: RNA 

triple hybrid structures called R-loops [42, 43]. These triple hybrid structures are formed 

when a nascent RNA transcript binds between duplex DNA to form a highly stable DNA: 

RNA duplex displacing ssDNA. Although R-loops are endogenous transcription 

intermediates- both at the transcription start sites (TSS) and transcription termination sites 

(TTS), and several reports have shown these structures to be involved in establishing 

RNA polymerase II (RNA PolII)-mediated pause sites (Skourti-Stathaki, Proudfoot et al. 

2011, Hatchi, Skourti-Stathaki et al. 2015, Shivji, Renaudin et al. 2018). When the 

transcription machinery receives appropriate cues, these transient triplex structures 

resolve and paused RNA PolII is released to read through to complete transcription. 

 R-loops can be resolved by a number of factors such as Ribonuclease H (RNase 

H1 and H2) enzymes (Arudchandran, Cerritelli et al. 2000, Lima, Murray et al. 2016), 

senataxin (Skourti-Stathaki, Proudfoot et al. 2011) and Aquarius (Sollier, Stork et al. 

2014). However, when these structures fail to resolve in time, their presence can be 

deleterious. Of note, the unbound coding ssDNA in R-loops is highly susceptible to DNA 

damage causing RS. Therefore, it is essential to protect these fragile ssDNA structures as 

soon as they are formed to minimise RS. Indeed, several recent studies have indicated 

that ssDNA interacting proteins like BRCA1 (Hatchi, Skourti-Stathaki et al. 2015, Zhang, 

Chiang et al. 2017), BRCA2 (Bhatia, Barroso et al. 2014, Shivji, Renaudin et al. 2018) 

and RPA (Nguyen, Yadav et al. 2017), are in fact capable of sensing and repairing R-

loop-mediated DNA damage. Accumulation of R-loops and RS can lead to failing of 

DNA repair mechanisms, leading to cell growth inhibition and activating cell cycle 

checkpoints. Moreover, the presence of persistent damage can activate apoptosis. Hence, 
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coordination between the DNA damage response and repair is essential for the cells to 

thrive.  

 

1.3 The DNA Damage Response (DDR) System 

The DNA Damage Response (DDR) is the name given to the collection of cellular 

responses which occur following DNA damage [Figure 1.4]. At the apex of the DDR lie 

three phosphotidyl-inositide kinase-like-kinases (PIKKs): DNA Protein Kinase catalytic 

subunit (DNA-PKcs), Ataxia Telangiectasia-mutated (ATM) and ATM-and-Rad3 related 

(ATR) (Blackford and Jackson 2017). Although these three PIKKs have considerable 

redundancy in their functions, ATM and ATR are predominantly activated by DSBs, and 

ssDNA tracts, respectively. In fact, ATM and ATR have been estimated to phosphorylate 

more the 700 proteins in response to DNA damage (Matsuoka, Ballif et al. 2007). In 

contrast, DNA-PKcs is most well characterised for its role in DSB repair by Non-

homologous End-Joining (NHEJ) (see section 1.2.6.2). All three of these proteins have 

the capability to activate cell cycle checkpoints through phosphorylation of multiple 

downstream targets. This global signal transduction delays the overall cell cycle 

Figure 1.3: Replication stress and R-loops. Maintenance of proper replication depends 

on a number of factors like origin firing, nucleotide availability, coordination of 

replication and transcription machineries, tolerance towards DNA damage and repair. 

Replication barriers can be repetitive sequences, telomeres, secondary structures, 

replication-transcription collisions, early replicating fragile sites (ERFSs) or common 

fragile site (CFS). Of these, CFSs are A-T rich sites which are prone to secondary 

structure formation whereas ERFSs are early replicating G-C rich sites that are 

susceptible to formation of DNA:RNA hybrids called R-loops. These replication barriers 

slow replication fork progression, leading to incomplete replication of the genomic matter 

which is essential prior to entry into mitosis. [Figure published in (Zeman and Cimprich 

2014). Permission obtained from Springer Nature, license number: 4587311336171.] 
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progression, giving the cells sufficient time to repair the damage before resuming 

proliferation (Khanna and Jackson 2001, Wyman and Kanaar 2006, Polo and Jackson 

2011).  

 

1.3.1 Single strand and double strand breaks 

 SSBs are the most common form of DNA lesion and can arise from multiple 

genotoxic agents. Sudden encounter with oxidative stress, alkylating agents, ultraviolet 

rays or RS can cause breaks in one of the two strands of DNA known as a SSBs. These 

can also occur when negative supercoiling takes place during transcription, replication 

and repair. When these unstable ssDNAs are left unprotected for long intervals of time, 

they can collapse and form multiple SSBs spontaneously. These SSBs are often converted 

to DSBs, especially during S-phase (Karlsson and Stenerlöw 2007). DSBs are extremely 

deleterious to cells as the presence of a single unrepaired DSB can lead to chromosomal 

Figure 1.4: DDR in action. Upon formation of DNA damage (e.g. a DSBs or SSBs), 

the DDR is activated and performs multiple functions, including:  activation of DNA 

damage checkpoint kinases to halt the progression of the cell cycle, recruitment of 

repair proteins, recruitment of chromatin remodelling proteins and pausing of the 

transcription machinery. Upon repair of the lesion, the chromatin returns to its 

unmodified state, leading to cell cycle and transcription resumption. [Figure published 

in (Polo and Jackson 2011) which is an open-access article by Cold Spring Harbor 

Laboratory Press.] 
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aberrations, predisposition to cancer or cell death (Khanna and Jackson 2001, Shiloh 

2003). DSBs are formed regularly de-novo during V(D)J (Variable, Diversity and 

Joining) recombination in B cells in the bone marrow and T cells in the thymus, thus 

reinforcing the need to have a robust DDR and repair mechanism (Hendrickson, Qin et 

al. 1991, Blunt, Finnie et al. 1995, Jackson and Jeggo 1995, McBlane, van Gent et al. 

1995). 

Other exogenous agents can also lead to DSBs and other types of DNA lesions. 

For example- Mitomycin C causes crosslinking of the duplex DNA (Iyer and Szybalski 

1964, Liu 2002), bleomycin (Laughton, Halliwell et al. 1989, Povirk and Austin 1991) , 

and gamma radiation causes SSBs in addition to DSBs and base lesions (Hoeijmakers 

2001, Jackson and Bartek 2009). Sensing the type of damage is crucial in order to direct 

the lesions for further repair via the DDR. The cells mediate this widespread 

communication through the different players of DDR, categorised as sensors, mediators, 

transducers and effectors (Shiloh 2003). 

 

1.3.2 Sensors, Mediators, Transducers and Effectors of the DDR 

DNA lesions, irrespective of their origin, need to be properly addressed and 

processed in order to decide the cell’s fate. Usually if the damage is beyond the scope of 

repair the cell activates canonical apoptotic pathways leading to cell death. However, if 

the threshold of damage is tolerable the poised DDR system processes the exposed 

nucleotides to various repair mechanisms, depending on the cell cycle stage that the cells 

are arrested in. This process involves cross-talk between the sensors, mediators, 

transducers and effectors of the DDR (Sulli, Di Micco et al. 2012, Lavin, Kozlov et al. 

2015).  

Sensors- Members of Poly (ADP-ribose) polymerase (PARP) family, in particular 

PARP-1 (Ame, Spenlehauer et al. 2004) engages to sense SSBs. Other sensors are the X-

ray repair cross-complementing protein 1 or XRCC1 (Ljungman 2009) and the SSBP, 

RPA (Iftode, Daniely et al. 1999, Shechter, Costanzo et al. 2004, Zou, Liu et al. 2006). 

RPA-coated ssDNA activates the ATR pathway through its interaction with binding 

partner, ATRIP (ATR-Interacting Protein) for further repair (Binz, Sheehan et al. 2004, 

Toledo, Altmeyer et al. 2013). On the other hand, DSBs can be sensed by the Ku proteins, 

Ku70 and Ku80 (Bindra, Goglia et al. 2013, Chang, Graham et al. 2014) [Figure 1.5] 

which marks the break for DNA repair via NHEJ, a pathway predominantly operational 
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during G1, or by the MRN (MRE11, RAD50 and NBS1) complex, which plays a role in 

DNA repair by HR during the S and G2 phases of the cell cycle (Kim, Krasieva et al. 

2005, Liu, Opiyo et al. 2012, Lavin, Kozlov et al. 2015). The MRN complex also plays a 

major role in activating ATM signalling in response to DSBs. The relative contribution 

of these proteins to the final repair pathway choice is a complex process (discussed further 

in section 1.6.2.4). 

Mediators- Through the activation of master PIKKs like ATM and ATR, a 

number of mediator proteins are activated which amplify the damage signal for 

downstream effector proteins to be phosphorylated. For example, ATM signals through 

MDC1 (mediator of DNA damage checkpoint), BRCA1 and 53BP1 (p53-binding protein 

1) (Xu, Kim et al. 2001, FitzGerald, Grenon et al. 2009, Jungmichel and Stucki 2010, 

Hatchi, Skourti-Stathaki et al. 2015) whereas ATR signals through Claspin to activate the 

cell cycle checkpoints (Delacroix, Wagner et al. 2007, Cimprich and Cortez 2008). ATM, 

ATR and DNA-PK have the capability to signal damage at the chromatin level by 

phosphorylating the histone variant H2A.X at the serine 139 position (Cook, Ju et al. 

2009). This phosphorylated form of H2A.X is referred to as gamma-H2A.X or simply 

γH2AX, which forms discrete nuclear foci corresponding to the level of damage to the 

cells and can span up to 2 mega bases surrounding the DNA damage break site (Rogakou, 

Boon et al. 1999). 

Transducers and Effectors- The mediator proteins readily phosphorylate 

transducers like CHK1 (Checkpoint Kinase 1) (Ho, Siu et al. 2006, Loffler, Bochtler et 

al. 2007, Liu, Opiyo et al. 2012) and CHK2 (Checkpoint Kinase 2) (Hirao, Cheung et al. 

2002) to elicit DNA repair, halt the progressing cell cycle or activate programmed cell 

death in response to genomic insult. These Serine/Threonine (S/T) kinases interact with 

a number of other proteins, grossly categorised as effectors, which aid in the process of 

repair or cellular senescence. Tumour suppressor protein p53, cyclin dependent kinases 

(CDKs) with their cyclin partners and CDK inhibitor protein, p21 are just a few of the 

myriad of effector proteins which help orchestrate the DDR that ultimately decides a 

cell’s fate in response to damage (Ho, Siu et al. 2006, Liu, Opiyo et al. 2012). 
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1.3.3 Role of histone proteins in the DDR 

DNA is packaged in the nucleus in a structure termed the nucleosome, which forms 

the repeating unit of genetic information in chromatin. The nucleosome consists of DNA, 

which is coiled around an octamer protein core composed of histone proteins. The histone 

proteins are alkaline in nature and help form a close niche with the negatively charged 

DNA. Histone proteins are subdivided into five forms, of which histone subtypes H2A, 

H2B, H3 and H4 in dimers, form the nucleosome “bead” and H1 is bound to the linker 

DNA between two adjacent “beads” in the nucleosome. Post-translational modifications 

of the histone proteins help to relax the otherwise condensed nucleosomes, making the 

DNA accessible for other downstream functions and to later restore the condensed 

nucleosomes (Cao and Yan 2012, Sulli, Di Micco et al. 2012).  

Figure 1.5: Sensors, Mediators, Transducers and Effectors. The DDR is a unique 

and robust signalling cascade which works with the coordination of the sensors, 

mediators, transducers and effectors. The apical kinases ATM and ATR play a core 

role in co-ordinating this process. Depending on the level of damage, the cell can 

have multiple fates: cell cycle arrest, DNA repair and cell proliferation, cellular 

senescence or apoptosis. [Figure published in  (Ryan, Hollingworth et al. 2016) 

which is an open-access article by Biomolecules.] 
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In particular, γH2AX leads to the formation of visible nuclear foci. Number of foci 

visualised is directly proportional to the number of breaks in a particular cell and is 

essential for changing the chromatin scaffold structure that aids recruiting the repair 

proteins to the site of damage (Rogakou, Pilch et al. 1998, Paull, Rogakou et al. 2000, 

Redon, Pilch et al. 2002, Celeste, Fernandez-Capetillo et al. 2003).  

Other histone core proteins, like H3 when phosphorylated at the serine 10 residue and 

threonine 120 on H2A act as mitotic markers whereas phosphorylation of H2B overall 

facilitates chromatin condensation and DNA fragmentation in response to programmed 

cell death cues (Fullgrabe, Hajji et al. 2010). In addition to these modifications, 

ubiquitination and transient acetylation of certain histone subunits aids in the DDR by 

providing recognition for a number of DNA repair proteins. There is also recent evidence 

that histone proteins can be ADP- ribosylated in response to DNA damage; however, the 

exact molecular mechanism by which this modification occurs is unclear (Messner and 

Hottiger 2011). Thus, chromatin modifications in the form of physical rearrangements of 

the DNA are required not just before but after the repair of DNA damage to restore the 

endogenous chromatin structure through the “access-repair-restore” process (Ye, Hu et 

al. 2001, Green and Almouzni 2002, Gontijo 2003). 

 

1.3.3.1 γH2AX as a marker of DSBs 

 As mentioned above, DSBs are the most deleterious form of DNA damage and 

their persistence can lead to lethal consequences such as tumorigenesis, disease or cell 

death. Therefore, in order to accumulate and signal the DNA repair proteins to the sites 

of DNA damage, a global signal is required and γH2Axis a key component of this process. 

γH2AX is a downstream target for all three master kinases- ATM, ATR and DNA-PKcs 

(Durocher and Jackson 2001). ATM majorly phosphorylates the core histone protein 

H2AX at serine 139 (S139) in response to DNA damage and normal physiological 

conditions (Rogakou, Pilch et al. 1998, Burma, Chen et al. 2001, Redon, Pilch et al. 2002) 

however, in the events of RS, ATR has been found to do the same in response to DDR 

activation (Ward and Chen 2001). Additionally, DNA-PKcs has been found to engage 

γH2AX during NHEJ in response to DSBs (Burma, Chen et al. 2001, McManus and 

Hendzel 2005). However, the main role of γH2AX is to make the DNA lesion visible to 

enable the recruitment and concentration of different DDR and repair factors in a 

coordinated manner (Paull, Rogakou et al. 2000, Celeste, Fernandez-Capetillo et al. 2003, 

Bhogal, Jalali et al. 2009, Nakamura, Rao et al. 2010). MDC1 gets recruited to the DNA 
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damage site by γH2AX (Lukas, Melander et al. 2004, Stucki, Clapperton et al. 2005, Lou, 

Minter-Dykhouse et al. 2006) that in turn recruits 53BP1 (Anderson, Henderson et al. 

2001), followed by the MRN complex (Furuta, Takemura et al. 2003, Kobayashi 2004). 

This further stabilises ATM at the DNA damage sites (Goodarzi, Jeggo et al. 2010).  

 Interestingly, it is estimated that approximately 1% of H2AX gets converted to 

γH2AX per 1Gy of IR (Rogakou, Pilch et al. 1998) and approximately 35 DSBs are 

formed per cell at a 1:1 ratio to visible γH2AX foci, punctate formations visible by 

immunofluorescence staining. These formations are also termed as ionizing radiation 

induced foci (Rogakou, Boon et al. 1999). In fact, γH2AX foci are visible within seconds 

of IR and after successful repair of the DSB, γH2AX foci are no longer visible as they are 

dephosphorylated by protein phosphatase 2A (PP2A) (Paull, Rogakou et al. 2000, 

Chowdhury, Keogh et al. 2005). However, not all γH2AX foci disappear within hours of 

exposure to DNA damaging agents and these are termed as “residual” or “persistent” 

γH2AX (Torudd, Protopopova et al. 2005, Siddiqui, Francois et al. 2015). This second 

type of foci often corresponds to slow but ongoing repair or breaks that are associated 

with cellular senescence, aging or apoptosis (Sedelnikova, Horikawa et al. 2008, Hewitt, 

Jurk et al. 2012, Schurman, Dunn et al. 2012). Often unrepaired DNA at the telomeres is 

visualised as a constant, persistent γH2AX focus (Fumagalli, Rossiello et al. 2012, 

Rossiello, Herbig et al. 2014). Additionally, γH2AX is also visible in response to 

endogenous DNA damage  events such as during DNA replication (Furuta, Takemura et 

al. 2003) and exposure to ROS (Bell, Klimova et al. 2007, Sedelnikova, Redon et al. 

2010). Therefore, visualisation of DSBs using γH2AX foci is one of the fundamental tools 

to study DDR and repair. 

 

1.4  PIKKs: Master Kinases of the DDR 

Phosphatidylinositol- 4, 5- bisphosphate 3- kinase or Phosphotidylinositol-3-kinase 

(commonly called PI3K) belongs to a special group of enzymes that are responsible for 

carrying out a number of cellular processes such as cell growth and maturation, cell 

differentiation, apoptosis and motility (Lempiainen and Halazonetis 2009, Chang, 

Graham et al. 2014). Of the different sub-classes of PI3Ks, class IV is designated to a 

special category of kinases called the Phosphatidylinositol 3-kinases-related kinases 

(PIKKs). These kinases are also known as the S/T protein kinases because of their 

capability to phosphorylate downstream targets at a sequence having a serine/threonine 
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residue, followed by a glutamine residue (S/T-Q). These kinases are activated by 

phosphorylation through their cognate sensor partners in response to damage stimuli 

(Lovejoy and Cortez 2009). There are five master kinases for the DDR, out of which 

ATM and ATR are the most explored PIKKs because of their capacity to phosphorylate 

more than 700 downstream target proteins (Matsuoka, Ballif et al. 2007). In fact, these 

PIKKs have partial redundancy in their function, adding to the robustness of the DDR 

mechanism (Shiloh 2003, Lempiainen and Halazonetis 2009). This is partially due to the 

presence of four conserved domains, namely the FRAP-ATM-TRRAP domain, the kinase 

domain, the PIKK-regulatory domain and the FAT-C-terminal domain. The HEAT repeat 

containing domains in all the PIKKs form a solenoid structure which aids in protein-

protein interactions and therefore helps in the recruitment of other DDR players (Perry 

and Kleckner 2003, Lempiainen and Halazonetis 2009). 

 

1.4.1 ATM 

ATM is an S/T kinase that sits at the apex of the DDR, ensuring that cells respond, 

process and repair genomic insults. ATM was discovered as the gene responsible for the 

autosomal recessive neurodegenerative disorder called Ataxia Telangiectasia (A-T), 

characterised by cerebellar degeneration, radiation sensitivity, immunodeficiency as well 

as loss of voluntary coordination of movement (ataxia) and dilated blood vessels 

(telangiectasia) (Shiloh 1997, Lavin 2008). This 350 kDa protein is one of the first 

responders to DSBs through its interaction with the MRN complex, allowing the cell 

cycle to pause and repair DNA damage (Bhatti, Kozlov et al. 2011, Lavin, Kozlov et al. 

2015).  

Activation of ATM: Meiotic recombination protein 11 or MRE11 (a DNase) 

(Williams, Moncalian et al. 2008)  dimerises along with the Walker A and B domains of 

RAD50 (Bhaskara, Dupre et al. 2007, Deshpande, Williams et al. 2014) which forms a 

coiled-coil structure to hold the two segments of DSB in close vicinity (Lee and Paull 

2004, Lee and Paull 2005, Williams, Moncalian et al. 2008, Yuan and Chen 2010). This 

interaction of MRE11 and RAD50 is essential to bind to the exposed DSB ends, enabling 

the recruitment of NBS1 (Nijmegan Breakage Protein 1 or Nibrin) followed by ATM to 

the site of damage (Mochan, Venere et al. 2003, Berkovich, Monnat et al. 2007). This 

interaction is not essential but is required for optimal kinase activity of ATM (Lee and 

Paull 2004, Lee and Paull 2005). In the absence of MRN components ATM can be 

activated but presents with reduced and delayed kinetics (Berkovich, Monnat et al. 2007).  
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Although, DSB recognition by γH2AX is dispensable for recognition of breaks, it is 

required for concentrating other downstream targets that are essential to enhance the DDR 

signalling at the damage site (Celeste, Fernandez-Capetillo et al. 2003). One such 

example is the recruitment of MDC1 (Goldberg, Stucki et al. 2003, Lukas, Melander et 

al. 2004, Stucki, Clapperton et al. 2005) that associates with γH2AX to promote the 

localisation of ATM and NBS1 (Lukas, Melander et al. 2004, Chapman and Jackson 

2008). In the absence of damage cues, ATM exists as inactive dimers. However, upon 

DNA damage cues or chromosomal alterations, it autophosphorylates at Ser1981, as well 

as several additional residues (Bhatti, Kozlov et al. 2011) and separates into active 

monomers. In particular, the interaction of ATM with NBS1 of the MRN complex is 

critical for its activation (Horejsi, Falck et al. 2004, Difilippantonio, Celeste et al. 2005, 

You, Chahwan et al. 2005).  

The importance of the MRN complex to ATM activation is illustrated in part by the 

physiological similarities in genetic disorders caused by mutations in RAD50, MRE11 

(Ataxia-Telangiectasia-like syndrome) and Nijmegen Breakage syndrome (Taylor, 

Groom et al. 2004, Jeppesen, Bohr et al. 2011, Lavin, Kozlov et al. 2015).  In the absence 

of DNA damage, a number of phosphatases including Protein phosphatase-2A (PP2A) 

(Goodarzi, Jonnalagadda et al. 2004) interact with the homodimer/multimer of ATM to 

keep inactive (Iijima, Ohara et al. 2008). However, in response to chromatin changes due 

to DSB formation, PP2A dissociates from the ATM dimer, allowing it to become 

monomeric in order to be autophosphorylated at Ser1981 which in turn phosphorylates 

Ser367, Ser1893 and Ser1981 (Bakkenist and Kastan 2003, Goodarzi, Jonnalagadda et al. 

2004, Chowdhury, Keogh et al. 2005, Kozlov, Graham et al. 2006, Shouse, Nobumori et 

al. 2011). This change is mediated by two additional factors PP5 (Yong, Bao et al. 2007) 

and WIP1 (Shreeram, Demidov et al. 2006). PP2A also dephosphorylates γH2AX to 

facilitate the recruitment of repair components (Chowdhury, Keogh et al. 2005). 

However, newer studies contradict this model and have shown that the active MRN 

complex in presence of DNA damage is sufficient to monomerize ATM (Dupré, Boyer-

Chatenet et al. 2006, Blackford and Jackson 2017). Additionally, Atm mutant mice 

(S1987,  human equivalent of S1981) (Daniel, Pellegrini et al. 2008) and other studies in 

mouse (Pellegrini, Celeste et al. 2006) have found no defect in ATM activation suggesting 

that ATM autophosphorylation is dispensable for ATM activation. 
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The acetyltransferase, TIP60 gets activated in response to DSBs which acetylates the 

Lys3016 residue in the FATC domain of ATM (Sun, Jiang et al. 2005, Jiang, Sun et al. 

2006, Sun, Xu et al. 2007, Kaidi and Jackson 2013). This acetylation is particularly 

necessary for monomerization of ATM (Sun, Xu et al. 2007) and downstream signalling 

to p53 and CHK2 (Sun, Jiang et al. 2005). The monomer ATM then phosphorylates the 

other components of MRN complex in order to facilitate the binding of mediator proteins 

including MDC1, BRCA1 and 53BP1 (FitzGerald, Grenon et al. 2009, Jungmichel and 

Stucki 2010). Activated ATM can also convert the histone marker of DNA damage, 

H2AX to γH2AX, which serves as a scaffold for assembly of additional DDR factors 

(Celeste, Fernandez-Capetillo et al. 2003) [Figure 1.6]. ATM is generally active in all 

stages of cell cycle, especially in primary lymphoid organs like bone marrow and thymus 

during the characteristic V(D)J recombination of the developing lymphocytes, ensuring 

Figure 1.6: Activation of ATM. Formation of DSBs leads to accumulation of the MRN 

complex which is promoted by MDC1, leading to relaxation of chromatin via 

phosphorylation of the histone variant H2AX on serine 139. The ATM molecules in its 

inactive state exists as a dimer held by protein phosphatase 2A (PP2A) and 

acetyltransferase, TIP60, protecting the autophosphorylation of ATM serine residues. 

NBS1 is a co-factor of ATM and promotes activation of ATM in response to DSBs which 

in turn monomerizes ATM. This monomer form of ATM rapidly autophosphorylates at 

serine 1981 and additionally phosphorylates many downstream mediators including the 

MRN complex, H2AX and 53BP1. This in turn allows the phosphorylation of cell cycle 

checkpoint proteins and recruits repair proteins for co-ordinating repair of the damage. 

[Figure published in (Lavin 2008). Permission obtained from Springer Nature, license 

number: 4587311473992.] 
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their proper resection and joining (Perkins, Nair et al. 2002, Bredemeyer, Sharma et al. 

2006). 

Two major effector proteins of cell cycle checkpoints activated by ATM in response 

to DSBs are p53 (Ahn, Schwarz et al. 2000, Fedier, Schlamminger et al. 2003) and CHK2 

(Canman, Lim et al. 1998, Hirao, Cheung et al. 2002, Takai, Naka et al. 2002). Post-

exposure to IR, ATM can phosphorylate p53 at Serine (Ser) 15 and CHK2 at Threonine 

(Thr) 68. Phospho-p53 (Ser15) co-ordinates halting of the cell cycle progression in order 

for the cell to undergo repair. However, if the damage is unrepairable, this ATM-

dependent phosphorylation of p53 can activate the programmed cell death phenomenon 

of apoptosis (Fridman and Lowe 2003, Harris and Levine 2005, Ho, Siu et al. 2006, 

Pietsch, Sykes et al. 2008). Phosphorylation of CHK2 activates dimerization of 

monomeric CHK2 proteins to induce phosphorylation of a number of downstream targets 

including p53, CDC25A and CDC25C to prevent the damaged cells from undergoing cell 

division. ATM also phosphorylates the KRAB-associated protein (KAP1) at Ser824 and 

Ser473 which is required for the global chromatin relaxing and repair of heterochromatin 

(Bolderson, Savage et al. 2012, White, Rafalska-Metcalf et al. 2012).  

ATM depletion can compromise genomic stability as well as predispose to cancer, 

neurological disorders and radiosensitivity. Interestingly, Atm KO mice are not 

embryonically lethal, but instead are infertile and radiosensitive, likely due to the ability 

of other PIKKs to phosphorylate ATM targets in its absence. Consistent with this, double 

KO of Atm and DNA-PKcs is embryonically lethal (Gurley and Kemp 2001, Sekiguchi, 

Ferguson et al. 2001, Matei, Gladdy et al. 2007). Moreover, a kinase dead Atm mutant 

mice are embryonically lethal and harbour high levels of genomic instability compared 

to ATM-null mice (Barlow, Hirotsune et al. 1996, Xu, Ashley et al. 1996, Xu and 

Baltimore 1996, Daniel, Pellegrini et al. 2012), suggesting that expression of an inactive 

form of Atm might interfere with DNA repair more than loss of the protein itself. 

 

1.4.2 ATR 

Another master PIKK is ATR , which is associated with Seckel syndrome when 

present in hypomorphic form (Ruzankina, Pinzon-Guzman et al. 2007). Unlike Atm null 

mice, Atr null mice are early embryonically lethal, illustrating its critical role in 

responding to endogenous DNA damage in the form of RS. Indeed, S-phase catastrophe 

has been shown to occur in the absence of ATR (Brown and Baltimore 2000, Ruzankina, 
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Pinzon-Guzman et al. 2007, Toledo, Altmeyer et al. 2013). This Ser/Thr kinase, like 

ATM, activates signal transduction via a number of DDR players in response to DNA 

damage. In similarity with ATM and DNA-PK, ATR is also able to phosphorylate 

downstream targets at specific S/T-Q sequence motifs (Matsuoka, Ballif et al. 2007). 

However, unlike ATM, ATR is essential for the viability of replicating cells, making this 

kinase active in response to any kind of RS (Lovejoy and Cortez 2009, Toledo, Altmeyer 

et al. 2013). Thus, ATR is activated during every S-phase to regulate the proper firing of 

RFs, preventing the cell’s premature entry into mitosis. Interestingly, due to the 

redundancies of the DDR mechanism, ATR responds not just to SSBs formed by UV 

damage, RS or alkylating agents, but also to DSBs, DNA crosslinks or base adducts. 

Following formation of a DSB, ATR is activated by long ssDNA tracts formed as a result 

of DNA polymerase and helicase uncoupling at stalled forks (Mimitou and Symington 

2011). On the other hand, ATM is also thought to be involved in SSB repair wherein the 

formation of 5’ primer DSB ends is essential for loading of the 9-1-1 complex, thus 

making these two kinases partially interdependent (Khoronenkova and Dianov 2015).  

Activation of ATR: ATR has the property of identifying ssDNA or gaps only when 

they are coated with RPA (Zou and Elledge 2003), although alternative pathways for ATR 

activation are also speculated (Kar, Kaur et al. 2015, Yeo, Becherel et al. 2015). This 

RPA-ssDNA structure directly interacts with the ATR’s binding partner ATRIP 

(Shechter, Costanzo et al. 2004, Liu, Opiyo et al. 2012). The acidic α- helix of ATRIP 

binds to the basic cleft in the N-terminal evolutionary conserved 

oligonucleotide/oligosaccharide binding domain or the OB-fold domain of the large 

subunit of RPA. However, association of ATR-ATRIP is not sufficient to activate ATR. 

For complete ATR activation, it requires another complex called 9-1-1 (RAD9-RAD1-

HUS1) checkpoint clamp, which is similar to the Proliferating Cell Nuclear Antigen 

(PCNA) protein. This 9-1-1 complex is loaded on the 5’ primer end of the adjacent DSB 

formed via the RAD17-replication factor C (RFC) complex. Following ATP-dependent 

9-1-1 clamp loading, the ATR activator topoisomerase binding protein-1 (TOPBP1) is 

brought into close vicinity of the damaged site via two of its BRCT (Brca1 C-terminal) 

domains (Anantha, Vassin et al. 2007, Cimprich and Cortez 2008). This ATRIP-

dependent association of TOPBP1, autophosphorylation of ATR at the Ser1989 residue 

in trans with phosphorylation of RAD9 at Ser387 residue enables signalling to 

downstream effector proteins, especially CHK1 (Loffler, Bochtler et al. 2007) [Figure 

1.7]. 
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CHK1 when phosphorylated at serine 317 and 345 residues by ATR, can execute cell 

cycle arrest, slowing down of ongoing RFs and firing of new origins of replication (Liu, 

Guntuku et al. 2000). The activation of CHK1 is essential for the intra-S checkpoint 

through its close association with the Claspin transducer protein. Claspin is poised at the 

RFs via its close association with Rad17 which gets phosphorylated by ATR (Liu, 

Guntuku et al. 2000, Ho, Siu et al. 2006, Delacroix, Wagner et al. 2007, Loffler, Bochtler 

et al. 2007). This further helps to quickly resolve and repair any errors during replication 

in an ATR-dependent manner. Whilst constitutive deletion of ATR leads to pre-

gastrulation lethality, a recently developed TAM inducible ATR KO model in adult mice 

demonstrated that ATR is required for the maintenance of progenitor cells for tissue 

homeostasis (Ruzankina, Pinzon-Guzman et al. 2007). Therefore, unlike ATM wherein 

cells remain viable after loss of function of ATM, loss of ATR activation is lethal to cells 

(Shechter, Costanzo et al. 2004). 

 

Figure 1.7: Activation of ATR. RPA protects ssDNA whenever formed as the canonical 

SSBP. RPA coated ssDNA binds to the ATRIP, bringing ATR to the site of damage. The 

loading of the 9-1-1 complex with the help of RAD17 and RFC complex is required for 

the activation of ATR. Through the phosphorylation of the 9-1-1 complex, ATR is 

activated by phosphorylation at its serine 1989 residue. The activation of ATR leads to 

further checkpoint 1 phosphorylation in response to DNA damage. [Figure published in 

(Cimprich and Cortez 2008). Permission obtained from Springer Nature, license number: 

4567620218569.] 
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1.4.3 Other PIKKs 

The other PIKKs are not substantially involved in DDR signalling but contain the 

evolutionary conserved domains of typical PIKKs, making them true members of this 

family of kinases. The 450 kDa holoenzyme, DNA-dependent Protein Kinase or DNA-

PK was the first identified member of PIKK family by three independent groups in 1990 

(Carter, Vancurova et al. 1990, Jackson, MacDonald et al. 1990, Lees-Miller, Chen et al. 

1990), and is dispensable for DSB signalling. However, it plays a crucial role in DNA 

repair of V(D)J recombination-derived double strand nicks through NHEJ (Lovejoy and 

Cortez 2009, Lieber, Gu et al. 2010, Liu, Opiyo et al. 2012). DNA-PK consists of the 

catalytic subunit DNA-PKcs and two sensor proteins called KU70 and KU80 (Cruet-

Hennequart, Coyne et al. 2006, Lieber, Gu et al. 2010). DNA-PK’s role in NHEJ is 

discussed further in section 1.6.2.2. Mammalian Target of Rapamycin (mTOR) is also 

categorised as a PIKK strictly based on structural similarities with other PIKKs but 

functionally it is a sensor of nutrient levels involved to maintain cell viability. The human 

suppressor of morphogenesis in genitalia 1 (SMG1) is the most recent discovered PIKK, 

which is required for RNA surveillance through a special pathway called the nonsense-

medicated mRNA decay. Lastly, the only kinase inactive PIKK member, called TRRAP 

(Transformation/transcription domain associated protein) is involved in histone acetyl 

transferase (HAT) protein activity (Shiloh 2003, Lovejoy and Cortez 2009). 

 

1.5  Regulation of cell cycle in response to genomic threats 

The cell cycle is the process of passing on genetic information while replenishing the 

worn out cells from the body. The entire cell cycle is divided into four stages: Gap 1 (G1), 

Synthesis phase (S-phase), Gap 2 (G2) and Mitosis (M-phase). Gap 1 is the stage where 

the cells increase in size while taking in all the available nutrition in order to prepare for 

the duplication of the genetic material. DNA replication takes place in the S-phase, which 

is discussed further in section 1.7. G2 phase is a very important stage wherein the cells 

prepare themselves to enter the cell division stage. Since the first three stages are in 

preparation for the cells to enter mitosis, these are collectively referred to as the "inter-

phase".  Mitosis, or cell division, is subdivided into karyokinesis or division of the nucleus 

and cytokinesis or division of the cytoplasm.  

Karyokinesis is further divided into Prophase, Metaphase, Anaphase and Telophase; 

which is followed by the cytoplasmic division into two progeny cells (Branzei and Foiani 
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2008). The overall purpose of the cell cycle is to make sure that the genomic information 

is undergoing proper chromosomal duplication during replication and segregation post 

metaphase, to minimise the chances of non-uniform cell division. Notably, in order to 

hinder the inheritance of damaged DNA, the cell has a dynamic system called the "cell 

cycle checkpoints" (Gabrielli, Brooks et al. 2012). This procedure keeps the cells in 

check, during the different stages of cell cycle. The multi-level checkpoint system exists 

to ensure that when a preceding cell cycle checkpoint fails to respond to genomic insult, 

the successful checkpoint can respond to it [Figure 1.8]. Each stage of the cell cycle is 

designated a particular time period and the checkpoint kinases scan, respond and repair 

the errors by halting the cells until the damage is addressed, or alternatively can activate 

the programmed cell death pathways (Hoeijmakers 2001, Shiloh 2003, Curtin 2012). 

 

Figure 1.8: Cell cycle checkpoints. The cell encounters checkpoints during transition from 

one cell cycle phase to the next. The G1/S checkpoint is mainly driven by ATM-dependent 

CHK2 and p53 activation and G2/M via CHK1 and WEE1 activation. However, during 

replication or S-phase, cells can initiate an intra- S phase checkpoint by involving ATR, 

Chk1, DNA-PK and WEE1. Additionally during M-phase, the spindle assembly checkpoint 

(SAC) and the anaphase-promoting complex/cyclosome (APC/C) coordinate to regulate the 

intra-M checkpoint. [Figure published in (O'Connor 2015). Permission obtained from 

Elsevier, license number: 4567620444391.] 
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The main checkpoints are in G1, intra S-phase, G2/M transition and SAC. The 

checkpoint kinases are always in close knit with the DDR. As mentioned earlier, the two 

major checkpoint kinases that get activated through ATR and/or ATM are CHK1 and 

CHK2, respectively (Liu, Guntuku et al. 2000, Hirao, Cheung et al. 2002). The main 

purpose of these two kinases is to activate a set of protein kinases called the CDKs. These 

CDKs complex with regulators called cyclins forming different combinations of cyclin-

CDK complexes at different cell cycle stages (Harris and Levine 2005, Curtin 2012). 

These complexes in turn activate a number of downstream targets in order to restrict cell 

cycle progression, giving it the chance to repair DNA damage before it gets duplicated 

during the consecutive S-phase. Thus, scrutinizing the cells at every stage or during 

transition from one stage to the other is essential for the maintenance of genomic integrity. 

This in turn allows the cells to determine if the threat is repairable or not. If the damaged 

is below the threshold of tolerance, the cells undergo the process of repair, or otherwise 

will cease cycling or undergo cell death if the amount of damage is above the threshold 

(Branzei and Foiani 2008).  

 

1.6  DNA Repair mechanisms 

In 2000, an article by Lindahl and Barnes suggested that human cells are challenged 

by 70,000 different lesions per day (Lindahl and Barnes 2000) [Figure 1.9]. As discussed 

above, these lesions result from a myriad of exogenous but more commonly endogenous 

sources of damage. Depending on the type of lesion, extent of damage and cell cycle 

stage, the cell has a diverse array of repair mechanisms available in order to stabilise the 

genome. For example, Base Excision Repair (BER) comes into play when the genome is 

threatened by non-bulky or simple DNA adducts such as DNA base modifications due to 

oxidative damage, hydrolysis, alkylation or deamination. BER is also utilised to address 

ssDNA breaks and abasic sites that are either spontaneously generated or as by-products 

of other bulky adducts (Iyama and Wilson 2013) [Figure 1.9].  

On the other hand, DNA lesions like base modifications that affect the normal 

double helix structure of the DNA require Nucleotide Excision Repair (NER) for repair 

(Gillet and Schärer 2006). In general, DNA lesions that impede progression of RNA or 

DNA polymerases during transcription and replication require NER. These “bulky” DNA 

lesions include a wide range of damage, including UV-induced 6-4 photoproducts and 

pyrimidine dimers, Cisplatin-induced intrastrand DNA crosslinks, and ROS- induced 
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cyclopurines (Hoeijmakers 2001, Iyama and Wilson 2013, Evdokimov, Tsidulko et al. 

2018) [Figure 1.9].  

Mismatch repair (MMR) is the most conserved form of DNA repair between 

prokaryotes and eukaryotes. MMR specifically identifies base-base mismatches and 

insertion-deletions that arise in the newly synthesised DNA strand during replication or 

as by-products of DSB repair through HR (Modrich and Lahue 1996, Kolodner and 

Marsischky 1999, Jiricny 2006, Modrich 2006, Li 2008, Harris, Kallenberger et al. 2015). 

In eukaryotes, lesions are recognised by MMR through their interaction with the ongoing 

DNA replication machinery like PCNA (Johnson, Kovvali et al. 1996, Umar, Buermeyer 

et al. 1996, Gu, Hong et al. 1998) [Figure 1.9].  

 

Figure 1.9: Different repair mechanisms of repair for common DNA lesions. BER is 

involved in removing simple alkyl and oxidative base lesions. NER removes bulky, 

lesions that impact the DNA helical structure whereas the MMR pathway removes 

mismatched base pairings. [Figure published in (Fu, Calvo et al. 2012). Permission 

obtained from Springer Nature, license number: 4567620704830.] 
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1.6.1 DSB repair  

Addressing, processing and repairing DSBs is an utmost priority for the cell to 

avoid genomic instability. This is because it has been observed that the presence of even 

a single unrepaired DSB can drive the entire cell towards apoptosis (Hoeijmakers 2001). 

Therefore to repair the most deleterious genomic lesion, the cells have two major repair 

pathways that are categorised according to the different cell cycle phase and availability 

of a template DNA for repair. On one hand, the availability of the sister chromatid aids 

HR, which occurs during S-phase through G2 and M phase (San Filippo, Sung et al. 

2008). In contrast, NHEJ can occur through all stages of the cell cycle and does not require 

a DNA-template for repair (Lieber 2010, Iyama and Wilson 2013) [Figure 1.10]. 

 

1.6.1.1 Homologous Recombination (HR) 

HR is a highly accurate DSB repair process, as the sister chromatid formed during 

S-phase serves as a template for DNA. During HR, DSBs are readily sensed by the MRN 

complex, which is phosphorylated by ATM in response to DNA damage. The activation 

of the MRN complex serves to recruit additional proteins required for DNA end resection 

(Lavin, Kozlov et al. 2015). Mre11 of the MRN complex possesses ssDNA endonuclease 

and 3’to 5’ exonuclease activity, leading to the formation of long, ssDNA required for 

HR. This activity is stimulated by the C-terminal region of adenovirus E1A-binding 

protein (CtBP) interacting protein (CtIP), which is essential for the initial end resection 

processing of the DSBs in association with the MRN complex (Sartori, Lukas et al. 2007, 

Takeda, Nakamura et al. 2007, You and Bailis 2010, Wang, Shi et al. 2013). This initial 

processing is followed by the binding of RPA on the resected ends, which protects the 

ssDNA from further degradation (Liu, Opiyo et al. 2012). This in turn activates ATR, 

which co-participates in the cell cycle checkpoint activation through CHK1 (Liu, 

Guntuku et al. 2000, Zou, Liu et al. 2006, Loffler, Bochtler et al. 2007).  

 The next step is the exchange of RPA covered ssDNA ends with RAD51 

(Tarsounas, Davies et al. 2003, San Filippo, Sung et al. 2008, Gildemeister, Sage et al. 

2009, Mimitou and Symington 2011). This is brought about with the careful chaperoning 

of a number of other HR components like RAD52, RAD51 paralogs (RAD51B, C and 

D), XRCC2, XRCC3, DSS1 and BRCA2 (Breast Cancer associated-2 protein) (Khanna 

and Jackson 2001, Liu 2002, Gildemeister, Sage et al. 2009). Then the RAD51-ssDNA 

filament with the help of BRCA2 invades the sister chromatid looking to find its 

homologous template DNA. Following the success of this step, the repair method can 
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undergo either Synthesis-Dependent Strand Annealing (SDSA) or Double Strand Break 

Repair (DSBR), wherein the latter forms the Holliday junction, which must be resolved 

by additional factors to complete repair (San Filippo, Sung et al. 2008). Interestingly, an 

alternative HR system also exist called Single–Strand Annealing (SSA) which is highly 

error-prone. SSA is a RAD52 dependent simpler process of DNA repair wherein the ends 

post resection are simply ligated without the need to undergo homology searching (Iyama 

and Wilson 2013). Although this leads to loss of long sections of DNA, it is a more 

efficient form of repair. With the final resolving and ligation of the DNA, the DDR 

proteins dissociate from the chromatin and the cell cycle is resumed. 

 

Figure 1.10: The major DSB repair pathways. DSBs are the most critical threat to the 

genome, and are predominantly repaired via two main pathways: HR or NHEJ, 

depending on the availability of the homologous template from the sister chromatid. 

Thus, HR is generally active from S-phase through mitosis, whereas NHEJ, can be 

utilised through all phases of the cell cycle but is predominantly active during G1. 

[Figure published in (Iyama and Wilson 2013). Permission obtained from Elsevier, 

license number: 4567620953994.] 
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1.6.1.2 Non- Homologous End Joining (NHEJ) 

 Due to the lack of presence of template DNA in G1 and G0 phases, DSBs arising 

during this cell cycle phase are almost always repaired through a simpler and more 

erroneous repair pathway called NHEJ (Lieber 2010, Lieber, Gu et al. 2010). Although 

HR theoretically should be more preferred during the other cell stages due to its accuracy, 

NHEJ appears to be predominant throughout cell cycle, thought to be a result of the higher 

affinity of KU proteins to DSBs (Pang, Yoo et al. 1997, Lovejoy and Cortez 2009). 

During NHEJ the DSBs, without much processing, are ligated at the broken ends, with or 

without additional processing. This can lead to the formation of a number of deletions or 

insertions, which can promote mutated DNA. Canonical NHEJ begins with the 

recruitment of Ku proteins (Ku70 and Ku80) and together with the DNA-PK catalytic 

subunit which forms the holoenzyme DNA-PK. DNA-PK then recruits Artemis, followed 

by the recruitment of DNA polymerases, XRCC4, WRN and other proteins with the final 

step being ligation carried out by DNA ligase IV. In immune cells that undergo V(D)J 

class switch recombination, NHEJ is the preferred choice of repair. 

 Alternatively, in the absence of KU proteins or Artemis, the SSB sensor PARP-

1 can drive a process called Alternative End Joining, which is more error-prone than 

canonical NHEJ (Britton, Coates et al. 2013). Under some circumstances, the MRN 

complex, in the absence of Ku proteins can activate a different pathway of repair based 

on the microhomology of two to eight nucleotides, called Microhomology-Mediated End 

Joining (Lieber 2010, Lieber, Gu et al. 2010, Symington and Gautier 2011). Thus, based 

on the availability of sensor proteins and kind of DSBs, the cells have a number of 

canonical and alternative pathways of repair in order to save the cell from senescing due 

to unrepaired damage. 

 

1.6.1.3 Pathway choice 

As discussed previously, DSB repair by NHEJ can occur throughout the cell cycle, 

whereas HR is largely restricted to the S/G2 phases where a sister chromatid exists as a 

template for repair. Exactly how the cell determines which pathway to undertake has been 

a recent topic of intensive study in the literature. It is now well established that resection 

of the DSB commits a break to repair by HR. Seminal studies conducted in mice showed 

that 53bp1 and Brca1 play key roles in commitment to the NHEJ and HR repair pathways, 

respectively. These studies demonstrated that deletion of 53BP1 on a BRCA1 null 

background was sufficient to restore error-free HR in Brca1-null cells (Chapman, Sossick 
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et al. 2012, Chapman, Taylor et al. 2012). Normally, 53BP1 serves to block access of 

CtIP to DNA ends, thus preventing end-resection. ATM-mediated phosphorylation of 

53BP1 promotes the interaction between 53BP1 and RIF1/PTIP to serve this function. 

However, during S/G2, CDK-dependent phosphorylation of EXO1 (Tomimatsu, 

Mukherjee et al. 2014) and CtIP enhances its interaction with BRCA1 to promote repair 

by HR (Chen, Nievera et al. 2008). The N-terminal of BRCA1 associates with NBS1 of 

the MRN complex whereas BRCT domains in the C-terminal of Brca1 interacts with 

CtIP, forming a complex that favours HR over NHEJ (Takeda, Nakamura et al. 2007, 

Chen, Nievera et al. 2008, You and Bailis 2010, Wang, Shi et al. 2013). Recently, the 

Shieldin complex has been found to promote NHEJ via 53BP1 in BRCA1 null cells (Dev, 

Chiang et al. 2018, Ghezraoui, Oliveira et al. 2018, Gupta, Somyajit et al. 2018, 

Noordermeer, Adam et al. 2018). Additionally, ATM activation itself favours HR over 

NHEJ; however, DNA-PK negatively regulates ATM by phosphorylating several sites on 

ATM. This DNA-PK dependent kinase inactivation of ATM in turn inhibits MRN 

recruitment to the DSB sites, adding to the complexity of DSB repair pathway choice 

(Zhou, Lee et al. 2017). 

 

1.7 Unperturbed DNA replication is essential to restrict 

genomic instability 

Several studies are available currently that focus on the perturbations of DNA 

replication as a unique consequence of overexpression of certain oncogenes or lack of 

essential DDR as well as repair genes. DNA replication as previously discussed in section 

1.2.2.2 is the faithful duplication of the available genetic material whereas conditions that 

impede/restrict the normal progression of DNA replication are collectively termed as RS. 

Here, we describe the general insults to DNA replication process, mechanisms to cope 

this and repair mechanisms specific to DNA repair during replication. 

 

1.7.1 DNA Replication process 

DNA replication takes place during S-phase but the initiation of this occurs soon 

after mitosis, wherein specific nuclear locations called “origins” of replication are marked 

[Figure 1.11]. A number of origins get fired in a co-ordinated fashion during S-phase to 

successfully duplicate the entire genome in one round of cell cycle. Based on the timing 

of firing, eukaryotic origins are subcategorised as either early- or late-replicating origins. 
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In fact, the key factors for replication- the origin recognition complex (ORC), Chromatin 

Licensing And DNA Replication Factor 1 (CDT1) and the cell division control protein 6 

(CDC6) get loaded at the origins during G1 in a process called “origin licensing”. ORC 

consists of six different subunits (marked ORC1 to ORC6) which get loaded sequentially, 

followed by CDT1 and CDC6, which in turn is able to recruit a DNA helicase. 

Minichromosome maintenance (MCM) factors MCM2, MCM3, MCM4, MCM5, MCM6 

and MCM7 forms two hexameric rings and is the helicase required for DNA replication. 

This complex at the origin consisting of the ORCs, CDT1-CDC6 and two inactive 

hexameric MCMs is referred to as the “pre-replication complexes” (pre-RCs).  

The next step takes place during G1/S transition wherein additional factors get 

associated with the pre-RC to form a larger complex called the pre-initiation complex 

(pre-IC). The main purpose of these new associations is to activate the MCM helicase 

which requires factors like DBF4-dependent kinase (DDK) and CDKs as well as 

MCM10, RECQ-like DNA helicase type 4 (RECQL4), Treslin and TOPBP1. Following 

this, CDC45 and GINS (go-ichi-ni-san) gets associated with MCM rings (together called 

as the CMG complex) to form the active helicase and finally recruits the eukaryotic DNA 

polymerases (δ, ε) on the lagging and leading strands respectively (McElhinny, Gordenin 

et al. 2008).  

Figure 1.11: Eukaryotic DNA replication. DNA replication begins with “origin licensing” 

that takes place soon after mitosis concludes. As the cells enter G1, ORC subunits complex 

together at identified replication origins which is followed by recruitment of CDT1 and 

CDC6. The pre-replication complex is formed once the MCM helicase gets loaded at origins. 

During the G1/S transition, additional components are recruited including the CMG complex 

(CDC45, MCM10 and GINS) and DNA polymerases, forming the pre-initiation complex. 

Once in S-phase, PCNA, in co-ordination with additional factors is engaged to fire/start 

bidirectional DNA replication. [Figure published in (Aladjem and Redon 2017). Permission 

obtained from Springer Nature, license number: 4567621196862.] 
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Finally, during S-phase other replication components like the clamp loader 

PCNA, RFC, Tipin, Claspin, RPA etc. are required to fire the bi-directional RFs (Aladjem 

and Redon 2017). Pre-RCs dissociate when the replication process starts and this is 

brought about by high CDK levels during S-phase. As a result of high CDK levels, no 

origin licensing takes place beyond G1 phase, when the CDK levels are low (Remus and 

Diffley 2009, DePamphilis, de Renty et al. 2012, Sansam, Goins et al. 2015). This in turn 

ensures that DNA replication of the entire genome occurs just once per cell cycle. 

However, often this process gets deregulated in cancer and challenges the fidelity of 

replication and therefore genomic stability. Some of the main perturbations of replication 

are discussed in the following sections. 

1.7.2 RF stalling and collapse as a result of RS 

 As briefly discussed in section 1.2.2.2, perturbed DNA replication acts as a key 

source of endogenous DNA damage and in this section we describe further describe this 

phenomenon. We define the presence of any obstacle that pauses or slows down the 

progressing DNA polymerase during replication as “RF stalling”. However, in the 

presence of certain prolonged stress conditions stalled forks fail to recover and restart 

replication. This condition is then referred to as “DNA fork collapse” and this has serious 

adverse consequences. On the other hand the presence of any DNA damaging agents that 

impede DNA replication is generally termed as “RS”.  

1.7.2.1 Causes of RS 

 Some of the main underlying causes of RS are: 

1. Presence of ssDNA stretches, nicks and gaps: This is one of the most common 

causes for DNA replication stalling, especially when unwanted ssDNA is formed 

at the junctions of RFs. This can happen from physical uncoupling of the helicase 

from the DNA polymerase, leaving behind a trail of unprotected ssDNA (Pagès 

and Fuchs 2003, Byun, Pacek et al. 2005, Lopes, Foiani et al. 2006, Zellweger, 

Dalcher et al. 2015). DNA polymerase can stall due to presence of base damage, 

bulky adducts or loss of dTNPs which can uncouple and disrupt the coordination 

between the helicase and polymerase, thus perturbing replication (Moldovan, 

Pfander et al. 2007, Zeman and Cimprich 2014). Additionally, the presence of 

DNA nicks or gaps due to common DNA manipulations or as intermediates of 

DNA repair can act as source of RS if not repaired in time (Zeman and Cimprich 

2014).  
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2. Specific sequences that are prone to RS: Presence of certain sequences or motifs 

are more prone to RS which can be categorised as three different classes. The first 

class includes the motifs that are more prone to form the non-canonical B-forms 

of DNA such as triplex DNA, DNA: RNA hybrids, R-loops, Z-form of DNA, 

hairpins, cruciform, G4, etc. These structures act as physical “roadblocks” to 

replicative helicase making the DNA Pol stall (Techer, Koundrioukoff et al. 

2017). The next class consists of sequences that consist of microsatellites, 

minisatellites, pseudogenes, high copy number transposable elements, etc. (Liu, 

Carvalho et al. 2012). These sites are highly mutagenic and often referred to as 

“rare fragile sites”. However, these sequences make up to 50% of the human 

genome and act as one of the common source of DNA damage in the absence of 

exogenous DNA damaging agents. The final class is called the CFS which are 

chromosomal regions that are highly prone to DNA breaks and are often present 

in very large genes, ranging from a few kilobases up to several megabases (Le 

Tallec, Dutrillaux et al. 2011, Letessier, Millot et al. 2011, Debatisse, Le Tallec et 

al. 2012, Le Tallec, Millot et al. 2013). The CFS generally tend to replicate in late 

S-phase and often show the presence of R-loops that have been found to stall 

replication (Tuduri, Crabbé et al. 2009, Helmrich, Ballarino et al. 2011).  

 

3. Transcription-dependent restriction to progressing RF: Transcription 

machinery becomes a cause of RS when it begins to travel along the same 

sequence as the replication machinery, which mostly happens in genes that are 

transcribed in S phase (Santos-Pereira and Aguilera 2015, Garcia-Muse and 

Aguilera 2016). This in turn can cause topological stress due to the eventual 

collision between these two machineries, which has been proposed to stabilise R-

loops resulting in RS (Santos-Pereira and Aguilera 2015). However, no concrete 

data is currently available to support this notion. On the other hand, sufficient data 

is available to support the torsional stress theory wherein studies carried out in 

cells depleted of topoisomerases, which otherwise resolve such topological 

constraints, have been directly associated with RS and genomic instability (El 

Hage, French et al. 2010, Huang, Chen et al. 2010, Marinello, Bertoncini et al. 

2016). Additionally, cells lacking BRCA2 (Bhatia, Barroso et al. 2014), FANCD2 

and FANCA (García-Rubio, Pérez-Calero et al. 2015) have been found to develop 

R-loop-dependent DNA breaks. On the other hand, cells lacking some RNA-

processing factors (Becherel, Yeo et al. 2013, Lavin, Yeo et al. 2013, Klusmann, 
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Wohlberedt et al. 2018) or increased transcription of certain genes under stress 

(Williamson and Lees-Miller 2010, Stork, Bocek et al. 2016), have been found to 

be associated with stabilised R-loops. 

 

4. Shortage of nucleoside triphosphate (dNTPs): Accuracy of S-phase 

progression or fork speed directly depends on the availability of the nucleotides 

or dNTPs pool which highly depends on the Ribonucleotide reductase enzyme 

(Techer, Koundrioukoff et al. 2017). This pool gets replenished from time to time 

and has been predicted to get exhausted within minutes during DNA replication 

if they fail to replenish this pool (Murthy and Reddy 2006). Additionally, 

Ribonucleotide reductase also maintains the four dNTPs (dATP, dCTP, dGTP and 

dTTP) at proper ratios to restrict the introduction of unwanted mutagenesis 

(Nordman and Wright 2008). In fact, slight variations in dNTP pool have been 

associated with changes in overall fork progression, thus acting as a RS inducing 

condition (Gay, Lachages et al. 2010, Bester, Roniger et al. 2011, Chabosseau, 

Buhagiar-Labarchède et al. 2011, Poli, Tsaponina et al. 2012, Técher, 

Koundrioukoff et al. 2016, Wilhelm, Ragu et al. 2016).  

Loss of dNTPs in presence of HU, which inhibits the activity of 

Ribonucleotide reductase has been commonly used to study slowing of fork speed 

and checkpoint activation (Bianchi, Pontis et al. 1986). On the other hand, 

expansion of the dNTP pool can perturb cell cycle progression and cause genomic 

instability as found in cells depleted of dNTP triphosphohydrolase, SAMHD1 

(Franzolin, Pontarin et al. 2013). Additionally, firing of too many origins at the 

same time can over utilise dNTPs and deplete the dNTP pool (Poli, Tsaponina et 

al. 2012). This has been seen in constitutive overexpression of oncogenes such as 

HRAS, MYC and CYCLIN E (Halazonetis, Gorgoulis et al. 2008, Bester, Roniger 

et al. 2011, Burrell, McClelland et al. 2013, Jones, Mortusewicz et al. 2013, 

Neelsen, Zanini et al. 2013, Srinivasan, Dominguez-Sola et al. 2013). Finally, 

mis-incorporation of ribonucleosides instead of dNTPs can form ssDNA nicks in 

the presence of topoisomerase I and cause RS (Kim, Shar-yin et al. 2011, 

Williams, Smith et al. 2013). 
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1.7.3 Mechanisms to cope with stalled RFs 

 There are some intrinsic mechanisms that help cells to cope with RS by activation 

of an immediate stress response that stall the RF progression and allows time for the repair 

and restart of stalled forks. This section describes a few of such mechanisms [Figure 

1.12]. 

1.7.3.1 The RS response 

 Uncoupling of MCM helicase and DNA polymerase leaves behind long stretches 

of ssDNA that gets protected by RPA and through this process activates both ATM- and 

ATR- mediated DDR pathways (Zou and Elledge 2003, Byun, Pacek et al. 2005, 

MacDougall, Byun et al. 2007, Nam and Cortez 2011). Following this, a number of 

downstream targets get involved as a result of ATM and ATR activation. However, 

detection of phosphorylated RPA at Ser33 and CHK1 at Ser345 are so far considered 

authentic RS response markers. Although detection of RPA foci and native BrdU 

immunofluorescence (IF) as markers of long-stretch of ssDNA are classical methods to 

study RS, however these should be used with caution. There is concern about sensitivity 

of these assays as they work best in the presence of high enough ssDNA causing RS to 

induce a global effect. Often, RS can occur at lower levels, locally at a few loci that may 

not necessarily be able to direct an ATR-mediated phosphorylation of RPA for its 

recruitment into foci. Additionally, RS that occurs in the absence of ssDNA such as 

induced by protein-DNA complexes and inter-strand DNA crosslinks do not activate 

ATR. Therefore, to study these events DNA fibre or DNA combing assays are now 

routinely used for more detailed and thorough investigation of RS. Activation of ATR 

mediates a RS response by not just restricting cell cycle progression by checkpoint 

activation but also inhibiting the activation of dormant or late origin firing.  

1.7.3.2 Dormant origin firing, repriming and fork reversal 

 One of the most common phenomenon to cope with unrepaired DNA lesions 

causing RS is to activate a compensation mechanism to conclude replication. This is done 

by firing of dormant origins. In the second method, the replisome can prime to a different 

region ahead of the impeding DNA lesion by a process called “repriming”. However, this 

leaves behind a long stretch of ssDNA gap which can be tolerated by the cells through a 

process called DNA damage tolerance or by translesion synthesis (TLS). Alternatively, 

“fork reversal” takes place wherein the stalled fork assumes a four way structure to 

remodel the RFs (Higgins, Kato et al. 1976, Atkinson and McGlynn 2009, Chaudhuri, 

Hashimoto et al. 2012, Berti, Chaudhuri et al. 2013, Neelsen and Lopes 2015). This was 
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first found in mammalian cells treated with UV (Higgins, Kato et al. 1976) and is now 

described as an essential step to restart replication without causing global chromosomal 

breaks (Chaudhuri, Hashimoto et al. 2012, Berti, Chaudhuri et al. 2013). Following this, 

RECQ1 helicase restarts the DNA replication which is controlled by PARP1 (Berti, 

Chaudhuri et al. 2013). Additionally, a second restart mechanism was recently defined 

which engages DNA2 and WRN- helicases that resect the DNA at stalled forks to initiate 

fork restart (Thangavel, Berti et al. 2015). This in turn can activate HR to repair lesions 

at stalled forks (Nimonkar, Genschel et al. 2011). 

1.7.3.3 Bypassing RS lesion by TLS polymerases 

DNA replication is a crucial process for cell viability and generally it cannot take 

place from a damaged template DNA. In these situations of unwanted and spontaneous 

replication stalling, TLS occurs when a specialised group of DNA Polymerases called 

TLS polymerases interact with a spontaneously generated DNA lesion (Jansen, Tsaalbi-

Shtylik et al. 2015, Chatterjee and Walker 2017, Yang and Gao 2018) [Figure 1.13].  

Figure 1.12: Mechanisms to cope with RS. (A) Global RS is sensed by the ATR/ATM-

mediated DDR which halts DNA replication until repair takes place. Checkpoints are 

also activated as a result of DDR signalling which pauses cells with unrepaired DNA 

damage from progressing further through cell cycle. (B) Local fork rescue can involve 

mechanisms including dormant origin firing, repriming and fork reversal. However, 

when these mechanisms fail to cope with RS, forks can permanently fail to restart 

replication and this phenomenon is called “fork collapse”.  [Figure published in (Zeman 

and Cimprich 2014). Permission obtained from Springer Nature, license number: 

4587311336171.] 
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TLS polymerases have two characteristic features- the ability to accommodate 

and ignore the DNA lesion in order to i) continue dNTPs incorporation during replication 

(called insertion step) and ii) to continue primer extension past the damage site (called 

the extension step) (Vandewiele, Borden et al. 1998, Livneh, Ziv et al. 2010). The two 

most common TLS polymerases are- Reversion-less 1 (Rev1) (Larimer, Perry et al. 1989, 

Nelson, Lawrence et al. 1996, Kim, Mudrak et al. 2011) and Reversion-less 3/ Reversion-

less 7 (Rev3/ Rev7) containing DNA Pol ζ (Nelson, Lawrence et al. 1996, Gibbs, 

McGregor et al. 1998, Johnson, Washington et al. 2000, Lee, Gregory et al. 2014).  These 

TLS polymerases do not have a specific 3’- 5’ proof-reading capacity and their large 

active site make them highly mutagenic as they tend to misincorporate bases. Briefly, 

when the DNA Pol δ encounters a DNA lesion in the progressing RF it pauses and in the 

process stalls replication. At this stage, PCNA which is already present in the replisome, 

Figure 1.13: TLS in action. When replication polymerases such as DNA Pol δ 

encounters a DNA lesion in the ongoing replication fork, other polymerases (Pol η 

here), can help bypass the lesion. These TLS polymerases are able to accommodate the 

DNA lesion by “polymerase switch” to continue DNA replication while incorporating 

the lesion. [Figure published in (Menck and Munford 2014) which is an open-access 

article.] 
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ubiquitinates and recruits one of the DNA Polymerases. In the next step, “Polymerase 

switch” takes place wherein DNA Pol δ is exchanged for DNA Pol η which is able to 

bypass the lesion. This further aids PCNA and the entire replisome to progress beyond 

the DNA lesion. In the end, DNA Pol δ is loaded back on the RF through a process called 

by “reverse polymerase switching” (Yang and Gao 2018). Unfortunately, bypassing the 

DNA lesion through TLS can often be deleterious and thus require more stringent repair 

mechanisms to address these replication- dependent lesions (Chatterjee and Walker 

2017). 

   

1.8 Role of Single Strand DNA binding proteins in the 

maintenance of genomic stability 

Single-stranded DNA intermediates are commonly formed during the different 

stages of the cell cycle, including during DNA replication, repair and transcription. This 

ssDNA is highly susceptible to damage, and when these structures formed are protected 

by SSBPs which are encoded in all domains of life (Richard, Bolderson et al. 2008, 

Richard, Bolderson et al. 2009). SSBPs have one or more characteristic 

Oligonucleotide/Oligosaccharide binding (OB)- fold domains which aid in their binding 

to ssDNA (Iftode, Daniely et al. 1999, Zhou, Kozlov et al. 2011). Depending on the 

presence of single or multiple OB-fold domains, SSBPs can be broadly classified into 

two types: multiple OB-fold containing SSBPs (or complex SSBPs) and single OB-fold 

containing SSBPs (or simple SSBPs) (Wold 1997, Zou, Liu et al. 2006).  

 

1.8.1 Replication Protein A (RPA) 

RPA is the dominant form of SSBP found in eukaryotes which was first identified 

in human HeLa cell extracts (Gomes, Henricksen et al. 1996, Wold 1997, Bochkarev, 

Bochkareva et al. 1999, Iftode, Daniely et al. 1999). RPA is a heterotrimeric protein 

composed of three subunits- 70 kDa (RPA1), 34kDa (RPA2) and 14 kDa (RPA3). 

However, there is much ambiguity about the sizes of the smaller subunit- 32 kDa versus 

34 kDa for RPA2 and 11 kDa versus 14 kDa for RPA3 (Iftode, Daniely et al. 1999, Krejci 

and Sung 2002, Binz, Sheehan et al. 2004). When compared across multiple species, the 

RPA70 subunit was found to be most conserved. RPA70 is known to be essential for 

DNA-protein interactions (Glanzer, Liu et al. 2014) whereas RPA2 is needed for protein-

protein interactions (Binz, Sheehan et al. 2004). RPA70 binds with any exposed ssDNA 
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intermediates, SSBs and during DNA end resection of DSBs through HR (Zou, Liu et al. 

2006). Indeed, RPA is essential for cell viability and when its levels become exhausted 

due to the presence of excessive ssDNA, can cause “replication catastrophe” (Toledo, 

Altmeyer et al. 2013, Toledo, Neelsen et al. 2017).  

RPA is associated with the SSB as well as DSB repair due to its affinity towards 

ssDNA structures. Global Genome NER (Gillet and Schärer 2006, Krasikova, 

Rechkunova et al. 2018) and MMR (Hsieh and Zhang 2017) require RPA to complete 

lesion removal. Additionally, RPA- covered ssDNA post DNA end resection is required 

for RAD51 exchange before strand homology searching occurs. This RPA-ssDNA 

complex is needed for the activation of ATR through ATRIP, making RPA one of the 

most potent sensors (Liu 2002, Gildemeister, Sage et al. 2009). Apart from this, RPA70 

in particular has a major role during S-phase. It is needed to stabilise the ssDNA structures 

after double-strand DNA unwinding is carried out by DNA helicases. Some reports 

suggest that RPA through its large subunit (RPA70) can initiate helicase-like activity at 

low saline conditions. RPA is also needed for replication initiation as well as elongation, 

thereby making it a prime replication factor (Gomes, Henricksen et al. 1996, Bochkarev 

and Bochkareva 2004).  

Contrastingly, hyperphosphorylation of RPA reduces its affinity towards the 

replication machinery, suggesting that only the unphosphorylated form of RPA associates 

with DNA whereas phosphorylated RPA through the RPA2 subunit is marker of RS, 

recombination and repair (Shi, Feng et al. 2010). Chromatin loading of RPA occurs in 

response to IR, UV and other RS causing damaging agents, and RPA is essential for not 

just responding to these lesions but also for their repair (Iftode, Daniely et al. 1999, Binz, 

Sheehan et al. 2004, Bochkarev and Bochkareva 2004, Glanzer, Liu et al. 2014, Kar, Kaur 

et al. 2015). A very recent study has added another function to RPA by demonstrating a 

role in resolving R-loops (Nguyen, Yadav et al. 2017). This diversity of functions 

illustrate the essential role of RPA as a critical protein complex in the response to ssDNA.  

 

1.8.2 Single strand DNA binding proteins 1 and 2 (Ssb1 and Ssb2) 

For decades, the heterotrimeric multi-OB-fold domain containing protein, RPA 

was thought to be the sole nuclear homolog of simple SSBPs found in bacteria. Recently 

however, Khanna and colleagues identified two additional SSBPs. These were named 

Single-stranded DNA binding protein 1 and 2 (SSB1, SSB2), but are also known as 
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Nucleic acid binding protein 2 and 1 (NABP2 and NABP1), Sensor of Single-stranded 

DNA subunits B1 and B2 (SOSS-B1, SOSS-B2) and Oligonucleotide/Oligosaccharide-

Binding Fold-Containing Protein 2B and 2A (OBFC2B and OBFC2A), respectively 

(Richard, Bolderson et al. 2008). These SSBPs consist of a single OB-fold domain and 

share greater similarity with the ssDNA binding protein found in the archaea, Sulfolobus 

sulfataricus compared to RPA (Kang, Beak et al. 2006).  

In humans, SSB1 has been studied extensively and has been implicated in multiple 

arms of DDR. Initially, siRNA studies showed SSB1 to be critical for genomic stability, 

DNA repair by HR and ATM activation (Richard, Bolderson et al. 2008, Huang, Gong et 

al. 2009, Li, Bolderson et al. 2009, Skaar, Richard et al. 2009, Richard, Cubeddu et al. 

2011, Richard, Savage et al. 2011, Zhang, Ma et al. 2013). More recently, it has also been 

shown to play a role in BER (Paquet, Adams et al. 2015, Paquet, Adams et al. 2016), 

protection of newly formed telomeres (Gu, Deng et al. 2013) and the cellular response to 

stalled/collapsed RFs (Bolderson, Petermann et al. 2014, Kar, Kaur et al. 2015). 

Interestingly, a recent study has also suggested that in absence of RPA70 subunit, SSB1 

with its binding partners becomes the main mediator for ATR signalling (Kar, Kaur et al. 

2015).   

 

1.8.2.1 Binding partners of Ssb1 and Ssb2 

Soon after Ssb1 and Ssb2 were first described, it was discovered that in a manner 

similar to RPA, these proteins can independently form a heterotrimeric complex, with a 

10 kDa acidic protein designated C9ORF80 (also known as Minute IntS3-hSSB1 element 

(MISE) and SSB1- binding protein C (SOSS-C) (Li, Bolderson et al. 2009, Skaar, Richard 

et al. 2009) and a larger 115 kDa protein INTS3 (also called SSB1- binding protein B 

(SOSS-B) (Skaar, Richard et al. 2009). Although Ssb1 and Ssb2 are usually found 

associated with these two proteins, they are never found in the same complex together. 

Interestingly, the main binding partner of SSB1/2, INTS3, is most well characterised as a 

part of the 14 subunit Integrator complex, best known for its role in processing small-

nuclear RNA (snRNA) prior to its incorporation in the spliceosome (Baillat and Wagner 

2015).  

Many of the functions of Ssb1/2 are thought to be mediated through INTS3. 

Depletion of INTS3 by siRNA destabilises both SSB1/2 and C9ORF80 (Li, Bolderson et 

al. 2009) and INTS3-depleted cells are highly sensitive to DNA damaging agents, with 
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decreased ATM phosphorylation and HR defects leading to genomic instability (Richard, 

Bolderson et al. 2008). Further, identification of genome-wide binding sites for SSB1, 

SSB2, INTS3 and catalytic core of the INTS9/INTS11 heterodimer revealed overlap of 

binding at the 3’ end of snRNA genes. Intriguingly, this overlap extended to additional 

loci beyond snRNAs, suggesting that the function of the hSSB1/2 proteins is intrinsically 

linked with Integrator and that Integrator function is not restricted to the processing of 

snRNAs.  These additional target loci included the 3’ end of replicative histone genes and 

the promoter proximal regions of normal, polyadenylated genes (Skaar, Ferris et al. 

2015). Indeed, it is hypothesised that SSB1/2 through their affinity for both ssDNA and 

ssRNA can stabilised transiently expressed DNA: RNA hybrids at the transcription 

bubble and further aid to resolve them in time, thus maintaining genomic stability.  

 

1.8.2.2 Ssb1 and Ssb2 mouse knockout models 

Despite extensive characterisation of the roles of SSB1/2 in human cell lines by 

siRNA studies, little was known about the physiological significance of these proteins. 

To further investigate their in vivo functions, the Khanna Laboratory recently generated 

both Ssb1 and Ssb2 KO mouse models. In mouse, Ssb1 (mSsb1) is ubiquitously expressed 

whereas Ssb2 (mSsb2) is restricted to spleen, thymus and testis. Constitutive deletion of 

Ssb1 resulted in neonatal lethality caused by rapid asphyxiation from aberrant ribcage 

development, whereas induced Ssb1 adult KO mice are viable, radiosensitive and 

predisposed to a wide spectrum of tumours (Shi, Bain et al. 2013). Additionally, male 

Ssb1 KO mice exhibited mild defects in testis development. Interestingly, loss of mSsb1 

did not result in changes to checkpoint activation upon DNA damage, or Atm signalling 

defects in Mouse Embryonic Fibroblasts, although one group did report Atm signalling 

defects in the context of telomere uncapping by expressing dominant-negative Trf2 

(Feldhahn, Ferretti et al. 2012, Gu, Deng et al. 2013, Shi, Bain et al. 2013).   

In contrast with Ssb1 KO mice, germline Ssb2 KO mice are viable and fertile with 

no physiological abnormalities (Boucher, Vu et al. 2015). Interestingly, upregulation of 

Ssb2 was observed in Ssb1 KO models (and vice-versa) suggesting a possible 

compensatory function between these two proteins (Feldhahn, Ferretti et al. 2012, Bain, 

Shi et al. 2013, Gu, Deng et al. 2013, Shi, Bain et al. 2013, Boucher, Vu et al. 2015). 

Thus, to delineate the functional redundancy between these two proteins, Khanna’s lab 

recently generated a double-knockout (DKO) mouse model of Ssb1 and Ssb2 (Shi, Vu et 

al. 2017). Germline DKO was shown to result in early embryonic lethality between 
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embryonic days 7.5-10.5. To circumvent the embryonic lethality, Rosa26-CreERT2, a 

ubiquitously expressed TAM-inducible Cre mouse line (Feil, Valtcheva et al. 2009) was 

utilised to produce conditional DKO in adult mice upon intraperitoneal administration of 

TAM. Interestingly, within seven days post TAM induction, DKO mice presented with 

acute lethality and death of these animals was associated with bone marrow defects and 

severe intestinal atrophy, mimicking acute radiation sickness. Although this study has 

characterised a novel role of Ssb1/2 in the maintenance of hematopoietic stem and 

progenitor cells, the underlying molecular mechanisms by which Ssb1/2 are critical for 

viability require further investigation.  

 

1.9 Implications of genomic instability on health and disease 

As discussed previously, maintenance of genomic stability is essential not only for 

cellular viability but also for disease-free survival (Khanna and Jackson 2001, Jackson 

and Bartek 2009). Although the DDR engages to clear genotoxic threats and lesions, there 

are also certain physiological contexts where carefully controlled DNA damage must be 

generated. Tumorigenesis is one of the most thoroughly investigated side effects of a 

faulty DDR or repair system. The discovery of the checkpoint protein p53 as the 

“guardian of the genome” revolutionised the whole field (Lane 1992) and p53 mutation 

is observed in a major proportion of breast, colon and lung cancers in addition to 

lymphomas, leukaemia and sarcomas. Interestingly, a number of DNA repair proteins are 

known tumour suppressors, including Rb, p53, BRCA1, and BRCA2 (Horowitz, Park et 

al. 1990, Rebbeck, Friebel et al. 2018). Additionally, several autosomal disorders that 

stem from mutated DDR genes have a high predisposition towards malignancies and are 

radiosensitive. Some examples of this include Li-Fraumeni Syndrome (p53 mutations), 

mutated NER factors in Xeroderma Pigmentosum (mutations in NER genes), Werner 

syndrome (also known as adult progeria; mutation in WRN) (Fujiwara, Higashikawa et 

al. 1977, Gray, Shen et al. 1997, Chen, Huang et al. 2003, Castagna, Gareri et al. 2018, 

Shirazi, Leifert et al. 2018). Additionally germline mutations in several MMR genes have 

been associated with hereditary non- polyposis colorectal cancer (HNPCC) (Eshleman 

and Markowitz 1996, Ravnik-Glavač, Potočnik et al. 2000, De Jong, Morreau et al. 2004). 

In addition to cancer predisposition, neurological manifestations are very commonly 

associated with defective or mutated DDR factors (McKinnon 2009, Coon and Benarroch 

2018). For example, Cockayne Syndrome (CS), also known as “segmental progeria”, 
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results from mutations in either CSA or CSB genes that are otherwise involved in 

Transcription Coupled- NER, and symptoms of this disease include microcephaly and 

abnormal developmental delay (Cooper, Nouspikel et al. 1997, van Gool, Citterio et al. 

1997, Hanawalt 2000, Andressoo, Mitchell et al. 2006). Additionally, autosomal 

recessive mutations in several BER factors have severe and progressive neurological 

disabilities. For example, mutated TDP1 causes spinocerebellar ataxia with axonal 

neuropathy-1 (Miao, Agama et al. 2006), and mutated APTX leads to ataxia with ocular 

motor apraxia (Moreira, Barbot et al. 2001). Ataxia-Telangiectasia (A-T) is caused by 

autosomal recessive mutations in the ATM gene, and results in progressive 

neurodegeneration, immune system weakening, radiosensitivity and ataxia (Taylor, 

Harnden et al. 1975, Painter and Young 1980, Swift, Morrell et al. 1991, Shiloh 1997, 

Lavin, Kozlov et al. 2015) whereas hypomorphic expression of ATR is the underlying 

cause of Seckel disease (Shanske, Caride et al. 1997, O'Driscoll, Ruiz-Perez et al. 2003, 

Loffler, Bochtler et al. 2007, Ruzankina, Pinzon-Guzman et al. 2007). The underlying 

cause for these progressive neurological defects is thought to be the replicative inability 

of neurons in adulthood.  

Genetic mutation in DDR factors is also associated with severe immunodeficiency 

and/or fertility defects, such as in Atm null mice, H2ax, Ssb1 and Senataxin (Setx) null 

males (Barlow, Hirotsune et al. 1996, Celeste, Petersen et al. 2002, Becherel, Yeo et al. 

2013, Shi, Bain et al. 2013). Finally, the most toxic manifestation of a defective DDR is 

apoptosis, and germline KO of many DDR components has been shown to leads to 

embryonic lethality such as that found with Atr, Ssb1, Rpa3, etc. illustrating these as 

critical and essential for health and survival. (Brown and Baltimore 2000, McJunkin, 

Mazurek et al. 2011, Shi, Bain et al. 2013, Shi, Vu et al. 2017).  

Ssb1/2 DKO mice were early embryonically lethal and conditional KO mice 

presented with acute lethality associated with multiple organ failure, bone marrow defects 

and villous atrophy (Shi, Vu et al. 2017). These phenotypes were also observed in the 

inducible Rpa3 KO mice which indicates Ssb1/2 like Rpa3 are essential genes for cell 

survival (McJunkin, Mazurek et al. 2011). However, deciphering the biological functions 

of Ssb1/2 remains elusive because of the functional redundancy between them and must 

be investigated further to determine their significance in health and development.  
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1.10 Aims and Significance 

 Maintenance of genomic integrity is heavily dependent on the coordination 

between DDR and repair mechanisms, to restrict untimed cell death and disease. Our lab 

has previously generated single KO mice models of Ssb1 and Ssb2 but their compensatory 

functions have likely masked their physiological roles. Therefore, our lab recently 

generated the only available Ssb1 and Ssb2 double knockout mouse model, where Ssb1 

and Ssb2 were shown to be essential for viability.  

For my PhD studies, we sought to further delineate the mechanisms by which Ssb1 

and Ssb2 are critical for cellular viability, using mouse embryonic fibroblasts engineered 

from conditional KO of both Ssb1 and Ssb2. With the recent association of Ssb1/2 in 

transcriptional regulation through the major binding partner, IntS3, we hypothesised that 

Ssb1/2 maintain cellular viability through their transcriptional role as components of the 

Integrator complex. Additionally, we sought to provide evidence of the role of Ssb1/2 in 

the DDR system in response to exogenous damage. Finally, we sought to understand the 

essential role that Ssb1/2 plays in self-renewing organs such as the small intestine (SI) 

using a small-intestine specific KO model system.  

 

 To address the hypothesis: Ssb1 and Ssb2 have compensatory functions in 

rapidly proliferating cells and in self-renewing organs to maintain normal 

homeostasis, we have the following specific aims for this PhD thesis- 

Aim 1: To delineate the overlapping roles of Ssb1/2 in regulation of cellular proliferation 

and viability utilising conditional Mouse Embryonic Fibroblast cultures (MEFs). 

 Aim 1.1: To characterise the role of Ssb1/2 DKO in the maintenance of genomic 

stability. 

  Aim 1.2: To assess the DNA damage signalling efficacy of Ssb1/2 DKO MEFs. 

Aim 1.3: To determine the role of the IntS3-Ssb1/2-C9Orf80 complexes in R-loop 

resolution. 

Aim 2: To examine the role of Ssb1/2-IntS3 complexes in regulation of transcription and 

splicing using the inducible Ssb1/2 DKO MEFs. 

Aim 2.1: To determine the transcriptome changes in response to Ssb1/2 DKO. 

Aim 2.2: To determine the role of Ssb1/2 in spliceosome function and assembly. 
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Aim 3: To understand the roles of Ssb1/2 in intestinal tissue homeostasis using intestine-

specific Cre and intestinal organoid cultures. 

Aim 3.1: To understand the mechanism causing the rapid block in intestinal 

homeostasis in DKO mice. 

Aim 3.2: To delineate the cell-intrinsic effects of Ssb1/2 loss in the small intestine 

using crypt organoid cultures. 
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2. Chapter 2 Materials and Methods 

2.1 Animal husbandry 

2.1.1 Animal Ethics 

 All animal work was performed under the approval of the QIMR Berghofer 

Medical Research Institute’s Animal Ethics Committee for project P473, ethics number 

A0707-606M. Organoid culture was performed in Monash University, Victoria, approved 

by the Monash Animal Research Platform 2 animal ethics committee (MARP/2017/092). 

All techniques were performed in strict accordance with the Australian code for the care 

and use of animals for scientific purposes. 

 

2.1.2 Animal Housing 

 All experimental mice were maintained on C57BL/6J background strain and were 

housed at 25 °C in a 12 h light-dark cycle. They were housed in OptiMICE® cages 

(Centennial, Colorado, USA) at the QIMRB Animal Facility. 

 

2.1.3 Generation of inducible ubiquitous and small intestine-specific Ssb1 and Ssb2 

double knockout mice 

Rosa26-CreERT2 Ssb1flox/flox Ssb2flox/flox mice were generated previously in the lab 

(Shi, Vu et al. 2017) and were intercrossed with Ssb1flox/flox Ssb2flox/flox mice to generate 

mouse embryonic fibroblasts (MEFs) of a Rosa26-CreERT2 Ssb1flox/flox Ssb2flox/flox and 

Ssb1flox/flox ;Ssb2flox/flox genotype (see also sections 2.1.7 and 2.2.2). MEFs were used to 

carry out experiments in chapters 4 and 5. To generate inducible, intestine-specific KO 

mice, Ssb1flox/flox; Ssb2flox/flox mice were crossed with VillinCreERT2 transgenic mice 

(Sylvia strain), generously provided by Prof. Greg Anderson, QIMRB. This first cross 

generated 50 % VillinCreERT2 Ssb1+/flox Ssb2+/flox mice which were backcrossed against 

Ssb1flox/flox; Ssb2flox/flox mice. 12.5 % of mice generated through this second cross yielded 

offspring of the required VillinCreERT2 Ssb1flox/flox Ssb2flox/flox genotype. In a separate 

cross, Ssb1flox/flox mice were crossed with VillinCreERT2 and VillinCreERT2 Ssb1flox/+ mice 

backcrossed against Ssb1flox/flox mice to generate 25 % of the required VillinCreERT2 

Ssb1flox/flox genotype. These mice were used in chapter 6 of this thesis. 
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2.1.4 TAM induction to generate gene deletion and mouse monitoring 

 Tamoxifen (TAM) (Sigma Aldrich®, T5648-1G) was dissolved in 100 % ethanol 

and resuspended in warmed sunflower oil at a ratio of 1:19 ethanol: sunflower oil to a 

final concentration of 40 mg/mL. Drug was dissolved by rapid vortexing and covered in 

aluminium foil since TAM is light-sensitive. TAM was prepared fresh each time and 

injected intraperitoneally at 4 mg/100 µL per mouse in 8-12 week old mice. Weight of 

the mice was recorded before injections and daily weights were recorded in the following 

days to determine the general health of the mouse.  

 

2.1.5 In-vivo BrdU labelling assay 

Labelling with 5-bromo-2'-deoxyuridine (BrdU) was performed for in vivo 

proliferation assay. Mice at 10- 12 weeks of age were induced with 4 mg TAM and two 

hours (h) before sacrifice they were injected with a BrdU dose of 100 mg/kg of 

bodyweight. The animals were sacrificed at 2, 24, 48, 72 and 96 h post TAM induction. 

 

2.1.6 Collection of mouse organs 

 Experimental animals were sacrificed by anaesthetizing using Attane™ 

Isoflourene (Biomac Ptv. Ltd., Hornsby, NSW) followed by cervical dislocation. Firstly, 

intestines were isolated and stored in cold Phosphate Buffered Saline (PBS, provided by 

QIMRB central facility) on ice followed by other main organs including spleen, kidneys, 

liver, thymus and lungs. Each organ was weighed and either snap frozen in dry ice for 

protein/mRNA isolation or washed and fixed in 10 % buffered formalin fixative 

(discussed in section 2.4.1) provided by QIMRB’s histology facility. Intestines were 

measured for weight and length before cleaning. Intestines were then cut to separate out 

SI, cecum (that was discarded) and colon. Using a 14.5 gauge needle attached to a 50 mL 

syringe, the intestines were thoroughly washed with cold PBS to remove all waste 

particles. A small section (about 2 mm) of duodenum was snap frozen for genotyping. 

For isolating intestinal epithelial cells (IECs), 10 cm of the apical part of the SI was used 

(described in 2.2.14). For histology, entire cleaned intestine was opened diagonally onto 

filter paper and fixed in formalin for approximately 5 minutes before a “swiss roll” was 

made of the whole gut by wrapping it around a tooth-pick. These rolls were further fixed 

for 24 hours before paraffin embedding. 
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2.1.7 Timed matings to generate mouse embryonic fibroblasts (MEFs) 

 Male and female mice of 6-12 weeks from appropriate genotypes were housed 

together from 4pm on the day of mating, and checked each morning for the presence of a 

copulation plug (embryonic day 0.5; E0.5). Isolation of MEFs were carried out on E13.5 

after sacrificing the pregnant female mouse.  

 

2.2 Cell Biology 

2.2.1 Cell culture 

 Mammalian cell lines were maintained in a humidified incubator at 37 °C, 20 % 

oxygen level (O2) and 5 % carbon dioxide (CO2). All tissue culture flasks and plates were 

sourced from Corning® Stone, Staffordshire, UK and serological plastic pipettes were 

purchased from Costar®, Washington DC, USA. Cell culture was carried in a sterile 

laminar air flow hood. Immortalised MEFs were cultured and maintained in Dulbecco’s 

Modified Eagle’s Media (DMEM) from Life Technologies™, Carlsbad, CA, USA 

containing 10 % Foetal Bovine Serum (FBS) from SAFC Biosciences™, Lenexa, USA 

and 1 % Penicillin-Streptomycin (Life Technologies™).  

 

2.2.2 Generation and immortalisation of MEFs 

 E13.5 embryos were extracted from the uterine horns of the mother into a sterile 

petri-dish containing ice cold PBS in a tissue culture laminar flow hood. Embryos were 

removed from individual embryonic sacs and washed once more in PBS. Heads were 

removed and stored in cold PBS for genotyping and livers including the internal viscera 

were removed and discarded using sterile tweezers. The remaining part of the embryo 

was moved to a separate petri-dishes containing PBS and a sterile scalpel was used to 

mechanically shear the embryos. 1 mL of trypsin was added to each petri-dish and 

digested at 37 °C/20 % O2/5 % CO2 for 30 mins. Following this, DMEM with 20 % FBS 

and 1 % antibiotics was added to each plate before collecting the cell lysates into a 10 mL 

falcon tube and allowed to sediment. The upper layer of cell suspension was then removed 

and the process was repeated once more to settle undigested particles at the bottom. Cell 

suspensions were then seeded into a 25 cm2 flask and allowed to adhere overnight in the 

incubator. The next day the unattached cells were removed from the flasks by washing in 

PBS and the cells supplemented with fresh media. For immortalisation, viral media 

collected from pMSCV- Puromycin (Puro) SV40 or pMSCV- Blasticidin (Bsd) SV40 
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plasmids were transduced to the passage 1 MEFs by spinfection (detailed in section 

2.2.13). 

 

2.2.3 Induction of inducible MEFs to generate gene deletion 

The entire contents of 4-hydroxy tamoxifen (4-OHT) (Sigma Aldrich®, H7904-

5MG) was resuspended using 1.29 mL (for 5mg of 4-OHT) of 100 % ethanol (EtOH) to 

make stocks of 10 mM concentration that were aliquoted and stored at -20 °C. For gene 

deletion, 1 µM 4-OHT was added to cell culture media and replenished every second day. 

Ssb1 and Ssb2 gene deletion was confirmed by western blot analysis. 

 

2.2.4 Cell proliferation assay (IncuCyte) 

 Cells from day 4 post induction were plated in a 24 well plate with four replicates 

at a density of 10,000 cells/well in quadruplicate. Cells were placed in a tissue-culture 

incubator equipped with an IncuCyte® S3 Live-Cell Analysis system (Essen BioSciences 

Inc., USA) for seven days with imaging at 3-4 h intervals. Data was analysed using the 

complementary Essen IncuCyte® S3 Live-Cell Analysis software. Graphs were 

generated from the analysed data using GraphPad Prism 7. 

 

2.2.5 Cell viability assay using MTS reagent 

 Cell viability assay was performed using the CellTiter 96® AQueous one cell 

viability assay reagent (Promega, WI, USA). Cells were plated at 1000 cells/well in a 96-

well plate (BD Falcon™) in triplicate from day 4 induced MEFs. Post 24 h of plating, 

100 µL of complete DMEM media containing 10 % MTS reagent was added to each well 

and incubated for 1 hour in a tissue culture incubator. After 1 hour of incubation, the plate 

was read at 490nm on a Biotek Powerwave™ XS2 microplate spectrophotometer 

(Winosski, VT, USA). Optical density (O.D.) was measured, recorded and analysis was 

performed by normalising against day 1 readings.  

 

2.2.6 Cell cycle analysis 

  Cells were plated at a concentration of 1.5 x 105 cells/well in duplicates in a 6-

well plate and harvested at indicated time points. Media was first collected and placed on 

ice, followed by harvesting of cells after treatment with 1 mL of trypisin-EDTA (Sigma 
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Aldrich®, St. Louis, USA) per well at 37 °C for 10 mins. The cells were then washed 

with ice cold FACS medium (PBS supplemented with 1 % FBS) and fixed with EtOH at 

a final concentration of 80 % that was incubated at 4 °C for at least 24 h. For staining, 

cells were centrifuged to remove the fixative, washed once in FACS media and 

resuspended in 360 µL FACS staining solution containing of 50 mg/mL of propidium 

iodide (PI) (Sigma Aldrich®) and 1 mg/mL RNase A. Stained cells were incubated at 37 

°C for 30 mins or until they were ready to be analysed. Cell cycle perturbations and the 

subG1 apoptotic fractions were determined using flow cytometry on a FACS canto A and 

analysed using ModFit LT 4.0 software.   

 

2.2.7 Induction of DNA damage 

2.2.7.1 Gamma irradiation 

 Gamma-irradiation was performed using a Gammacell 40 Exactor (Kirloskar 

Technologies, New Delhi, India) with a 137Cs source at 108 cGy/min at doses and time-

points as indicated in the figure legend text. Cells were either collected for 

immunoblotting or fixed for IF. 

2.2.7.2 Ultraviolet C irradiation 

 Ultraviolet C (UVC) irradiation was performed using a Bio-Rad Stratalinker UV 

crosslinker (BioRad, Hercules, CA) at doses indicated in the figure legend text. 

2.2.7.3 Hydroxyurea 

 Hydroxyurea (HU) (Santa Cruz Biotechnology, SCZSC-29061) was dissolved in 

injection grade water (Fresenius Kabi, b306281/02) and was added to the media of pre-

seeded cells at doses indicated in the figure legend text. 

2.2.7.4 Camptothecin 

 Camptothecin (CPT) (Sigma Aldrich®, C9911-100MG) was dissolved in DMSO 

and was added to pre-seeded cells at doses indicated in the figure legend text.  

 

2.2.8 Immunofluorescence 

 Cells were seeded at a density of 5.0 x 104 cells/well on coverslips placed in a 24-

well plate and incubated overnight. The following day, cells were fixed at indicated time 

points in the figure legend text. Appropriate treatments with DNA damaging agents were 

performed wherever indicated and cells fixed with ice cold 4 % paraformaldehyde (PFA) 
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(Sigma Aldrich®, 16005-1KG-R) in 1X PBS for 10-15 mins. After washing once with 

PBS, the coverslips were permeabilised with 0.5 % TritonX-100/PBS solution (Sigma 

Aldrich®, T9284-500ML) for 45 mins at room temperature (RT). Coverslips were 

washed once again before blocking with filtered 3 % bovine serum albumin (BSA) 

(Sigma Aldrich®, A7906-100G) in PBS for at least 1 hour at room temperature (RT). 

Primary antibodies (detailed in table 2.1) at appropriate concentrations were added to 

blocking buffer and coverslips incubated face-down on 50 µL of antibody on parafilm 

overnight at 4 °C in a humidified chamber. The next day, coverslips were washed thrice 

and incubated with Alexa Fluor-conjugated secondary antibodies (Life Technologies™) 

and DAPI (4′,6-diamidino-2-phenylindole) (Sigma Aldrich®, D9564-10MG) to stain 

nuclei (1:1000 dilution) at 37 °C in a dark humidified chamber for an hour. Following 

this, coverslips were washed thrice with PBS and mounted on glass slides using 

ProLong® gold anti-fade mounting medium (Life Technologies™, P36934).  

 

 

Table 2.1: Table of antibodies used for IF, DNA Fibre assay and Histology 

No. Antibody Company Cat No. Dilution  

1. yh2ax  (Clone: JBW301) Millipore 05-636 1:1000 

2. yh2ax Abcam ab11174 1:2000 

3. 53BP1 Novus NB100-304 1:1000 

4. Ssb1  Sigma Aldrich® HPA044615 1:500 

5. Ssb2 In-house 
 

1:500 

6. BrdU Pure (B44) BD Biosciences 347580 1:50 

7. BrdU  Abcam ab6326 1:250 

8. Phospho Histone H3 (S10) Cell Signaling 

Technology 

9706 1:500 

9. R-loops (S9.6) Kerafast ENH001 1:500 

10. Gamma Tubulin Sigma Aldrich® T5192 1:500 

11. Alpha Tubulin Sigma Aldrich® T9026 1:200 

12. Cyclin A (H-432) Santa Cruz sc-751 1:200 

13. Coilin Proteintech 10967-1-AP 1:500 

14. Mouse-488 Life Technologies™ A21202 1:500 

15. Rabbit-488 Life Technologies™ A21206 1:500 
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16. Rat-488 Life Technologies™ A21470 1:500 

17. Mouse-546 Life Technologies™ A10036 1:500 

18 Rabbit-546 Life Technologies™ A11010 1:500 

19. Mouse-647 Life Technologies™ A31571 1:500 

20. Rabbit-647 Life Technologies™ A31573 1:500 

21. DAPI Sigma Aldrich® D9564 1:300 

 

2.2.8.1 Edu Click-iT assay 

 A Click-iT Alexa Fluor 488 EdU (5-ethynyl-2'-deoxyuridine) imaging kit (Life 

Technologies™, C10337) was used to label cells undergoing DNA synthesis for 2 h. 

Remaining steps were followed as per the user’s manual for the kit. 

2.2.8.2 R-loop staining using S9.6 antibody 

 R-loop staining was performed using the S9.6 antibody against DNA: RNA 

hybrids. For cells, the immunofluorescence staining protocol detailed above was 

followed, with the exception that the blocking buffer was made up with 20 % FBS, 2 % 

BSA (Bovine Serum Albumin) and 0.2 % TritonX-100 in PBS, and coverslips were 

washed in PBS containing 0.5 % TritonX-100. For each experiment, one set of coverslips 

were pre-treated with RNase H to validate the specificity of R-loop staining. For analysis, 

nuclear intensity upon excluding the nucleolar region was performed for S9.6 channel 

from at least 50 cells per condition using Image J software.  

For R-loop staining on the tissue sections, 5 µm slices from tissue-embedded 

paraffin blocks were dried off on clean glass slides and were later dewaxed and rehydrated 

using standard techniques as described by Sinha et al. (Sinha, Kalimutho et al. 2018). 

Tissue staining for R-loops was performed as previously described (Yeo, Becherel et al. 

2014). After dewaxing, slides were submerged in PBS containing 10 % trypsin for antigen 

retrieval at 37 ºC for 20 mins. Slides were then washed thrice and RNase H treatment was 

performed at this stage. Blocking was performed using a filtered buffer containing 20 % 

FBS, 2 % BSA and 0.2 % TritonX-100 in PBS for an hour at RT. 150 µL of blocking 

buffer containing S9.6 antibody at a 1:200 dilution was added to each tissue section and 

incubated overnight in 4 ºC in a dark humidified chamber. The following day, slides were 

washed in 0.5 % TritonX-100 in PBS for 5 mins each. Alexa Fluor secondary antibodies 

and DAPI (1:250 dilution) made up in blocking buffer was then added to each slide. Slides 

were incubated for no more than an hour at 37 ºC in a dark humidified chamber. Finally, 
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slides were washed thrice with 0.5 % TritonX-100 before coverslips were mounted using 

ProLong® gold anti-fade mounting medium. 

2.2.9 DNA fibre assay 

 DNA fibre analysis was performed as described previously (Kalimutho, Bain et 

al. 2017, Shi, Vu et al. 2017). Briefly, exponentially growing MEFs were pulse-labelled 

with 50 μM 5-chloro-2'-deoxyuridine (CldU) (Sigma Aldrich®, C6891) for 40 mins, 

washed and exposed to 250 μM 5-Iodo-2′-deoxyuridine (IdU) (Sigma Aldrich®, I7125) 

for 40 mins. After exposure to the second nucleotide analogue, the cells were washed 

again in PBS, trypsinized and resuspended in ice-cold PBS at 7.5 × 105 cells/mL. A pre-

cleaned glass slide (Lomb superfrost plus, SF41296SP) was used to spot 2 µL of the cell 

suspension and lysed with 10 μL of spreading buffer [0.5 % SDS (Sigma Aldrich®, 

L3771-500G) in 200 mM Tris-HCl (Sigma Aldrich®, T3253-500G), pH 7.4 and 50 mM 

EDTA  (Chem-Supply, EA023-500G)] in a humidified chamber for 36 mins. After 

36 min, the slides were tilted at 15 degrees relative to horizontal, allowing the DNA to 

spread. Slides were then air-dried, fixed in methanol (Chem-Supply, ML004-2.5L-P) and 

acetic acid (Merck Millipore EMSURE®, 1.00063.2500) (3:1) for 10 min and air-dried 

again. DNA was denatured with 2.5 M HCl (HA020-500ML) for 60 min at RT. Slides 

were then rinsed in PBS thrice and blocked in PBS containing 0.1 % Triton X-100 (PBS-

T) and 1 % BSA for 1 hour at RT. Slides were stained with 100 µL of blocking buffer 

containing Rat anti-BrdU (Abcam, ab6323) was applied overnight at 4 C in a humid 

chamber. Slides were then washed thrice with PBS and incubated with 100 µL Alexa 

Fluor 488-conjugated chicken anti-rat antibody at a 1:200 dilution, applied to the top of 

the slide (Life Technologies™, A21470). Slides were washed 3x with PBS and incubated 

for 45 mins at RT with 100 µL of mouse anti-BrdU (Becton Dickinson, 347580) antibody 

at a 1:50 dilution to detect IdU tracks. Slides were then washed in PBS and stained with 

100 µL of Alexa Fluor 594-labelled goat anti-mouse antibody (Life Technologies™, A-

11030) at 1:300 dilution at RT for 30 min. Slides were washed again in PBS and mounted 

in ProLong®  Diamond antifade (Life Technologies™, P36961). Replication tracks were 

imaged on a confocal microscope at 60 X magnification and measured using ImageJ 

software. In each experiment, at least 300 individual tracks were measured for fork speed 

estimation.  
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2.2.10 Microscopy 

 Immunofluorescence assays were imaged using a Delta-Vision personal DV 

deconvolution microscope (Applied Precision, GE Healthcare, Issaquah, WA) at 40X or 

60X objective using the softWoRx version 3.7.0 suite. For DNA fibre assays, a Zeiss 780-

NLO Point Scanning Confocal microscope was used at either 40 X or 60 X objectives. 

Cells stained with S9.6 were imaged using the NUANCE™ 3.0.2 microscope (Perkin 

Elmer®). All immunofluorescence and fibre assays were manually analysed using Image 

J software (rsbweb.nih.gov/ij/). 

 

2.2.11 Gene silencing 

 All siRNAs were designed using the Integrated DNA Technologies (IDT) siRNA 

online design tool. Transient gene silencing in MEFs was performed by reverse 

transfection using 20 nM of small interfering RNAs (siRNAs) against the different 

candidates listed in Table 2.2. After 24 h, a second, forward transfection was performed 

to obtain efficient knockdown in MEFs. Within 72 h of the first transfection, cells were 

collected for further downstream analysis. All siRNAs were purchased from Shanghai 

GenePharma and Lipofectamine RNAiMAX (Life Technologies™, 13778150) was used 

for transfection. Transfection complexes were resuspended in OptiMEM media (Life 

Technologies™, 51985034) as per the user’s manual. 

 

Table 2.2: List showing the siRNA sequences used for transient knockdown assays 

No. Gene of Interest Species Sense (5' -3') 

1. IntS11_Target1 Mouse GUGCUAUUGGUGCAUGGCGAAGCCA  

2. IntS11_Target2 Mouse AAAGCCAACCACUACUACAAGCUCT 

3. IntS11_Target3 Mouse CACUUCUCAGAUGAUCAAAGACUGT  

4. IntS3_Target1 Mouse GGUGCAUGAGUAUUGUCACAUCGAT 

5. IntS3_Target2 Mouse GCAAAGAUAAUCGAGUUUUAAAUTG 

6. IntS3_Target3 Mouse UGAGUAUUGUCACAUCGAUGACCGC  

7. INTS11_Target1 Human GUCCUAGACAGCAGUUUCCAGUAAA 

8. INTS11_Target2 Human AGACAGCAGUUUCCAGUAAAAGCTG 

9. INTS3_Target1 Human AAGUUUCACAGAAUUGUCAAAUGAT  

10. INTS3_Target2 Human AUUGUCCUGAAUAAAAUCAACCAGA  
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2.2.12 Plasmid transfection 

 Transient plasmid transfections were performed using the appropriate plasmid as 

listed in table 2.3 with Lipofectamine 3000 reagent (Life Technologies™, L3000015) and 

Optimem medium, according to the manufacturer’s instructions. Briefly, 5.0x105 cells 

were plated overnight for forward transfection to be performed on the following day. On 

the day of transfection, two different tubes containing optiMEM were used. To one, 

lipofectamine 3000 was added and to the other plasmid DNA with P3000 reagent was 

added. Lipofectamine 3000 and P3000 were added as double the volume to the total 

microgram amount of DNA used. After five mins of incubation, the two tubes were mixed 

together and briefly vortexed. The complexes were allowed to form for 15-20 mins. 

Media from the culture plates was changed to antibiotic free DMEM and transfection 

complexes were slowly added dropwise to the culture plates while slowly swirling the 

plates. The plates were then incubated overnight and media was changed to remove the 

residual transfection reagents. Protein or RNA samples were prepared for validating 

plasmid transfections. 

Table 2.3: List showing the plasmids used in this thesis for transfections 

 

2.2.13 Retrovirus packaging and transduction 

 For retroviral packaging, 293T Phoenix-Amphotropic cells were seeded overnight 

in a T-75 culture flask. 10 µg of retroviral vector DNA was transfected the following day 

using either Lipofectamine 3000 or Polyethylenimine (PEI) (Polysciences, Inc., 23966-

2(POL)) used at 3 µL per µg of DNA. Transfection media containing PEI was removed 

from the flask no later than 6 h post transfection. The cells were allowed to synthesise 

virus for the next 48 h, and added to MEF cultures that had been seeded the previous day 

in a 6-well dish. Each transduction was performed in duplicate. After adding viral 

No. Sequence Name Source Use 

1. pMSCV Puro SV40 Jeffery Skaar Immortalisation 

2. pMSCV Bsd SV40 Jeffery Skaar Immortalisation 

3. pLenti4 DEST  Invitrogen Rescue experiments 

4. pLenti4 DEST-hSSB1WT Cloned in KK Lab Rescue experiments 

5. pEGFP-RNASEH1 Addgene Rescue experiments 

6. pLHCX RNASEH1 mCherry Jurgen A. Marteijn Rescue experiments 
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particle-containing media, each well was supplemented with Polybrene (Hexadimethrine 

bromide) (Sigma Aldrich®, H9268-5G) at a final concentration of 10 µg/mL and 

centrifuged at 1000 x g for 70-90 mins at 37 °C (“spinfection”). The viral media was 

removed after spinfection and cells were allowed to recover for the next 24 h. The 

procedure of spinfection was repeated with virus media harvested 72 h post transfection. 

Finally, transduced cells were allowed to recover for another 48 h before appropriate 

antibiotic selection was added to the media. Antibiotic selection media was maintained 

for 1-2 weeks or until all cells in “mock”, untransduced control wells had died.  

 

2.2.14 Isolation of mouse intestinal epithelial cells (IECs) 

 Approximately 10 cm of the proximal section of the SI were used for epithelial 

preparation. After cleaning the luminal content with cold PBS, the intestine was opened 

longitudinally and 5 mm pieces were transferred to 30 mL of cold 4 mM EDTA in PBS. 

The tubes were left in a rotator at 4 °C for 30 mins, EDTA/PBS removed and replaced 

with 20 mL of cold PBS. 10 mL serological pipettes were then used to mechanically force 

the intestinal pieces to release epithelial fragments. This was repeated twice and the 

pooled samples were pelleted by centrifugation. The pellet was washed once in PBS. 

Epithelial preparations that were used for RNA extraction were resuspended in RNA 

extraction buffer and remaining pellets were stored at -80 °C for protein analysis. 

 

2.2.15 Generation of small intestinal three-dimensional organoid culture 

Crypts were isolated from 5mm pieces of mouse SI tissue by incubating in 4 mM 

EDTA in PBS for 30 mins at 4 C. Crypts were then mixed with Matrigel (Corning), 50 

µL was seeded into a 24 well plate and overlaid with 500 µL of medium containing 

Advanced DMEM (Gibco), B27 (Gibco), N2 (Gibco), Glutamax (Gibco), 

Penicillin/Streptomycin (Gibco), Fungizone (Gibco), Hepes (Gibco), 50 ng/mL EGF 

(Peprotech), 100 ng/mL Noggin (Peprotech), and 5 % R-spondin conditioned media. 

Organoids were grown at 37 °C in 5 % CO2 and passaged weekly. For organoid 

experiments, mature organoids were mechanically dissociated, and 100 crypt fragments 

were seeded per well of a 48-well plate (Thermofisher Scientific). Organoids were 

incubated in medium containing 100 nM 4-OHT or EtOH for 4 days. To analyse growth, 

organoid cultures were incubated in PrestoBlue Cell Viability Reagent (Invitrogen) in 

medium for 20 mins at 37 °C per manufacturer’s protocol. Fluorescence was read at 540 
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nm/590 nm using PHERAstar microplate reader (BMG Labtech). Apoptosis was analysed 

by incubating with 100 µg/mL Hoechst 33342 and 100 µg/mL PI for 30 mins at 37 ºC. 

Organoids were imaged using an EVOS FL Cell Imaging System (Invitrogen). 

 

2.3 Biochemistry and Molecular Biology 

2.3.1 Genomic DNA extraction 

 Ear-clipping was performed for genotyping mouse pups and tail-clipping was 

performed upon collection of other organs for euthanised mice. A small section of the 

duodenum was used to validate gene recombination by Cre recombinase. All genomic 

DNA extractions were performed using the QuickExtract DNA extraction solution (Gene 

target solutions, QE09050) according to the user’s manual. Briefly, 50 µL of the 

extraction solution was added to each sample, vortexed for 15 seconds (s) and samples 

incubated at 65 °C for 6 mins. The samples were then vortexed again for 15 s before the 

incubation at 98 °C for 2 mins on a heating block. The genomic DNA samples were stored 

at -20 °C. 

Table 2.4: List of primer sequences used for genotyping mouse DNA 

No. Sequence Name Forward (5' -3') Reverse (3' -5') 

1. Ssb1flox/flox GCTTTGCTTCTGTTCCTTTA

CCT 

ACAACCTTTGAACACTGA

AGC 

2. Ssb1-/- (After 

Recombination) 

GCTTTGCTTCTGTTCCTTTA

CCT 

GAAATGGATTCCGAGCTC

AA 

3. Ssb2flox/flox CGTCTTTATTGTCCTGGAG

ATAG 

TTGGTTTTGGTCACTCGTC 

4. Ssb2-/- (After 

Recombination) 

CGTCTTTATTGTCCTGGAG

ATAG 

TTTGGGTTTTGTGAAACTC

TGA 

5. RosaCreERT2 TGTGGACAGAGGAGCCAT

AAC 

CATCACTCGTTGCATCGA

CC 

6. VillinCreERT2 CAAGCCTGGCTCGACGGCC CGCGAACATCTTCAGGTT

CT 

7. Bthal_Wt TGAGAAGGCTGCTGTCTCT

TG 

CAGAGGATAGGTCTCCAA

AGCTA 

: 
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2.3.2 Polymerase chain reaction 

 Genotyping was performed using GoTaq® Master Mix (Promega, M7123) with 

1 µL of extracted DNA in a total reaction volume of 25 µL with 12.5 µL of the 2 X master 

mix and 0.4 µM of each primer as listed in table 2.4. Each genotyping reaction was 

performed with a positive, negative and no template control. All PCR reactions were 

performed on a GeneAmp® PCR system 9700 (Applied Biosystems™, Waltham, 

Massachusetts, USA). The genotyping program used was: one cycle of 95 °C for 2 mins, 

followed by 35 cycles of 95 °C, 55 °C and 72 °C for 30 s each; with a final elongation of 

72 °C for 4 mins. PCR products were electrophoresed on a 1.5 % agarose gel made using 

Tris-Acetate EDTA (TAE) buffer. Gels were ran at 100 V for up to 30-40 mins and 

viewed using a Bio-Rad Molecular Imager® Gel Doc™ XR transilluminator system (Bio-

rad Laboratories Inc.). 

 

2.3.3 RNA extraction and cDNA synthesis 

 RNA extraction was performed using QIAgen RNeasy® Plus Mini kit (Qiagen, 

74106, Valencia, CA, USA) as per the user’s manual. Following trypsinisation, cells were 

resuspended in 350 µL of RLT buffer and stored at -80 °C until RNA was extracted. In 

the last step of RNA extraction, RNA was eluted in 30 µL of nuclease-free water and 

measured using the Nanodrop ND-1000 spectrophotometer (Thermo-Scientific).  

 

2.3.3.1 Synthesis of cDNA for snRNA detection 

 Complimentary DNAs (cDNAs) were prepared using 0.5 µg of RNA, with either 

random hexamers (RP) or oligodT and Superscript® III Reverse Transcriptase First 

Strand synthesis kit (Life Technologies™, 18080085) as per the user’s manual. Briefly, 

dNTPs and random hexamers or oligodT were added and incubated at 65 ºC for 5 mins, 

followed by 5 mins on ice when the Superscript® master mix is added and thermocycled 

at25 ºC for 5 mins, 46 ºC, 20 mins and 95 ºC for one minute. Controls without cDNA or 

Reverse Transcriptase were used for each synthesis run.  

 

2.3.3.2 Synthesis of cDNA from IECs and organoids 

For IECs, 1 µg of RNA was used to make cDNA using the iScript gDNA clear 

cDNA synthesis kit (Biorad, 1725035) as per the user’s manual. For organoids, 0.5 µg of 
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RNA was used to make cDNAs using the iScript cDNA kit. The thermocycler reaction 

used was: 25 ºC for 5 mins, 46 ºC, 20 mins and 95 ºC for one minute. 

 

2.3.4 Quantitative Reverse Transcriptase PCR (qRT-PCR) 

 Axygen® Lightcycler 384 well plates (Axygen®, Fisher Biotec, AX-PCR-384-

LC480-W-NF) were used to perform qRT-PCR with SYBR Green PCR mastermix 

(Applied Biosystems™, 4309155) and primers listed in table 2.5. Briefly, each reaction 

mixture of 10 µL contained 5 µL of SYBR green master mix, 3 µL of water, 0.5 µL of 

each primer (from 10 µM stocks) and 1 µL of the diluted cDNA. At least 3 independent 

experiments were performed with technical duplicates for each qRT-PCR reaction. The 

cycle conditions used were: 95 ºC for 10 mins, followed by 40 cycle repeats of the 

following- 95 ºC for 20 s, 60 ºC for 20 s and extension at 72 ºC for 20 s. Melt curve was 

recorded between 65 ºC to 95 ºC stepped at increments of 0.5 ºC for 0.05 s each. Each 

primer set was checked to ensure the presence of a single melt-curve product and Ct values 

were generated according to the thermocycler software. All qPCR reaction were 

performed on a CFX384 Touch™ real-time PCR detection system (BIO-RAD, 

Gladesville, NSW). Changes in expression were calculated using the ΔΔCt method and 

β-actin, Gapdh and Beta-2-Microglobulin (B2M) as housekeeping gene primer sets were 

used to normalise the data. In the case of snRNA analyses, random hexamer-primed 

cDNAs were used and normalised to 18S rRNA levels whereas oligo dT-primed cDNAs 

were normalised to β-actin levels. A no template reaction was performed for every primer 

set. 

2.3.5 RNAseq  

For RNAseq, MEFs with and without Cre, which were either uninduced or 

induced with EtOH and 4-OHT were used. Using these in duplicates, cDNA was prepared 

from the cells collected on day 5 post induction, which were later fragmented and specific 

linkers were added to perform the sequencing. The sequencing was then mapped to mouse 

genome, mm10. Using the reads from the linker ends provided a differential read for each 

identified pre-mRNA sequence that was used to generate the differential genes list as 

previously described (Griffith, Walker et al. 2015, Shi, Vu et al. 2017). 
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Table 2.5: Table showing primers used for qPCR analysis 

 

 

 

No. Target  Forward (5' -3') Reverse (3' -5') 

1. U2-Total CTCGGCCTTTTGGCTAAGAT CGTTCCTGGAGGTACTGCAA 

2. U2-

unprocessed 

GGAAGTAGGAGTTGGAATAG 

GAGCTT 

TAAAAAAGTTGGACTGCCCTACAA 

3. IntS3 GGCTCCTGACAACATGCAC GAAGAACAGCCAGTCATAAAACAA 

4. IntS11 CGAGCACAAGAACTCTGCAT CGTAGAGAAGTATATGGGCACCTT 

5. Uspl1 CATGGTTTTTAGATGCTGATGG CACAGGGACCCTTTAGGTCA 

6. Ssb1 GCCGGGTGACCAAGACAAA CCAGGTTGGATCAGGTTGCC 

7. Ssb2 GTCAACGACCCTCCACTTTTT TGCAGGATCTCACTTCATGGC 

8. β-actin TGTAGACCATGTAGTTGAGGTCA TGTAGACCATGTAGTTGAGGTCA 

9. Gapdh AGGTCGGTGTGAACGGATTTG TGTAGACCATGTAGTTGAGGTCA 

10. B2M CTTTCTGGTGCTTGTCTCACTG AGCATTTGGATTTCAATGTGAG 

11. Junb TCACGACGACTCTTACGCAG CCTTGAGACCCCGATAGGGA 

12. Gadd45b CAACGCGGTTCAGAAGATGC GGTCCACATTCATCAGTTTGGC 

13. Gadd45g GGGAAAGCACTGCACGAACT AGCACGCAAAAGGTCACATTG 

14. Myd88 AGGACAAACGCCGGAACTTTT GCCGATAGTCTGTCTGTTCTAGT 

15. Mdm2 TGTCTGTGTCTACCGAGGGTG TCCAACGGACTTTAACAACTTCA 

16. Cdkn1a CCTGGTGATGTCCGACCTG CCATGAGCGCATCGCAATC 

17. Oas2 TTGAAGAGGAATACATGCGGAAG GGGTCTGCATTACTGGCACTT 

18 Oas1g ATGGAGCACGGACTCAGGA TCACACACGACATTGACGGC 

19. Ifitm3 CCCCCAAACTACGAAAGAATCA ACCATCTTCCGATCCCTAGAC 

20. Irgm1 TGCTCCACTACTCCCCAACAT GCTCCTACTGACCTCAGGTAAC 

21. p53 CCCCTGTCATCTTTTGTCCCT AGCTGGCAGAATAGCTTATTGAG 

22. p21 AATACCGTGGGTGTCAAAGC GTGTGAGGACTCGGGACAAT 

23. Ki67 CCATCATTGACCGCTCCTTTAG GTATCTTGACCTTCCCCATCAGG 

24. Lgr5  GGGAGCGTTCACGGGCCTTC GGTTGGCATCTAGGCGCAGGG 

25. Ephb2 AGAATGGTGCCATCTTCCAG GCACATCCACTTCTTCAGCA 

26. Ascl2 GCCTACTCGTCGGAGGAA CCAACTGGAAAAGTCAAGCA 

27. Smoc2 TCCAGCAAGTGTTCATTCCA AGTGCCACTGATGGGTCTTC 

28. Olfm4 AGTGACCTTGTGCCTGCC CACGCCACCATGACTACA 

29. Hopx GAGGACCAGGTGGAGATCCT AAACCATTTCTGCGTCTGCT 

30. Bmi1 ATGCATCGAACAACCAGAATC GTCTGGTTTTGTGAACCTGGA 

31. mTert CGTGGTACAGCTGCTTAGGTC CTGACCTCCTCTTGTGACAGC 
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2.3.6 Alternative Splicing Analysis 

 Alternative splicing analysis was performed using theMultivariate Analysis of 

Transcript Splicing or rMATS 3.2.5 (Xing Lab, University of California, Los Angeles). 

 

2.3.6.1 Validation of alternative splicing variants 

 Using IGV and database mm10, each differential splicing event was validated 

from the RNAseq analysis by analysing Sashimi plots. Following this, individual primer 

sets were designed spanning from flanking exons to the alternatively spliced exon in 

question to observe a size difference by PCR dependent upon the presence or absence of 

the skipped exon. To design primers, cDNA sequences were downloaded for the 

constitutive variant from Ensembl genome browser 94, Mouse (GRCm38.p6) and loaded 

on SnapGene® Viewer 4.2.9. Primers were designed using Primer3 (Version 0.4.0) and 

are listed in table 2.6. For splicing analysis, RT-PCR was carried out using GoTaq® 

Master Mix with 0.4 µM of each primer and 1 µL of the diluted cDNA. PCR reactions 

were performed as outlined in section 2.3.2 and PCR products were electrophoresed on a 

1-2 % agarose gel made with TAE buffer.  

 

2.3.7 Immunoblotting 

2.3.7.1 Cell and tissue lysis 

 Cells and tissues were both lysed in Urea lysis buffer containing 8 M Urea, 1% 

SDS, 100 mM NaCl and 10 mM Tris (pH 7.5). Freshly prepared lysates were sonicated 

for 20 s using a Branson Sonifier 450 (Branson Ultrasonic Corporation, Danbury, CT, 

USA) and centrifuged for 10-15 mins at 13,000 RPM before protein quantification was 

performed. 

 

2.3.7.2 Protein quantification and sample preparation 

 Pierce BCA Protein Assay kit (Life Technologies, 23225) was used as per the 

user’s manual for protein quantification. Each protein sample was made from20 µg of 

lysate was resuspended in 1X Laemmeli buffer (1 mL Glycerol, 10 % SDS, 0.5 M Tris 

(pH 6.8), a pinch of Bromophenol blue and 2.5 mL β- mercaptoethanol (Sambrook 

2001)). The samples were heated at 95 °C for 5 mins before they were loaded on the SDS-

PAGE gel. 



 

61 

 

 

Table 2.6: List showing the primer sequences used to detect AS events. 

No. Sequence Name Forward (5' -3') Reverse (3' -5') 

1. Uspl1_E2-3inc AGTTCGGGTCCACTGTATGC TGGAAGCTAATGCGGTAAG

G 

2. Mcph_E5-6sk GCTGGAGCACTTGTTGATGA TTCTGCTGAGACTGCTCCA

A 

3. Orc6_E2-3sk GAGTCGGAGCTGGTACGC TTGCATGCTGAGAGTAGTG

C 

4. Orc6_E5sk CTTGACTTGTCCAGGCCACT TTGCTGGTGGTTCAAGTCC

T 

5. Smc5_E19sk TTGAATTGGATGACAACAGAC

A 

GAAGCACGAAGCTCTTGAC

C 

6. Mdm2_E3sk GGACCCTCTCGGATCACC AGTGTCGTTTTGCGCTCCA 

7. Mdm2_E8sk CTCTGGCACATCGCTGAGT CACATCTCCCTCAGCTCAC

A 

8. Tbp_E6sk CGATTTGCTGCAGTCATCA GGAGAACAATTCTGGGTTT

GA 

9. Polr2d_E3sk GAGCTGTCGGAGGTCTTCAT AGTGACGTCTGCGGATCAG

T 

10. Hnrnpc_E2sk GAACGGTCGTGTGGTTCTTC TTTGAAAAGATGGCCTCCA

C 

11. Tmem173_E2sk TCTCGGGACCTTTAGAGGAA CATATTTGGAGCGGTGACC

T 

12. Hnrnpa1_E8-9sk GTGGTGGTGGTGGATATGGT TTAGAACCTCCTGCCACTG

C 

13. N4bp1_E3-5sk CCGGTTCTGGAAAAACAACA TCATCACAATGGAGATGGA

CA 

14. Morf4l1_E2-4sk GAGAGTAGGGGGCGGTAGTC TTTCTGCAAATTGGTGTCC

A 

15. Mdm4_E6sk CCCTCTCTATGACATGCTAAG

AA 

CGTGAGGTAGGCAGTGTGT

G 

16. Rpain_E2-7sk GCACAGGCTCCTGAACAAAT TAGAGGATCACAGCCCAG

GT 
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Table 2.7: List of antibodies used for detection of protein levels using western blot 

analysis. 

No. Antibody Company Cat No. Dilution  

1. yh2ax  (Clone: JBW301) Millipore 05-636 1:1000 

2. Ssb1 Bethyl A301-938A 1:1000 

3. Ssb1  Sigma Aldrich® HPA044615 1:1000 

4. Ssb2 Proteintech 16719-1-AP 1:750 

5. RPA32 (Clone: RPA34-

19) 

Genetex GTX16855 1:750 

6. Phospho RPA32 (S4/S8) Bethyl A300-246A 1:2000 

7. Phospho RPA32 (S33) Bethyl A300-245A 1:2000 

8. Phospho p53 (S15) Cell Signaling Technology 9284 1:750 

9. p53 (CM5) Leica NCL-p53-

CM5p  

1:1000 

10. IntS3 Bethyl A300-427A 1:750 

11. IntS6 (DICE-1) (H-6) Santa Cruz Biotechnology sc-376524 1:750 

12. IntS9 Cell Signaling Technology 13945 1:1000 

13. IntS11 Bethyl A301-274A 1:1000 

14. Phospho Kap1 (S824) Bethyl A300-767A 1:2000 

15. Parp  Cell Signaling Technology 9542 1:1000 

16. Cleaved Caspase 3 Cell Signaling Technology 9604 1:750 

17. HA (C29F4) Cell Signaling Technology 3724 1:1000 

18 Chk1 (2G1D5) Cell Signaling Technology 2360 1:1000 

19. Phospho Chk1 (S317) Cell Signaling Technology 12302 1:750 

20. Phospho Chk1 (S345) Cell Signaling Technology 2341 1:750 

21. Nbs1 BD Biosciences 611870 1:1000 

22. Mre11 BD Biosciences 611366 1:1000 

23. Phospho ATR (S428) Cell Signaling Technology 2853 1:1000 

24. ATR Cell Signaling Technology 2790 1:1000 

25. Chk2 (Clone 7) Millipore 05-649 1:750 

26. ATM (Clone 2C1 (1A1)) Abcam B78 1:1000 

27. Phospho ATM (S1981) Genetex GTX132146 1:1000 

28. Olfm4 (D6Y5A)- Mouse 

specific 

Cell Signaling Technology 39141 1:1000 

29. Coilin Proteintech 10967-1-AP 1:750 

30. Orc6 (3A4) Santa Cruz Biotechnology sc-32735 1:750 
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31. β-actin BD Pharmingen 612656 1:2000 

32. Rabbit-HRP Sigma Aldrich® A0545 1:5000 

33. Mouse-HRP Sigma Aldrich® A9044 1:5000 

 

2.3.7.3 Sodium Dodecyl Sulphate Polyacrylamide gel electrophoresis (SDS-PAGE) 

 Acrylamide: Bis-acrylamide (29:1) (BIO-RAD, 1610156) was used to prepare 

SDS-PAGE gels that were run using the Bio-Rad Mini-PROTEAN® Tetra system at 120 

V in SDS running buffer containing 25 mM Tris, 192 mM glycine and 0.1 % SDS. After 

electrophoresis, gels were transferred to a 0.45 µm Nitrocellulose membrane (GE 

Healthcare, Waukesha, WI, USA) stacked with filter papers on both sides of the gel-

membrane sandwich, using the Invitrogen Xcell SureLock™ transfer system in transfer 

buffer containing 50 mM Tris, 40 mM Glycine and 20 % methanol and 0.014 % SDS. 

The transfer was carried out applying a constant volt of 35 V for 1.5 h. Following this, 

membranes were blocked in 5 % skim milk (Diploma Brand) made in TBS buffer 

containing 0.5 % Tween-20 (TBST buffer, for an hour with continuous shaking at RT. 

Primary antibodies listed in table 2.7 were made up in blocking buffer and incubated with 

membranes at 4 °C overnight. The following day, membranes were washed thrice in 

TBST buffer for at least 15 mins per wash, shaking at RT. Secondary antibodies, listed in 

table 2.7 were applied to the membranes and allowed to incubate for an hour at RT. This 

was followed by washing the membranes thrice in TBST before developing. 

 

2.3.7.4 Chemiluminescent detection 

 Chemiluminescent detection was performed using Super Signal 

chemiluminescent ECL-plus (PerkinELmer) on an LAS-4000 imaging system (Fujifilm 

Life Sciences, Stamford, CT, USA) film developer. 

 

2.3.8 RNA immunoprecipitation 

 RNA immunoprecipitation (RIP) was performed to test the interaction of splicing 

factors with snRNAs. For this, cells were plated in at least two T-175 plates and allowed 

to grow overnight. At the same time, beads were blocked with antibodies after washing 

with injection- grade water twice. Protein A/G magnetic beads were then incubated with 

1 % BSA in pre-autoclaved IP buffer containing 50 mM Hepes (pH 7.5), 0.4 M NaCl, 1 

mM EDTA, 1 mM DTT (added fresh on the day), 0.5 % TritonX-100 and 10 % Glycerol 
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along with 1 µg of antibody (SNRPB Monoclonal antibody (Y12) (ThermoFisher 

Scientific, MA5-13449). The next day, trypsinised cells were incubated with PBS on ice 

for 5 mins and harvested at 100 x g at RT. The supernatant was removed and pellet was 

resuspended in 5 mL of cold PBS. At this stage, a 250 µL aliquot for each sample was 

prepared for western blot analysis to check DKO knockdown. Following this, 143 μL of 

37 % formaldehyde was added dropwise to crosslink the samples and the tubes were 

allowed to shake on a rocking plate for 10 mins at RT. Then, 685 μl 2 M glycine was 

added dropwise to block the formaldehyde and was allowed to shake for 10 mins at RT. 

Cells were then harvested at 100 x g at RT for 2 mins and the cell pellets were moved to 

ice. The cell pellets were then washed twice with cold PBS to remove the remaining 

crosslinking solution. Finally, 1 mL of IP lysis buffer with freshly added DTT, Protease 

Inhibitor Cocktail, Phosphatase inhibitors and RNase inhibitor was added to each sample. 

The IP lysates were then sonicated at 15 µm amplitude with 10 s on and 10 s off, which 

was repeated 10 times on ice for each sample. RNaseZAP was used to clean the probe in 

between samples. The samples were then moved to 1.5 mL microcentrifuge tubes and 

centrifuged at 14,000 x g for 3 mins. The supernatant was then used for IP and a sample 

of 50 µL was stored as an input control. The remaining lysate was added to the blocked 

beads and incubated incubate overnight at 4 °C on a rotating wheel. The following day, 

the beads were washed five times with IP lysis buffer and 100 µL of RIP buffer (50 mM 

Hepes (pH 7.5), 0.1 M NaCl, 5 mM EDTA, 0.5 % TritonX-100, 10 % Glycerol, 1 % SDS 

and freshly added 10 mM DTT with RNase inhibitor) was added to each sample and 

incubated at 70 ºC for an hour to reverse the IP crosslink. Input samples were also 

incubated with 50 µL of RIP buffer. Finally, RNA was extracted from this using TRIzol 

(Invitrogen™, 15596018) and snRNA species were resolved on an 8-12 % denaturing 

urea gel. 
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2.4 Histology 

Histopathological analysis was carried out as described previously (Shi, Vu et al. 

2017).   

2.4.1 Fixation of organs for histology  

Organs were collected in 10 % buffered formalin fixative for 24 h and embedded 

in paraffin blocks. Bone marrow samples were allowed to fix for longer periods of time 

for up to a week before they were embedded in paraffin. 

 

2.4.2 Histological staining and Immunohistochemistry 

Paraffin sections of 5 µm were cut and placed on glass slides and were dewaxed 

using a Leica Autostainer XL. The freshly dewaxed slides were stained with 

haematoxylin and eosin (H&E) using standard methods for histological examination. 

Ssb1 and Ssb2 staining was performed as previously described (Boucher, Vu et al. 2015). 

This was carried out with assistance from the QIMR Berghofer central histology facility. 

 

2.4.3 Coverslipping 

 Stained slides were coverslipped using the Leica CV5030 (Leica Biosystems, 

Wetzlar, Germany) glass coverslipper and Shandon Consul-Mount mounting media from 

Life Technologies™. 

 

2.4.4 Microscopy and analysis 

Stained slides were scanned using an Aperio Scanscope AT Turbo Slide Scanner 

and images were analysed using Image Scope software v101.0.0.18. Slides were 

independently examined by a veterinary pathologist. 

 

2.5 Statistical analysis 

Data were analysed and graphs were generated using GraphPad Prism software 

v7.0 (Graph Pad software, La Jolla, CA, USA). Student’s t test or Two-way ANOVA 

with Dunnett’s testing was performed and p-values were calculated as indicated in the 

figure legends.  
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3. Chapter 3 

Aim 1: To delineate the overlapping roles of Ssb1/2 in 

regulation of cellular proliferation and viability utilising 

conditional Mouse Embryonic Fibroblast cultures (MEFs). 

  

3.1 Introduction 

DNA exists as two complementary strands of coding nitrogen bases with a sugar 

moiety and phosphate group, called nucleotides that spiral to form a double–helical 

structure. This contains the basic hereditary material of any organism that is tightly coiled 

into chromosomes residing in the nucleus. Therefore, this double helical form of DNA is 

the most common form of DNA. However, the DNA can be moulded into a number of 

other transient yet important forms- DNA triplex or H-DNA, DNA: RNA hybrids, G4 

and more often ssDNA. Thermodynamic studies have indeed indicated that the triplex 

nucleic acid structures are more stable than the conservative double helix and often direct 

important in-vivo functions.  

Likewise, ssDNA is a non- canonical variant of DNA but is an obligate 

intermediate for several cellular transactions like replication, transcription, telomere end 

synthesis, meiotic recombination and DNA damage repair. However, unlike other forms 

of DNA ssDNA is extremely unstable and prone to degradation. Therefore, a special 

group of proteins exist called the SSBPs which shield ssDNA whenever it is generated. 

Of these, as described earlier, Replication Protein A is the canonical SSBP and is required 

for replication, DNA break repair as well as SSB recognition via the ATR pathway. An 

important characteristic of SSBPs is the presence of at least one OB- fold domain.  

The OB- fold is an oligonucleotide or oligosaccharide binding domain which is 

capable of interacting with nucleic acids (both DNA and RNA) as well as proteins 

(Murzin 1993, Theobald, Mitton-Fry et al. 2003, Flynn and Zou 2010). There are several 

other OB- fold containing proteins that can interact with nucleic acids other than RPA 

that include SSB1, SSB2, BRCA2, Telomere maintenance components POT1, TPP1, 

CTC1, STN1 and TEN1, Bloom’s (BLM) helicase associated proteins called RecQ-

mediated genome instability 1 and 2 (RMI1 and RMI2, respectively) as well as DNA 

ligases. Of these only SSB1, SSB2, BRCA2, POT1 and TPP1 can effectively bind to 
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ssDNA [Figure 3.1] and are involved in genome maintenance. Apart from these, 

mitochondrial ssDNA binding protein (mtSSB) (Richard, Bolderson et al. 2009) and a 

new RPA-related, RAD51-antagonist on X-chromosome called RADX complete the list 

of known SSBPs  (Schubert, Ho et al. 2017).  

 

3.1.1 Biological functions of SSBPs 

 SSBPs carry out a number of important biological roles to maintain genomic 

stability. The following section will cover some of these roles.  

 

3.1.1.1 Role of SSBPs during DNA Replication  

RPA is a heterotrimeric SSBP which consists of RPA70, RPA32 and RPA14 

(a.k.a. RPA1, RPA2 and RPA3, respectively). This complex consists of four DNA 

binding OB- fold domains called DNA- binding domains (DBDs), three of which (DBD-

A, DBD-AB and DBD-C) are found in RPA70 and one (DBD-D) in RPA32 (Wold and 

Kelly 1988, Kim, Stigger et al. 1996, Wold 1997, Iftode, Daniely et al. 1999). The 

interaction between RPA and ssDNA during replication and repair is initiated by DBD-

A and removal of this OB- fold domain completely abrogated ssDNA binding and all 

other functions of the RPA complex (Haring, Mason et al. 2008). Following ssDNA 

Figure 3.1: SSBPs containing OB- fold domains. All SSBPs contain at least one OB- 

fold domain. These OB- fold domains can either bind to nucleic acids or proteins as 

outlined. [Adapted from text and figures from (Richard, Bolderson et al. 2009) and 

(Bianco 2017)]. 
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binding through DBD-A, other OB-folds sequentially interact with ssDNA [Figure 3.1]. 

The additional OB-fold in RPA70 can bind to DNA and RNA but with less efficiency. 

Interestingly, the OB- fold domain in RPA14 is exclusively used for protein-protein 

interactions including with RPA32 (Bochkarev, Bochkareva et al. 1999). DBD-D found 

in RPA32 is important for interaction with both ssDNA and proteins, but most 

importantly with other subunits of RPA.  

On the other hand, the N-terminal OB-fold in RPA70 is the most important for 

DDR signalling and repair (Binz, Sheehan et al. 2004). ATRIP (Zou and Elledge 2003), 

RAD9 (Wu, Shell et al. 2005), MRE11 (Robison, Elliott et al. 2004, Olson, Nievera et al. 

2007) and p53 (Dutta, Ruppert et al. 1993, Bochkareva, Kaustov et al. 2005) are important 

ligands for this OB-fold domain in the largest RPA subunit. Surprisingly, a lesser known 

non-conventional subunit of RPA exists called RPA4 which contains a single OB-fold 

domain (Keshav, Chen et al. 1995). This RPA32-like subunit can efficiently bind to 

ssDNA and interact with other proteins in the absence of RPA32. However, loss of the 

OB-fold domain of RPA32 cannot be compensated with RPA4’s OB-fold domain which 

is required for DNA replication (Mason, Haring et al. 2009, Kemp, Mason et al. 2010). 

Therefore, even though RPA subunits are redundant, individual OB-fold domains have 

distinct functions.  

 

3.1.1.2 Role of SSBPs in telomere maintenance 

Telomere maintenance is another important cellular phenomenon which involves 

SSBPs to maintain genomic stability. The Shelterin complex is the essential telomere 

protection unit of the genome. Protection of Telomeres 1 protein (POT1) and TPP1 of the 

Shelterin complex contain OB-fold domains, of which only POT1 has the affinity to bind 

to ssDNA overhangs at the newly synthesised telomeres using two out of three of its OB-

fold domains (Theobald and Wuttke 2004, Flynn and Zou 2010). POT1 binds to TPP1, 

which further enhances the affinity of POT1 towards ssDNA overhangs at telomeres and 

aid the recruitment of telomerase (Theobald and Wuttke 2004, Hockemeyer, Daniels et 

al. 2006, Wang, Podell et al. 2007, Xin, Liu et al. 2007). Indeed, it is the single OB-fold 

domain in TPP1 which recruits telomerase to the telomeres. Additionally, POT1-

associated ssDNA at telomeres antagonises the recruitment of RPA and therefore inhibits 

unwanted DDR activation via ATR (Xin, Liu et al. 2007, Flynn, Chang et al. 2012). In 

mice, there are two homologs of POT1- POT1a and POT1b containing two OB-fold 
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domains each (He, Multani et al. 2006, Hockemeyer, Daniels et al. 2006, Wu, Multani et 

al. 2006). Pot1a and Pot1b have clearly distinct functions at the telomeres although they 

both can bind to ssDNA as well as human TPP1 homolog, TPP1 in mouse. DDR 

signalling is repressed by Pot1a whereas Pot1b restricts 5’ end resection of telomeric 

ssDNA (He, Multani et al. 2006, Hockemeyer, Daniels et al. 2006). Interestingly, RPA70 

has stronger affinity than POT1 to bind to ssDNA however the exact mechanism of how 

POT1 outcompetes RPA70 at telomeres is unknown. 

 

3.1.1.3 Role of SSBPs in DNA repair 

DNA repair is an important aspect of maintaining genomic integrity since the 

presence of damaged DNA can give rise to cell death or disease. Critical steps of NER 

and MMR involve RPA along with the process of DSB repair (Matsuda, Saijo et al. 1995, 

Zou, Liu et al. 2006, Haring, Mason et al. 2008, Li 2008, Shi, Feng et al. 2010, Wolf, 

Rapp et al. 2016). HR is the most accurate form of DSB repair that involves the two breast 

cancer associated genes- Brca1 and Brca2. Of these, BRCA2 is an SSBP because two out 

of three of its OB-fold domains interact with ssDNA (Sharan, Morimatsu et al. 1997, 

Yang, Jeffrey et al. 2002, Bochkarev and Bochkareva 2004). In fact, following DSB 

strand resection, RPA-bound ssDNA gets replaced by the BRCA2-associated RAD51 

complex.  

RAD51 itself is not an SSBP but upon binding through the BRC domains of Brca2 

can interact with ssDNA overhangs during HR (Carreira, Hilario et al. 2009). This 

ssDNA-BRCA2-RAD51 complex then searches for the sister chromatid to use as a 

template to replace the lost DNA regions (Sharan, Morimatsu et al. 1997, Tarsounas, 

Davies et al. 2003, San Filippo, Sung et al. 2008, Gildemeister, Sage et al. 2009, 

Schlacher, Christ et al. 2011). Thus, HR is the predominant DSB repair pathway during 

S phase and G2 wherein the sister chromatid is present following DNA replication. 

Finally, D-loop is formed wherein the Rad51 covered ssDNA interjects between the two 

strands of displaced sister template DNA which gets resynthesised, nicked and ligated. 

RAD51 foci have been found to co-localise with RPA at stalled RFs upon HU treatment, 

demonstrating a requirement for the HR machinery to repair stalled forks (Robison, 

Elliott et al. 2004). Interestingly, other proteins that work at stalled forks like Werner’s 

syndrome (WRN) and BLM proteins, belonging to the RecQ family of helicases (Brosh, 

Li et al. 2000, Naim and Rosselli 2009, Nimonkar, Genschel et al. 2011) as well as 
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Fanconi Anemia proteins co-localise with RPA (Meetei, Sechi et al. 2003, Gupta, Sharma 

et al. 2007, Schwab, Nieminuszczy et al. 2015). 

 An RPA-like RADX protein is the newest SSBP which has been shown to 

antagonise the loading of RAD51 nucleofilaments to prevent excessive RF remodelling 

(Schubert, Ho et al. 2017). Loss of RADX causes RS through increase in RF stalling 

(Dungrawala, Bhat et al. 2017) and upon loss of RAD51, RADX prevents the forks from 

destabilisation (Bhat, Krishnamoorthy et al. 2018). 

 

3.1.2 Role of SSB1 and SSB2 as novel SSBPs in the maintenance of genomic stability 

 Until a decade ago, RPA was thought to be the canonical SSBP that was 

omnipresent in cells to carry out several essential biological roles including replication 

and DNA repair. However, in 2008 Khanna’s lab described two additional SSBPs 

exhibiting more conservation with simple bacterial SSBPs than RPA (Richard, Bolderson 

et al. 2008). Interestingly, these proteins showed particular homology with the archaea 

Sulfolobus solfactarius. These proteins were designated human Single-stranded DNA 

binding protein 1 (hSSB1) and human Single-stranded DNA-binding protein 2 (hSSB2) 

(Richard, Bolderson et al. 2008). The OB-fold domain in hSSB1 and hSSB2 is highly 

conserved which spans approximately half of the protein, with a variable C-terminal 

domain. Interestingly, both proteins are conserved in higher eukaryotes including 

Zebrafish (2 homologs, Ssb1 and Ssb2) whereas Drosophila has a single homolog but 

these proteins are not found in yeast [Figure 3.2].  

The initial description of the functions of hSSB1 by the Khanna laboratory 

demonstrated its importance in the maintenance of genomic stability, with its depletion 

by siRNA in human cells causing defective DNA repair by HR, defective ATM activation 

and downstream signalling, sensitivity to IR and the presence of DNA breaks. (Richard, 

Bolderson et al. 2008). Following this, a number of other groups started working on this 

novel protein in order to clearly ascertain their distinctive roles from RPA. As the years 

progressed, nomenclature for these two proteins evolved and currently they are identified 

by several different names. Since these are nucleic acid binding proteins with an affinity 

towards both DNA and RNA, they were relabelled as Nucleic acid binding protein 2 and 

1 (NABP2 and NABP1) for SSB1 and SSB2, respectively. Both of them have the 

characteristic and identical OB-fold domain on their N’ terminal end and thus are also 
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called OB-fold containing protein 2B and 2A (OBFC2B and OBFC2A) for SSB1 and 

SSB2, respectively.  

 

Interestingly, despite sharing 73% sequence homology (with an almost fully 

conserved OB-fold), hSSB1 and hSSB2 do not interact with each other unlike RPA 

subunits. However, reports following the initial description by the Khanna lab 

demonstrated they do form mutually exclusive co-complexes with two additional 

proteins- INTS3 (a.k.a. Integrator Subunit 3, FLJ21919, C9ORF60 and INTS3, which is 

a subunit of a large multiprotein complex called the Integrator Complex) and C9ORF80 

(a small, acidic protein a.k.a. Minute INTS3/HSSB-Associated Element or MISE, SSB-

Interacting Protein 1 or SSBIP1 and INTS3- and NABP-Interacting Protein or INIP) 

(Huang, Gong et al. 2009, Li, Bolderson et al. 2009, Skaar, Richard et al. 2009, Zhang, 

Wu et al. 2009). This trimeric complex is called the Sensor of ssDNA or SOSS 

ssDNA 

ssDNA Partial ssDNA IntS3

Human SSB1
Mouse Ssb1

Zebrafish ssb1

Zebrafish ssb2

Human SSB2
Mouse Ssb2

Fruit fly SSB

Human SSB1
Mouse Ssb1

Zebrafish ssb1

Zebrafish ssb2

Human SSB2
Mouse Ssb2

Fruit fly SSB

Human SSB1
Mouse Ssb1

Zebrafish ssb1

Zebrafish ssb2

Human SSB2
Mouse Ssb2

Fruit fly SSB

Human SSB1
Mouse Ssb1

Zebrafish ssb1
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Human SSB2
Mouse Ssb2

Fruit fly SSB

Figure 3.2: Conservation of Single stranded DNA binding proteins 1 and 2 across 

multiple species. Ssb1 and Ssb2 are conserved across multiple species, including key 

amino acid residues mediating their ssDNA binding and IntS3 interaction. Multiple 

sequence alignment was performed using ClustalW MSA software. 



 

73 

 

encompassing SOSS-A (INTS3), SOSS-B1 (hSSB1) or SOSS-B2 (hSSB2) and SOSS-C 

(C9ORF80), based on its multi-faceted roles in the maintenance of genomic stability 

[Figure 3.3] (Huang, Gong et al. 2009, Nam and Cortez 2009). hSSB1 has since been 

described to play roles in multiple DDR processes, including recruiting the MRN 

complex during repair through HR (Richard, Cubeddu et al. 2011) and BER (Paquet, 

Adams et al. 2015, Paquet, Adams et al. 2016, Touma, Adams et al. 2017). Additionally, 

hSSB1 through its interaction with INTS3 can sense DSBs and ssDNA gaps at stalled 

forks (Huang, Gong et al. 2009, Li, Bolderson et al. 2009, Skaar, Richard et al. 2009, 

Zhang, Ma et al. 2013). A recent study by Kar et al. demonstrated that hSSB1/2 can 

compensate for RPA70 loss for ATR signalling (Kar, Kaur et al. 2015). Both hSSB1 and 

hSSB2 have also been predicted to regulate transcription through their association with 

the Integrator complex via INTS3 (Skaar, Ferris et al. 2015). The interplay between 

Ssb1/2 and the Integrator complex during transcription will be further discussed in 

Chapter 4.  

 

3.1.3 Ssb1 and Ssb2 knockout mouse models 

As hSSB1/2 functions similarly to RPA, there was much speculation regarding 

their roles in DNA replication and repair. Interestingly, hSSB1 and hSSB2 are not 

observed at sites of replication and this could be because of a number of reasons, 

including the abundance of RPA levels that are available (Bolderson, Petermann et al. 

2014).  

Figure 3.3: Multi-faceted roles of hSSB1 in DDR and repair.  Like RPA, hSSB1 has 

been shown to be involved in multiple cellular processes including transcription and DNA 

repair. hSSB1 plays an active role at stalled forks during RS, OS and DSB repair through 

HR. [Figure published in (Croft, Bolderson et al. 2018). Permission obtained from 

Elsevier, license number: 4567630372386.] 
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Another complication in this field is the shared functional redundancy between 

the proteins which fail to isolate the independent identity of both hSSB1 and hSSB2 (Li, 

Bolderson et al. 2009, Skaar, Richard et al. 2009). Therefore, to study them further gene 

KO in mouse models were developed (Feldhahn, Ferretti et al. 2012, Gu, Deng et al. 2013, 

Shi, Bain et al. 2013, Boucher, Vu et al. 2015, Shi, Vu et al. 2017). The following section 

focusses on the findings of Ssb1/2 KO mouse models. 

 

3.1.3.1 Ssb1 knockout mouse models 

To study the physiological function of Ssb1, three independent studies in 2012 

and 2013 generated targeted deletion (KO) models of the mouse homolog of hSSB1 

(Feldhahn, Ferretti et al. 2012, Bain, Shi et al. 2013, Gu, Deng et al. 2013, Shi, Bain et al. 

2013). Feldhahn et al. and Shi et al. showed that constitutive deletion of Ssb1 causes 

perinatal lethality due to severe skeletal defects, which were apparent from embryonic 

stage 12.5 (E12.5). Death of the Ssb1 KO pups was due to rapid asphyxiation which was 

because of the under developed ribcage due to failure of ossification of the dorsal ribs and 

immature lungs (Bain, Shi et al. 2013, Shi, Bain et al. 2013). Additionally, these embryos 

exhibited hind limb-specific oligodactyly and cleft palate of variable penetrance. 

Surprisingly, although p53 loss in Ssb1 KO mice could partially rescue the ribcage 

ossification defects, it failed to rescue the cleft palate observed in these embryos 

(Feldhahn, Ferretti et al. 2012). Interestingly, both groups did not observe any defects in 

DDR signalling in Ssb1 KO MEFs or in B lymphocytes. Additionally, TAM inducible 

Ssb1 KO with and without Ssb2 KO did not present any checkpoint defects in the DDR 

pathway. This was probably because Ssb2 was stabilised upon loss of Ssb1 in mouse 

tissues, MEFs and B cells. However, knocking down of Ssb2 followed by Ssb1 KO using 

TAM caused a severe proliferation defect (Feldhahn, Ferretti et al. 2012).  

A third study by Gu et al (Gu, Deng et al. 2013) found a novel role for Ssb1 in the 

maintenance of newly replicated telomeres. Telomeres contain TTAGGG ssDNA repeats 

that require protection to not be recognised by the DDR pathway as DNA breaks. The 

multi-protein Shelterin complex which is involved in shielding these overhangs as soon 

as they are formed, provides this protection. Removal of the TRF2 component of Shelterin 

leads to recognition of telomeres as DSBs, activation of ATM-CHK2 specific DDR 

signalling and canonical NHEJ-mediated end joining of chromosomes. In contrast, 

removal of Tpp1-Pot1a/b causes alt-NHEJ-mediated chromosome fusions. Gu et al 
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demonstrated Ssb1 and Ssb2 to localise to telomeres, co-localising with the Shelterin 

component Trf2. Interestingly, expression of dominant-negative Trf2 in Ssb1 KO MEFs 

caused less chromosome fusions to occur, indicating that Ssb1 promotes c-NHEJ at 

uncapped telomeres. In contrast, expression of dominant-negative Tpp1 in the context of 

Ssb1 loss caused increased number of chromosome fusions, suggesting Ssb1 normally 

suppresses alt-NHEJ at telomeres.  

In addition to their characterisation of KO MEFs, Gu et al also introduced a 

number of point mutations in the OB-fold domain of Ssb1- W55A, Y74A, Y85A and F98A 

using site-directed mutagenesis of Ssb1-expressing constructs, and tested their 

reconstitution into Ssb1 KO MEFs. Of these, it was found that W55A and Y74A do not 

interact with ssDNA and cells reconstituted with these constructs fail to survive. 

Interestingly, both of these mutants have intact interaction with IntS3, yet they fail to 

survive which directs the fact that probably presence of an intact ssDNA sensing and 

IntS3 interaction through Ssb1 are both required for survival. The Y85A mutant can 

interact with IntS3 but has a minimal interaction with ssDNA, and Ssb2 failed to 

upregulate when it was expressed. In contrast, the F98A mutant interacted with ssDNA, 

but did not interact with IntS3 indicating a requirement for IntS3 interaction in 

contributing to ssDNA localisation.  Upon expression of either construct, or with 

depletion of Ssb2 in Ssb1 KO MEFs, the phenotypes observed by the authors were 

augmented. Specifically, they further showed a role of Ssb1/2 in Atm-Chk2 activation 

upon Trf2 depletion, as well as protect newly replicated telomere ends upon Tpp1-Pot1a/b 

removal. Finally, they also demonstrated a role for Ssb1/2 in protecting both leading and 

lagging-strand telomeres. (Gu, Deng et al. 2013).  

 

3.1.3.2 Ssb2 knockout mouse model 

Although a number of studies published to date have focused on hSSB1, only a 

handful have performed characterisation of the role of hSSB2. To further understand the 

physiological role of Ssb2, the Khanna laboratory generated a KO mouse model of Ssb2, 

where exon 2 of the gene was ablated (Boucher, Vu et al. 2015). In contrast to the Ssb1 

KO mice that were perinatally lethal, homozygous Ssb2 mouse were born alive with no 

gross physiological abnormalities when compared with age-matched wild type (WT) 

mice. Further characterization of the spleen, thymus and testes (which exhibit the highest 

levels of Ssb2 expression) did not yield any findings when compared to age-matched 
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organs of WT littermates. (Boucher, Vu et al. 2015). Additionally, Ssb2 KO mice or MEFs 

had no marked defects in either checkpoint activation or DNA repair. It was concluded 

that the redundancy between Ssb1 and Ssb2 is the likely reason for the asymptomatic 

effects of Ssb2 loss, since Ssb2 is physiologically tissue restricted and Ssb1 is 

ubiquitously expressed (Boucher, Vu et al. 2015).  

 

3.1.3.3 Ssb1/2 DKO mouse model 

Given the compensatory roles observed for Ssb1 and Ssb2, the Khanna laboratory 

sought to generate DKO mice of Ssb1 and Ssb2. Although compound heterozygotes were 

viable, no living DKO mice were viable. Timed mating demonstrated that DKO embryos 

died at approximately E8.5, earlier than for Ssb1 alone, and illustrating physiological 

redundancy between the two proteins. Utilising the TAM- inducible, conditional 

RosaCreERT2 system, Ssb1flox/flox Ssb2flox/flox mice were generated. Interestingly, within 48 

hours post the fifth TAM injection the RosaCreERT2 Ssb1flox/flox Ssb2flox/flox mice were 

moribund compared to control littermates. These mice progressively lost weight during 

the course of TAM injections and had to be sacrificed within 48 hours of the last TAM 

injection. Morbidity in the adult DKO mice was associated with bone marrow defects and 

acute villous atrophy. Gross weight and morphology of spleen, thymus and SI showed 

marked differences from the WT littermates. This study found a novel role of Ssb1/2 in 

the maintenance of hematopoietic stem and progenitor cells due to accumulation of RS 

and R-loops associated genomic instability (Shi, Vu et al. 2017). Indeed, DKO mice had 

accumulation of DSBs as well as p53 stabilisation and interferon pathway activation. 

Therefore, mechanistically it was concluded that loss of Ssb1/2 causes genomic instability 

and p53-dependent cell death (Shi, Vu et al. 2017). However, this study failed to expand 

on the underlying molecular mechanism of Ssb1/2 in genomic stability. Additionally, this 

study was mainly focussed around the role of Ssb1/2 in the bone marrow, and did not 

characterise other organs in detail.   

3.2 Results 

3.2.1 Aim 1.1: To characterise the role of Ssb1/2 DKO in the maintenance of genomic 

stability. 

We have recently generated the only available Ssb1/2 DKO mouse model study 

which was early embryonically lethal (Shi, Vu et al. 2017). This shows the importance of 

these two proteins for proliferation and survival, which was previously masked due to the 
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compensatory functions between them. However, loss of Ssb1 in mouse was perinatally 

lethal, which suggested that Ssb2 can only partially compensate for Ssb1 loss (Feldhahn, 

Ferretti et al. 2012, Gu, Deng et al. 2013, Shi, Bain et al. 2013). On the other hand, Ssb1 

could completely compensate for Ssb2 loss (Boucher, Vu et al. 2015). This discrepancy 

is perhaps because of the physiological restriction of Ssb2 expression in tissues whereas 

Ssb1 is ubiquitously expressed in all tissues. To study their biological functions, both 

Ssb1 and Ssb2 were deleted constitutively and conditionally (Shi, Vu et al. 2017). 

However, the underlying molecular mechanism leading to these phenotypes such as the 

source of DNA damage is yet to be explored. Thus, this chapter aims to further 

characterise the overlapping roles of these proteins using MEFs as a model system.  

 

3.2.1.1 Generation of primary MEFs for conditional deletion of Ssb1 and Ssb2 (DKO) 

 Mice with constitutive deletion of Ssb1 and Ssb2 are not viable past E10.5, 

therefore the conditional DKO mice were used to generate mouse embryonic fibroblasts 

(MEFs) to derive a viable in-vitro cell line that would allow for conditional deletion of 

Ssb1 and Ssb2 in culture. Timed mating of RosaCreERT2 Ssb1 flox/flox Ssb2 flox/flox mouse 

with Ssb1 flox/flox Ssb2 flox/flox was performed to derive either RosaCreERT2 Ssb1 flox/flox 

Ssb2flox/flox  or with Ssb1 flox/flox Ssb2 flox/flox at a 1:1 ratio. Pregnant mice were euthanized 

on E13.5 to generate MEFs as described in the Materials and Methods section [Figure 

3.4]. Genotyping of MEFs was confirmed using the primers for RosaCreERT2 that yields 

a positive PCR product of 356 bp [Figure 3.5 (A)].  

Initially, RosaCreERT2 Ssb1flox/flox, Ssb2flox/flox  primary MEFs at passage 1 (P1) 

were treated with 10 µM 4-OHT or EtOH as a vehicle control to determine optimal timing 

of conditional knockdown of both Ssb1 and Ssb2. Protein samples were collected every 

48 hours and treatments were refreshed every 48 hours. 
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 Immunoblotting was performed on samples collected every 48 hours and showed 

that knockdown of both Ssb1 and Ssb2 occurred only in the 4-OHT treated samples. Ssb2 

was completely knocked out within the first 48 hours and by 96 hours substantial 

knockdown for both Ssb1 and Ssb2 was observed [Figure 3.5 (B)]. Growth analysis 

performed on these primary MEFs demonstrated a modest growth arrest in the DKO 

MEFs compared to the vehicle treated samples [Figure 3.5 (C)]. 

 

3.2.1.2 Generation of immortalised, tamoxifen inducible Ssb1/2 MEFs 

Since primary MEFs senesce by passage 7 to 8, limiting experimental potential, 

we next immortalised our TAM-inducible cell line, using two biological replicates of 

primary MEFs per genotype for immortalisation. Passage 1 MEFs from RosaCreERT2 

Ssb1flox/flox, Ssb2flox/flox and Ssb1 flox/flox Ssb2 flox/flox were transduced with packaged virus 

using pMSCV-N SV40 large T-antigen plasmid. After 48 hours of transduction, these cell 

lines were either selected with Puromycin or Blasticidin for at least two weeks to generate 

Figure 3.4: Strategy to generate primary and immortalised MEFs. Timed matings were 

performed wherein RosaCreERT2+/- Ssb1flox/flox Ssb2 flox/flox mice were crossed with 

Ssb1flox/flox Ssb2flox/flox mice to generate conditional Ssb1/2 DKO embryos. On embryonic 

day 13.5 (E13.5), pregnant mice were sacrificed to generate primary MEFs that were later 

immortalized using the SV40 large T antigen. These immortalized MEFs were then 

induced with either 4-OHT or EtOH as a vehicle control. Isogenic controls were used to 

account for the effects of both TAM and the Cre recombinase. 
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stable SV40 immortalised MEF cell lines. Therefore for our studies, we have generated 

four independent MEF lines based on the selection marker and presence of Cre, namely, 

RosaCreERT2;Ssb1flox/flox Ssb2flox/flox (SV40T Blasticidin), Ssb1flox/flox; Ssb2flox/flox (SV40T 

Blasticidin), RosaCreERT2+/;Ssb1flox/flox; Ssb2flox/flox (SV40T Puromycin), and Ssb1flox/flox; 

Ssb2flox/flox (SV40T Puromycin). In this study, the cell lines selected with Blasticidin and 

Puromycin are simply referred to as Bsd and Puro, respectively.  

All four lines are induced with either 4-OHT or ethanol as a vehicle control as 

indicated in Figure 3.4. The RosaCreERT2 Ssb1flox/flox Ssb2flox/flox (SV40T Bsd and Puro, 

collectively referred as “Cre+ MEFs”) lines upon induction with 4-OHT generate the 

Ssb1-/- Ssb2-/- DKO MEFs whereas induction with EtOH is referred to as the vehicle 

control. Additionally, the Ssb1flox/flox Ssb2flox/flox (SV40T-Ag Bsd and Puro, collectively 

referred as “Cre-” MEF) lines with 4-OHT induction are used as the isogenic controls 

with their respective ethanol treated vehicle controls. These MEFs are used to investigate 

the endogenous roles of Ssb1/2 for maintenance of genomic homeostasis in both aims 1 

(Chapter 3) and 2 (Chapter 4). 
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Figure 3.5: Loss of Ssb1/2 leads to proliferation loss. (A) Primers specific to 

RosaCreERT2 were used to genotype the MEFs isolated from E13.5 pups from pregnant 

mice. (B) Immunoblotting of induced primary MEFs, isolated from E13.5 pups with 

either EtOH or 4-OHT. (C) Growth analysis performed on the induced from day 5 post 

induction. (n= 3 independent experiments performed in triplicate; graphs shown are 

representative from a single experiment performed in triplicate). 
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Following immortalisation of the four cell lines, initial induction of the Cre+ and 

Cre- with either 4-OHT or EtOH was carried out. Interestingly, we found that Ssb2 was 

knocked down between days 2 and 4 whereas Ssb1 was knocked down between days 4 

and 6 of induction, which mimicked what was observed in the primary MEFs [Figure 3.6 

(A)]. Importantly, knockdown was highly specific to the 4-OHT treated Cre+ lines with 

no changes in the Ssb1/2 levels observed in the Cre- and vehicle treated lines as shown in 

[Figure 3.6 (B-E)]. Interestingly, a decrease in IntS3 (the major binding partner of Ssb1 

Figure 3.6: Optimisation of Ssb1 and Ssb2 knockdown post induction. (A) Immunoblot 

showing the knockdown of Ssb1 and Ssb2, and expression of IntS3 across two 

independent SV40 immortalised RosaCreERT2; Ssb1flox/flox; Ssb2flox/flox cell lines (Bsd and 

Puro) at indicated time-points. (B, C) Immunoblot showing Ssb1, Ssb2 and IntS3 levels 

in vehicle treated (EtOH) RosaCreERT2 Ssb1flox/flox Ssb2flox/flox lines. (D, E) Immunoblot 

showing Ssb1, Ssb2 and IntS3 levels following treatment of the Cre isogenic control 

(Ssb1flox/flox; Ssb2flox/flox) line treated with either EtOH or 4-OHT. 
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and Ssb2) protein level was observed as Ssb1/2 deletion progressed, indicating possible 

destabilisation of the Ssb-IntS3 complex upon loss of Ssb1/2 [Figure 3.6 (A)]. 

 

3.2.1.3 Depletion of Ssb1/2 inhibits cellular proliferation  

Following optimisation of timing of induction, we carried out proliferation studies 

on the induced MEFs using the Essen Biosciences InCucyte Zoom platform and by MTS 

assay. Growth analysis studies demonstrated that the DKO cells ceased to proliferate 

within the first 100 hours of 4-OHT induction [Figure 3.7 (A, B, E, and F)] with no 

proliferation observed from day 5 in the incucyte studies [Figure 3.7 (C, D)]. This effect 

was not observed in the Cre- cell lines treated with 4-OHT, further emphasising that 

addition of 4-OHT or EtOH does not impact cell proliferation adversely and the effect 

observed in the DKO line is attributable to Ssb1/2 loss. A similar effect was observed in 

the MTS assay performed from day 5 post induction up to day 10 [Figure 3.7 (G, H)]. 

In addition to the RosaCreERT2 Ssb1flox/flox Ssb2flox/flox and matched control lines 

that were generated, we also immortalised RosaCreERT2 Ssb1flox/flox (inducible Ssb1 single 

KO) MEFs and RosaCreERT2 Ssb1flox/flox Ssb2+/flox (inducible Ssb1 KO, Ssb2 

heterozygous) as control lines. Similar to DKO, Ssb1 knockdown was achieved by day 4 

post-induction in the 4-OHT treatment group [Figure 3.8 (A, B)].  

As observed in previous studies, we also observed Ssb2 stabilisation in these 

control MEFs following loss of Ssb1.  [Figure 3.8 (A, B)]. As described previously (Shi, 

Bain et al. 2013), we also did not note any proliferation defect in the Ssb1 KO MEFs 

[Figure 3.8 (C)].  Similarly, induction of the RosaCreERT2 Ssb1flox/flox Ssb2+/flox line with 

4-OHT to generate Ssb1-/-Ssb2+/- MEFs resulted in upregulation of Ssb2 [Figure 3.9 (A)] 

and did not exhibit any proliferation defects in them [Figure 3.9 (B)]. Together, these 

results suggest that a single copy of Ssb1 or Ssb2 is sufficient to support cellular viability 

in MEFs.  
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Figure 3.7: Ssb1/2 are essential for cell proliferation and survival. (A, B) Incucyte 

analysis showing growth of MEFs post 4-OHT or EtOH induction from day 1 or (C, 

D) day 5 for Ssb1flox/flox, Ssb2flox/flox cell lines of indicated genotypes for Cre (n= 3 

independent experiments performed in triplicate; graphs shown are representative 

from a single experiment performed in triplicate). (E, F) representative images of day 

6 MEFs from incucyte analysis showing cell confluency. (G, H) Graphs showing 

MTS growth analysis for cell lines of indicated genotypes (n=3 independent 

experiments performed in triplicate).    
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Figure 3.8: Loss of Ssb1 alone does not lead to proliferation loss.  (A, B) 

Immunoblotting of induced SV40 immortalised MEFs from RosaCreERT2+ Ssb1flox/flox 

(KO) with either EtOH or 4-OHT treatment in two independent KO lines- KO-1 and KO-

2. (C) Incucyte growth analysis performed on the induced samples from day 5 post 

induction (n= 3 independent experiments performed in triplicate; graphs shown are 

representative from a single experiment performed in triplicate). 
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3.2.1.4 Impact of Ssb1/2 loss on cell cycle 

 As the DKO MEFs displayed such a dramatic proliferation defect, we next 

performed cell cycle analysis to determine at what cell cycle stage the growth progression 

ceased. For this, EtOH fixed cells were stained with PI and cells were sorted using flow 

cytometry. PI intercalates with DNA in dead or fixed cells and negatively stains live cells. 

Figure 3.9: Expression of at least a single allele of Ssb1 or Ssb2 is essential for cell 

viability.  (A) Immunoblotting of induced SV40 immortalised MEFs from RosaCreERT2+ 

Ssb1flox/flox Ssb2+/flox (Het) lines treated with either EtOH or 4-OHT.  Two independent Het 

lines (Het1, Het2) were used (B) Incucyte growth analysis performed on the indicated 

genotypes from day 5 post induction (n= 3 independent experiments performed in 

triplicate; graphs shown are representative from a single experiment performed in 

triplicate). 
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Therefore depending on the cell ploidy, PI stained fixed cells are able to scatter according 

to their DNA content. 

PI studies indicated that control Cre- lines had no significant differences in the 

proportions of G1, S or G2/M cells following treatment, indicating that the addition of 

TAM does not affect cell cycle distribution [Figure 3.10]. Strikingly, in Cre+ cells treated 

with 4-OHT, we observed a progressive and significant accumulation of cells in the G2/M 

Figure 3.10: Tamoxifen has no effect on cell cycle distribution. (A, C) Cell cycle 

analysis of two independent Cre- MEFs on the indicated days post induction. (B, D) 

Representative FACS-plot of Cre- MEFs at day 7 following treatment with EtOH or 4-

OHT. (n = 3 independent experiments performed in duplicate. Analysis was performed 

using two-way ANOVA tests). 
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phase following induction with a concomitant decrease in the G1 population, indicating 

DKO cells may be arresting in G2/M and not re-entering the next round of cell cycle 

[Figure 3.11].  

 

3.2.1.5 Loss of Ssb1/2 causes apoptotic cell death 

 The percentage of sub-G1 population was also calculated from the PI stained 

sorted cells. We found that there was a significant accumulation of sub-G1 in the DKO 

cell line when compared to the remaining isogenic cell lines [Figure 3.12 (A, B)]. The 

sub-G1 population is calculated as a peak that appears before the G1 population peak and 

it not just reflects fragmented DNA obtained in the samples (and dead cells) but also 

debris that can be present during sample preparation. Therefore, to validate if the 

accumulated sub-G1 population represented bona-fide dead cells, DKO protein lysates 

were probed with the pro-apoptotic markers, Parp-1 and Caspase 3, where a smaller, 

cleaved product derived from both of these markers depict active apoptosis. We found 

that the DKO MEFs indeed showed induction of cleaved Parp-1 at day 6 and day 8, and 

cleaved Caspase-3 on day 8 following TAM induction, indicating DKO cells are 

undergoing canonical apoptosis [Figure 3.12 (C)].   

 

3.2.1.6 Reconstitution of Ssb1 in DKO cells partially rescues the proliferation and 

apoptotic phenotype 

To investigate whether the proliferation and apoptotic defects observed in DKO 

cells were a genuine effect of Ssb1/2 loss and not a confounding effect of 4-OHT 

treatment or Cre induction, we performed reconstitution experiments in DKO MEFs using 

a lentiviral Flag-hSSB1 construct, pL4-DEST-hSSB1WT. We infected DKO cells with 

lentivirus expressing Flag-hSSB1 and validated its expression within 72 hours later by 

western blot ([Figure 3.13 (A)]. Next, we performed incucyte analysis with reconstituted 

DKO cells, similar to section 3.2.13. As expected, expression of Flag-hSSB1 in DKO 

cells was able to partially rescue the growth defect observed upon DKO [Figure 3.13 (B, 

C)]. Moreover, Flag-hSSB1 reconstitution was able to nearly rescue apoptosis in these 

cells as observed by diminished cleaved Parp and cleaved Caspase 3 induction by western 

blot [Figure 3.13 (D)].   
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Figure 3.11: Loss of Ssb1/2 leads to G2/M arrest. (A, C)  Cell cycle analyses of two 

independent Cre+ MEF cell lines on the indicated days post induction. (B, D) 

Representative FACS-plot of Cre+ MEFs from day 7 following treatment with EtOH or 

4-OHT. (**P < 0.01, ***P < 0.001 and ****P < 0.0001, two-way ANOVA, n= 3 

independent experiments performed in duplicate). 
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Figure 3.12: Loss of Ssb1/2 causes apoptotic cell death. (A, B) Graph showing the 

percentage of cells in sub-G1 (% sub-G1) of both Cre- and Cre+ MEFs on the indicated 

days post induction across two independent lines. (C) Immunoblot against canonical 

apoptotic markers cleaved PARP-1 and Caspase-3 in Cre+ MEFs (Puro). (*p value <0.05 

and ****p value < 0.0001, n= 3 independent experiments performed in duplicate). 
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Figure 3.13: Exogenous SSB1 expression can partially rescue the growth defects in 

DKO MEFs. (A) Stable expression of pL4-DEST empty vector and pL4-DEST-hSSB1 

was assessed by immunoblotting. (B) Incucyte growth analysis of the indicated genotypes 

reconstituted with empty vector (EV) or hSSB1 expression vector (pL4-DEST-hSSB1) 

(n= 3 independent experiments performed in triplicate; graphs shown are representative 

from a single experiment performed in triplicate) (C) Crystal violet staining of cells used 

for incucyte analysis in (B). (D) Immunoblot from day 7 lysates against canonical 

apoptosis markers- Parp and cleaved Caspase 3. 

 

 

3.2.1.7 Ssb1/2 depletion causes micronuclei formation as a marker of genomic 

instability 

To further understand the underlying causes of the cell cycle arrest and apoptosis 

DKO cells were undergoing, IF studies were conducted. One of the most well-established 

markers of genomic instability is the presence of micronuclei. Micronuclei can be formed 

when parts of chromosomes fail to incorporate into the nucleus during cell division, and 

form their own nuclear envelope outside the main nucleus (Fenech, Kirsch-Volders et al. 

2011, Zhang, Spektor et al. 2015, Kalsbeek and Golsteyn 2017).  
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Often, micronuclei are an indicator of unresolved RS, and are more predominant 

in SV40T immortalised cells (Hu, Filippakis et al. 2013, Gelot, Magdalou et al. 2015). To 

determine if DKO caused an increased presence of micronuclei, DKO cells were stained 

with DAPI, a DNA stain by IF [Figure 3.14 (A)]. Interestingly, we observed a 

significantly higher proportion of baseline micronuclei in DKO cells, with an 

approximate three-fold increase in their presence at day 5 and up to five-fold increase in 

their presence at day 7 following induction of DKO when compared to matched vehicle 

controls [Figure 3.14 (B)].  

Figure 3.14: Ssb1/2 depletion causes accumulation of mitotic errors. (A) Representative 

images of micronuclei formation in induced Cre+ MEFs with (B) corresponding analysis 

at the indicated time points. (C) IF images showing centrosomes marked by gamma 

tubulin with analysis shown in (D) performed in Cre+ Puro line on day 5 post induction. 

(*P < 0.05, **P Value < 0.001 and ****P value < 0.0001, two-way ANOVA, n = 3 

independent experiments). 
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Since we observed G2/M arrested cells after DKO, we therefore stained the cells 

with gamma (γ) and acetylated tubulin along with DAPI to look for possible mitotic 

defects [Figure 3.14 (C)]. Indeed, we observed that DKO cells presented with a two- fold 

increase in defective mitotic arrangements which included misaligned metaphase plate as 

well as supernumrary of centrosomes leading to multipolar mitotic segregation [Figure 

3.14 (D)].  

 

3.2.1.8 S-phase defects appear in DKO MEFs 

Previous studies have indicated that often genomic instability during DNA 

replication can escalate to render defects during mitosis or vice-versa (Fragkos and Naim 

2017, Munoz and Mendez 2017). Therefore, we sought to determine if S-phase, wherein 

DNA duplication takes place, is impacted in DKO cells. To mark cells in S-phase (the 

stage at which endogenous RS occurs), control and DKO cells were treated with the 

synthetic thymidine analogue, EdU which incorporates into actively replicating DNA.  

Upon incorporation of EdU for 2 hours on day 5 following treatment of the Cre+ 

MEFs with EtOH or 4-OHT, a significant reduction in proportion of S-phase cells was 

noted [Figure 3.15 (A)]. Consistent with the incucyte and MTS assay data, this indicated 

overall slower cycling of DKO cells at later time points. To annotate the levels of DNA 

damage in relation to cell cycle stage, EdU incorporation experiments were co-stained 

with γH2AX, a marker of DNA breaks. Interestingly, there was an increase in cells with 

one or more γH2AX foci in non-EdU positive cells in the DKO population at all time-

points analysed [Figure 3.15 (B, C)]. As the majority of non-S phase cells from day 7 

following induction are in the G2/M phase of the cell cycle [Figure 3.11], this indicates 

that the damage observed may arise from S-phase specific defect. 

 

3.2.1.9 RS as a hallmark of genomic instability in DKO cells  

For further investigation on whether replication is affected in DKO, we utilised 

DNA combing assays which are an elegant and direct read out of progressing RF speed 

(Schwab and Niedzwiedz 2011, Nieminuszczy, Schwab et al. 2016).  

Briefly, cells were labelled with two different thymidine analogues for equivalent 

periods of time, the DNA extracted from the cells and “combed” onto glass slides. The 

combed DNA is then stained by IF with two differently coloured secondary antibodies 
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specific for each thymidine analogue. The fork speed can be assessed by calculating the 

length of the second track (here marked in red) from the spread of DNA fibres. This is 

used to calculate the RF speed based on the length of incorporated thymidine label. Since 

length is directly proportional to speed, this metric is used to determine the overall fork 

progression rate when length of the fibre is divided by the time of labelling (20 minutes). 

 

 

 

Figure 3.15: S-phase defects in Ssb1/2 DKO MEFs. (A) Analyses showing the 

percentage of cells positive for EdU (S-phase) in Cre+ MEFs at indicated time points. (B) 

Graph showing the percentage of cells carrying DSBs (marked by γH2AX) in the non-S 

phase proportion of cells at indicated time points. (C) Representative images of day 7 

DKO EdU and γH2AX positive cells taken at 40X magnification. (**P < 0.01, ***P < 

0.001 and ****P < 0.0001, Two-Way ANOVA, n= 3 independent experiments and at least 

100 cells per condition were calculated).   
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Figure 3.16: RS analysis in Ssb1/2 DKO cells. (A) DNA fibre combing assay was 

performed as indicated. (B) Graph showing replication fork speed (kb/minute) across two 

independent Cre+ MEFs on day 5 post induction (C) Histogram showing frequency 

distribution curve for the second thymidine analogue label, IdU across the indicated 

genotypes. Arrows mark the highest frequency count. (****P < 0.0001, student’s t-test, 

n= 2 independent experiments performed in duplicates where >300 fibres were counted).   
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In this assay, we generally use the first label to mark the active RFs. Keeping in 

account that not all RFs will start at the same time, we utilise the point where the first 

label ends and second label begins to accurately measure the fibre length as elongating 

fork. Interestingly, we observed smaller length of forks that incorporated the second 

thymidine analogue (red-label) in the both the DKO MEFs compared to its control, 

indicating overall slower RF speed upon deletion of Ssb1/2 [Figure 3.16].  

To further determine if these cells had accumulated RS, the DKO cells at multiple 

time-points following induction were probed with a 53bp1 antibody by IF. 53bp1 forms 

large nuclear bodies in G1 cells that marks residual RS from the previous cell cycle. We 

chose to stain for 53bp1 on day 5 and day 7, as the PI studies indicate that there is a 

reduction in the G1 population due to loss of Ssb1/2 at this time. Strikingly, we noticed a 

three- fold increase in the number of 53bp1 bodies in the DKO cells compared to the 

control [Figure 3.17 (A, B)], indicating that these cells have residual RS.  

 

Figure 3.17: DKO MEFs show a higher proportion of 53bp1 bodies as an indicator of 

residual DNA damage. (A) MEFs were co-stained with DAPI (nuclear marker) and 

53bp1 (DNA damage marker) on day 5 following induction for the indicated genotypes 

and cells containing 53bp1 bodies were scored (B) Graph showing percentage of cells 

containing 53bp1 bodies on day 5 and day 7 for the indicated genotypes. (*P<0.05, **P 

< 0.001 and ***P <0.0001, student’s t-test, n = 2 independent experiments where at least 

100 cells were scored). 
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3.2.2 Aim 1.2: To assess the DNA damage signalling efficacy of Ssb1/2 DKO MEFs. 

 In this section, the aim was to identify whether loss of Ssb1/2 affects the overall 

DDR signalling. Previous studies have been contentious with mixed finding, as to 

whether Ssb1/2 play a role in DDR signalling. As this may be due to redundancy between 

Ssb1/2 proteins, we have used our DKO cell line in the following section to investigate 

DDR signalling.   

 

3.2.2.1 Loss of Ssb1/2 does not affect ATM signalling in response to IR 

Previous studies by our lab (Richard, Bolderson et al. 2008) and others (Huang, 

Gong et al. 2009, Li, Bolderson et al. 2009, Skaar, Richard et al. 2009), have suggested 

that Ssb1 loss can affect ATM signalling in human cells after exposure to agents that 

induce DNA DSBs. Although we (Shi, Bain et al. 2013) and others (Feldhahn, Ferretti et 

al. 2012) failed to observe this phenomenon in Ssb1 KO MEFs, Gu et al (Gu, Deng et al. 

2013) indicated this may be due to compensation by Ssb2, at least in the context of 

telomere uncapping by expression of dominant-negative TRF2, Ssb1-loss impacted Atm 

pathway activation.  

To assess if deletion of Ssb1/2 would perturb Atm signalling, we  exposed control 

and DKO MEFs to 6 Gy IR, and probed for canonical markers of Atm signalling at 

multiple time-points following exposure [Figure 3.18]. Interestingly, we did not find any 

attenuation of canonical Atm downstream targets including phospho Kap1 (Ser824) and 

Chk2 in the DKO compared to the control cells. Additionally, we did not observe any 

decrease in the phosphorylation of Chk1 (Ser345). However, we noted there was a defect 

in the clearance of γh2ax signal following IR, indicating that although Atm signalling 

does not appear to be abrogated in DKO cells in response to IR, these cells do not 

efficiently clear DNA breaks over time [Figure 3.18]. 
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Figure 3.18: IR induced DDR signalling in DKO MEFs. MEFs of the indicated 

genotype were treated with EtOH or 4-OHT and were challenged with 6 Gy of IR at day 

5 post induction to assess Atm-induced DNA damage signalling. Immunoblotting was 

performed on cell lysates collected at indicated time points for indicated antibodies.    

 

3.2.2.2 Loss of Ssb1/2 does not impair the DNA damage response system against UVC 

 In order to examine the Atr dependent signalling pathway, EtOH or 4-OHT 

induced MEFs were exposed to 20 J/m/s UVC radiation (10 J/m2). UV is one of the most 

common exogenous but natural source of DNA damage, which we are exposed to in the 

form of sunlight. Generally, upon exposure to UV, the pyrimidines of DNA can react and 

form secondary harmful products such as cyclobutane pyrimidine dimers and 6–4 

photoproducts (a.k.a. pyrimidine adducts). These adducts require NER which involves 

RPA as a central player to resolve these harmful lesions. If these bulky adducts are not 

repaired, they can also cause RS through blocking the progressing polymerase (Proietti‐

De‐Santis, Drané et al. 2006). In both cases, ssDNA generated is covered by RPA, which 

subsequently activates the Atr signalling cascade. To determine if Ssb1/2 were important 

for activation of ATR signalling, we exposed vehicle and TAM-treated MEFs to 10 J/m2 

UVC irradiation, and monitored the signalling dynamics of several canonical DDR 

markers at 1, 3, and 5 hours post-UV exposure. Interestingly, we did not observe any 
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abrogation in the activation of the Atr targets- phospho Chk1 (Ser345) or phospho Rpa 

(Ser4/8), which is a DNA-PK dependent phosphorylation site [Figure 3.19].  

 

Figure 3.19: UVC induced DDR signalling in DKO MEFs. MEFs were treated with 

EtOH or 4-OHT and were challenged with 20 J/m2 of UVC at day 5 post induction to 

assess Atr-induced DNA damage signalling. Immunoblotting was performed on cell 

lysates collected at indicated time points for indicated antibodies.   

 

3.2.2.3 Loss of Ssb1/2 delays the DNA damage response to HU 

 As discussed previously, RS is a common endogenous phenomenon wherein cells 

can sense damage sites and pause DNA replication during S- phase. One of the most 

common drugs used to study RS is HU, an anti-metabolite which inhibits ribonucleotide 

reductase. By manipulating the dose and time of exposure, we can study both RF stalling 

as well as RF collapse (Petermann and Caldecott 2006). For our purposes, we were 

interested to study if DKO cells were able to signal in response to RS. To investigate this, 

we exposed the cells to 2 mM of HU for up to 6 hours. Surprisingly, we observe delayed 

activation of Atr-dependent DDR signalling in DKO cells, observed as decreased levels 

of phospho Chk1 (Ser345), phospho Rpa (Ser33) and phospho Rpa (Ser4/8) [Figure 3.20]. 

These results suggest that Ssb1/2 are important for Atr-mediated signalling following RS.  
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Figure 3.20: RS-dependent DDR signalling in DKO MEFs. MEFs of the indicated 

genotype were treated with EtOH or 4-OHT and were challenged with 2 mM HU at day 

5 post induction to assess Atr-induced DNA damage signalling. Immunoblotting was 

performed on cell lysates collected at indicated time points for indicated antibodies.   

 

3.2.2.4 Effect of Ssb1/2 loss on DDR signalling against CPT 

 DNA topoisomerase I (TOPI) inhibitor, CPT which traps the topoisomerase 

cleavage complexes (TOP1cc). TOP1 is required to relax the supercoiled DNA during 

transcription and TOP1cc help stabilise this DNA unwinding (Pommier 2006). However, 

when CPT blocks these TOP1cc it forms a DNA adduct. Indeed, cells treated with CPT 

accumulate RNA PolII-associated antisense transcripts at active CpG islands of 

promoters and in turn accumulate DNA:RNA hybrids or R-loops in the transcription 

bubble (Rich and Kirichenko 1998, Liu, Desai et al. 2000, Sordet, Redon et al. 2009, 

Huang, Chen et al. 2010, Berniak, Rybak et al. 2013, Marinello, Chillemi et al. 2013, 

Bolderson, Petermann et al. 2014, Marinello, Bertoncini et al. 2016), thus making trapped 

TOP1cc as transcription blocking DNA adduct. Recent studies have shown that CPT 

adducts generally remain hidden in the chromatin and require the transcription and 

proteosomal degradation machinery to make them visible for to activate DDR pathways 

(Huang, Chen et al. 2010).  
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Figure 3.21: CPT-dependent DDR signalling in DKO MEFs. MEFs of the indicated 

genotype were treated with EtOH or 4-OHT and were challenged with (A) varying 

concentrations of CPT at 2 hours and (B) 25 µM CPT at different time points to analyse 

Atr and Atm induced DDR pathways, respectively. Immunoblotting was performed for 

the indicated antibodies on cell lysates collected at indicated time points. 

 

We first challenged control and DKO cells with different concentrations of CPT 

and collected them after two hours of treatment. We observed proper DDR signalling 
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(Atm and Atr targets) in both DKO and control MEFs except for phospho Rpa (Ser4/8), 

which is a DNA-PK target, at higher concentrations [Figure 3.21 (A)]. Therefore, we next 

sought to investigate this further and treated cells with 25 μM CPT and collected them at 

2, 4 and 6 hours of treatment [Figure 3.21 (B)]. Consistent with our previous results, we 

observed abrogated phospho RPA (Ser4/8). Interestingly, although we did not observe 

differences in the activation of phospho Kap1 (Ser824) at 2 hours of treatment, at longer 

exposures this Atm-dependent target appeared less phosphorylated. In contrast, other Atm 

and Atr downstream targets behaved identical to the controls. Phosphorylation of Kap1 

is required for the repair of transcriptionally inactive heterochromatin which is mediated 

by Atm. Generally upon DNA damage, the open transcriptionally active euchromatin gets 

repaired in the first 2-3 hours followed by heterochromatin, and activated phosphorylation 

of Kap1 is indispensable for this (Goodarzi, Noon et al. 2008) . Hence based on these 

observations, it appears that Ssb1/2 might have some role in the maintenance of 

heterochromatin repair and DNA-PK dependent NHEJ. 

 

3.2.3 Aim 1.3: To determine the role of the IntS3-Ssb1/2-C9Orf80 complexes in R-loop 

resolution. 

Genomic stability can be threatened by replication-transcription collision which 

is often characterised by R-loop accumulation (Aguilera and Garcia-Muse 2012, 

Wongsurawat, Jenjaroenpun et al. 2012, Bhatia, Barroso et al. 2014, Groh and Gromak 

2014, Sollier, Stork et al. 2014, Costantino and Koshland 2015, Wickramasinghe and 

Venkitaraman 2016, Nguyen, Yadav et al. 2017). Recent studies have shown that the 

Integrator subunit, IntS3 that complexes with Ssb1/2 and processes small nuclear RNA 

(snRNA) has transcriptional regulation activity, where it may be involved in regulating 

promoter-proximal pause release of RNA PolII, as well as transcriptional termination 

(Skaar, Ferris et al. 2015). As these regions of the DNA are highly susceptible to R-loop 

formation, as well as the recent implication of a number of DNA repair and transcription 

factors in R-loop resolution, we hypothesised that Ssb1/2 may play a role in R-loop 

resolution (Skourti-Stathaki, Proudfoot et al. 2011, Lavin, Yeo et al. 2013, Bhatia, 

Barroso et al. 2014, Ren, Chen et al. 2014, Sollier, Stork et al. 2014, Hatchi, Skourti-

Stathaki et al. 2015, Skaar, Ferris et al. 2015, Nguyen, Yadav et al. 2017, Shi, Vu et al. 

2017, Stirling and Hieter 2017, Zhang, Chiang et al. 2017, Shivji, Renaudin et al. 2018). 

Indeed, recent data published from the lab showed an increase in R-loop accumulation in 

tissue sections of conditional Ssb1/2 DKO mice (Shi, Vu et al. 2017). Thus, we postulated 
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that Ssb1/2 might have a role in R-loop resolution through its affinity for the ssDNA 

component of R-loops, possibly along with its interaction with IntS6, which contains a 

DEAD-box helicase subunit, and is a potential RNA helicase (Zhang, Wu et al. 2009). 

 

3.2.3.1 Ssb1/2 loss is associated with increased R-loop abundance  

Using the DNA-RNA hybrid antibody, S9.6, we assessed the presence of R-loops 

in DKO MEFs and matched vehicle control by IF [Figure 3.21]. Mean fluorescence 

intensity of S9.6 staining in the nucleus was then quantitated for at least 50 cells [Figure 

3.22 (A)] (Morales, Richard et al. 2016). This showed that loss of Ssb1/2 caused 

accumulation of baseline R-loops [Figure 3.22 (B, C)]. The specificity of the S9.6 signal 

was determined by treating coverslips with and without RNase H enzyme (which resolves 

R-loops) (El Hage, French et al. 2010, Sollier, Stork et al. 2014, Lima, Murray et al. 2016) 

in cells treated/ untreated with CPT that augments R-loop formation [Figure 3.22 (D)]. 

As expected, we observed loss of the nuclear staining with little to no visibility of 

nucleolar staining in RNase H1 treated cells that were stained with the S9.6 antibody, 

suggesting our staining represents bona-fide R-loops. 

 

3.2.3.2 Overexpression of RNaseH1 does not rescue the DKO phenotype 

Several known RNA processing factors like the DNA endonucleases RNase H1 

and H2, and helicases like AQR and SETX are known to resolve R-loops (Becherel, Yeo 

et al. 2013, Lavin, Yeo et al. 2013, Wahba and Koshland 2013, Bhatia, Barroso et al. 

2014, Sollier, Stork et al. 2014, Brambati, Colosio et al. 2015, Sollier and Cimprich 2015, 

Wickramasinghe and Venkitaraman 2016). We therefore hypothesised that 

overexpressing one of these factors would reduce R-loop accumulation and may 

ameliorate the cell proliferation defects and overcome death caused by loss of Ssb1/2. To 

investigate this possibility, we overexpressed GFP-tagged RNase H1 in our Cre+ and 

Cre- lines. Unfortunately, stable overexpression of this RNase H1 construct was lethal to 

all the cell lines, regardless of 4-OHT induction status [Figure 3.23 (A, B)]. Upon further 

investigation, we realised that the construct still harboured a mitochondrial RNase H1 

localisation signalling, which can trigger apoptotic pathways.  
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Figure 3.22: Ssb1/2 loss is associated with increased R-loop abundance. The S9.6 

antibody was used to stain R-loops by immunofluorescence which were manually scored 

as shown in (A). (B) Using this method, at least 50 cells from two independent 

experiments on two lines on day 5 post induction were calculated. (C) Representative 

image showing R-loop staining in control and DKO cell lines (D) The specificity of S9.6 

staining was assessed by treating fixed coverslips with 0.05 U of RNase H for 36 hours 

on CPT treated or untreated coverslips, showing the loss of nuclear intensity of S9.6 

signal in the presence of RNase H. (n= 3 independent experiments across two 

independent lines, ***P< 0.001 and ****P <0.0001, student’s t-test). 
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Figure 3.23: Overexpression of RNase H1 does not compensate for Ssb1/2 loss. (A) 

Full length GFP-tagged RNase H1 was overexpressed in Cre- and Cre+ MEFs and 

assessed through GFP expression. (B) Incucyte analysis showing the growth of the 

RNaseH1-GFP transfected lines of indicated genotypes (n= 3 independent experiments 

performed in triplicate; graphs shown are representative from a single experiment 

performed in triplicate) (C) IF was performed on the stable cell lines generated with a 

pLHCX-RNase H1- mCherry construct with truncated sequence for mitochondrial 

localisation, in both Cre+ lines. (D) Incucyte analysis showing growth of reconstituted 

cell lines of the indicated genotypes (n= 3 independent experiments performed in 

triplicate; graphs shown are representative from a single experiment performed in 

triplicate) (E) Immunoblotting validating KO of Ssb1/2 in reconstituted cell lines treated 

with 4-OHT. 
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To overcome this limitation, we obtained an RNaseH1–mCherry (pLHCX) 

construct which lacks the mitochondrial localisation signal (amino acids 1-28 were 

removed) (Tresini, Warmerdam et al. 2015). Ectopic RNase H1 expression by retroviral 

transduction was validated by mCherry expression which predominantly appeared 

nuclear [Figure 3.23 (C)]. Following transduction, cells were then were subjected to 

induction with either EtOH or 4-OHT. Unfortunately, through incucyte studies on both 

the Cre+ lines [Figure 3.23 (D)], exogenous RNase H1 expression did not rescue the 

global consequences of Ssb1/2 loss [Figure 3.23 (E)]. This suggests that R-loop formation 

and accumulation may be a secondary consequence of Ssb1/2 depletion in cells.    

 

3.3 Discussion 

 Maintenance of genomic stability is key for survival and several proteins are 

known to be involved in this process. A key group of proteins which are involved in 

multiple aspects of the DDR to protect the genome is SSBPs (Richard, Bolderson et al. 

2009, McJunkin, Mazurek et al. 2011, Dickey, Altschuler et al. 2013, Wu, Lu et al. 2016, 

Croft, Bolderson et al. 2018). Ssb1 and Ssb2, like Rpa have been implicated as key 

regulators of genomic stability and have been found to compensate for each other’s 

functions. Therefore, to further understand the redundant role of these two proteins at the 

molecular level, in this chapter we have generated and characterised MEFs of Ssb1/2 

inducible DKO, along with three isogenic controls (and two biological replicates of each).  

 We demonstrated that upon induction with 4-OHT in the Cre recombinase 

positive background, Ssb1 and Ssb2 could be successfully deleted by day 5 of induction. 

We have also shown that despite of being immortalised by SV40 large T-antigen that 

abrogates p53 and Rb (Fairman and Stillman 1988, Huang, Wang et al. 1990), DKO 

MEFs exhibit a marked proliferation defect, with cells accumulating in G2/M. This in 

particular is interesting since recently it was found that Rpa3 deletion caused massive cell 

proliferation defects in not just MEFs but also in the mouse (McJunkin, Mazurek et al. 

2011). As expected, the growth inhibition corresponded with timing of loss of both 

proteins (approximately 96 hours post-induction). At later time points, these cells also 

underwent apoptotic cell death as shown by cleavage of Parp1 and Caspase 3. 

Interestingly, we also showed that the presence of just one allele of either Ssb1/2 is 

sufficient to rescue the loss of proliferation as demonstrated by using the Ssb1-/- Ssb2 +/- 

MEFs. Additionally, overexpression of hSSB1WT completely rescues growth defects and 
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apoptosis presented upon loss of Ssb1/2, validating that this DKO phenotype is indeed a 

legitimate effect upon loss of Ssb1/2 and not an off-target effect. 

Analysis using IF assays showed that loss of Ssb1/2 cause accumulation of 

micronuclei and DNA fragmentation. Micronuclei formation can either occur due to RS 

that gets carried over to mitosis or vice- versa (Fenech, Kirsch-Volders et al. 2011, Gelot, 

Magdalou et al. 2015, Zhang, Spektor et al. 2015, Kalsbeek and Golsteyn 2017, 

Mackenzie, Carroll et al. 2017). Indeed, we found mitotic aberrations in DKO compared 

to control cells. Although the immortalisation process itself can trigger a degree of 

aberrant mitoses, we found this effect was much more pronounced in DKO cells (Hu, 

Filippakis et al. 2013). Micronuclei generally occur during mitosis by two phenomenon- 

when a chromosome fails to line on the metaphase plate or when an under-replicated part 

of DNA fails to get distributed in either of the daughter cells during anaphase (Fenech, 

Kirsch-Volders et al. 2011, Gelot, Magdalou et al. 2015, Kalsbeek and Golsteyn 2017). 

On the other hand, it has been shown that often this under-replicated DNA fragment in 

micronuclei can be absorbed back into a daughter cell to complete replication.  

Generally, the GC rich CpG islands and CFS require consecutive rounds of 

replication to complete DNA duplication since they are hard to replicate (Marnef, Cohen 

et al. 2017). Therefore, these regions are most susceptible to micronucleation. However, 

if there is a defect in the overall replication machinery, this can also trigger the same 

phenomenon. We hypothesise it is the latter that causes micronucleation and mitotic 

aberrations in the DKO, since the accumulation of micronuclei, aberrant mitosis and cell 

death occurs at later time points than the reduction of EdU incorporation (a marker of 

cells entering S-phase). 

Blockade during replication is referred as RS and this can occur due to loading 

failure of the replication apparatus, absence of dNTPs or physical obstructions like DNA 

breaks in the path of RF (Zeman and Cimprich 2014, Rodriguez-Acebes, Mouron et al. 

2018, Singh, Pandita et al. 2018). Interestingly, when we co-stained for EdU-positive 

cells and the DSB marker γh2ax, we observed a significant increase in γh2ax focus 

formation in EdU-negative cells in DKO when compared to controls. As the majority of 

non-EdU cells are in G2/M by our FACS analysis, this may represent residual RS from 

S-phase. Supporting this hypothesis, DNA fibre combing revealed slower fork speed in 

the DKO cells compared to controls, and we observed increased 53bp1 G1 bodies, all 

markers of RS (FitzGerald, Grenon et al. 2009, Lukas, Savic et al. 2011, Fernandez-Vidal, 

Vignard et al. 2017).  
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In the next sub-aim, we explored the roles of Ssb1/2 in DDR signalling. 

Interestingly, we did not find any abrogation of the activation of Atm and Atr targets post 

6 Gy of IR or 20 J/m2 of UVC. However, when DKO cells were exposed to 2 mM HU to 

generate RS, the induction of DDR after RS appeared reduced and delayed compared to 

control and all the DDR targets investigated were activated later than the controls. This 

may suggest that Ssb1/2 are at least partially required for the activation of Atr signalling 

in certain cellular contexts of RS. In addition, given the role of SSB1/2 in transcription 

regulation, we next studied their involvement in signalling of breaks due to aberrant 

transcription. For this, we used CPT, which stabilises Top1-DNA cleaved complex, 

impairing replication and transcription. This ternary TOP1-DNA-drug complex can form 

throughout gene bodies inducing DNA damage. Of note, an interesting study 

demonstrated that BRD4 phosphorylated Ser2 CTD of RNA PolII stimulates TOP1 

cleavage activity through its N-terminal, which is found to be involved in pause-release 

and elongation of RNA PolII in highly expressed genes (Baranello, Wojtowicz et al. 

2016). As Ssb1/2-IntS complexes may be involved in regulating pausing of RNA PolII, 

it will be interesting to further investigate the effects of CPT on DDR dynamics and RNA 

PolII pause-release in the context of Ssb1/2 loss. 

Here, we assessed the effects of CPT on DDR signalling in control and DKO cells. 

Interestingly, we observed decreased Kap1 phosphorylation on Ser824 (an Atm target 

site) at later time points, an event required for proper repair of heterochromatin (Groner, 

Meylan et al. 2010, Noon, Shibata et al. 2010). However, there was no difference 

observed for other Atm downstream targets. Together, these results investigating the 

effects of RS inducing agents indicate that Ssb1/2 are dispensable for Atm signalling but 

are required for proper maintenance during extended exposures to genotoxic agents. It 

also appears that Ssb1/2 may be required for sensing lower levels of RS since at shorter 

time points with HU, none of the DDR signalling was activated. This holds true since at 

baseline as even though loss of Ssb1/2 causes RS, it does not activate canonical DDR 

pathways to rectify the damage. This lower level of damage propagates over time to the 

point that Ssb1/2 deleted cells undergo apoptosis instead of DNA repair.  

Finally, in this chapter, we investigate R-loops, as a potential contributing factor 

to the observed phenotype of DKO cells (Sollier, Stork et al. 2014, Sollier and Cimprich 

2015, Hamperl, Bocek et al. 2017, Stirling and Hieter 2017). Although we found 

accumulation of R-loops in DKO MEFs as was shown in the DKO mouse model, we 

failed to rescue the overall DKO phenotype by overexpressing RNase H1. RNase H1 
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resolves R-loops by removing the trapped RNA moiety in the triplex structure and is often 

used to resolve R-loops (Cerritelli, Frolova et al. 2003, Lima, Murray et al. 2016, Nguyen, 

Yadav et al. 2017). However, R-loops can occur on both the TSS where the CpG island 

containing promoters reside as well as in the TTS and it is possible that RNase H1 is not 

sufficient to render this. Recently it has been suggested that different factors resolve R-

loops depending on their location of formation. (Vanoosthuyse 2018). Therefore, it is 

possible that RNase H1 did not alter the DKO phenotype as it was unable to resolve the 

R-loops that form in the context of Ssb1/2 DKO. An alternative possibility is that the 

increased R-loop formation is a consequence and not a cause of the RS observed 

following Ssb1/2 loss. This appears to be a viable possibility as a recent study by Wang 

et. al. did not enlist SSB1/NABP2, SSB2/NABP1 or any of the Integrator subunits as 

possible human proteins that interact with DNA:RNA hybrids (Wang, Grunseich et al. 

2018).  

Unfortunately, there are a number of drawbacks with the technique of IF using the 

S9.6 antibody (Vanoosthuyse 2018). This antibody was developed to detect any DNA: 

RNA hybrid that is longer than six nucleotides which includes other non- B DNA 

structures such as RNA hairpins in the nucleoli and RNA: RNA hybrids that are 

commonly found in the cytoplasm (Phillips, Garboczi et al. 2013). Thus this adds to the 

heavy cytoplasmic background as observed in several studies. Although some studies 

argue that the cytoplasmic stain is acquired from the R-loops found in mitochondria 

(Ginno, Lott et al. 2012), yet another recent study by Koo et. al. proposed that the inherent 

cytoplasmic stain in question is perhaps a consequence of RNA PolIII mediated RNA that 

hybridises with DNA in the cytoplasm (Koo, Kobiyama et al. 2015). Some studies have 

observed increase in not just nuclear but also nucleolar and cytoplasmic signals with S9.6 

when certain nuclear proteins were mutated such as U2snRNP (Tanikawa, Sanjiv et al. 

2016), BRCA2 (Bhatia, Barroso et al. 2014, Shivji, Renaudin et al. 2018), SETX 

(Becherel, Sun et al. 2015), etc. A recent review by Vanoosthuyse suggests that in this 

scenario S9.6 antibody could be marking stress associated other structures which adds to 

the limitations of this antibody (Vanoosthuyse 2018). Therefore additional techniques 

which are more acceptable yet biased like DRIP-seq or DRIP-RTqPCR could be further 

utilised to thoroughly complement our observations which was beyond the scope of this 

study. 

 



 

108 

 

3.4 Conclusion 

 In summary, this chapter investigated the primary consequences of Ssb1/2 loss 

using a TAM-inducible system. We have demonstrated that loss of Ssb1/2 caused a 

marked proliferation defect, RS, G2/M arrest and finally apoptotic cell death. 

Additionally, we have demonstrated that Ssb1/2 are dispensable for the activation of Atm 

signalling in response to IR, but may be at least partially required for Atr-dependent 

signalling in some contexts of RS.  
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4. Chapter 4 

Aim 2: To examine the role of Ssb1/2-IntS3 complexes in 

regulation of transcription and splicing using the inducible 

Ssb1/2 DKO MEFs. 

 

4.1 Introduction  

Maintenance of genomic stability is an intricately orchestrated process, involving 

a plethora of proteins and their transcriptional and post-translational modifications. 

Recently, it has become apparent that this process is even more complex than initially 

thought, and not only includes coordination between canonical DDR and repair proteins, 

but also several other factors which were earlier ignored. These proteins include a role 

for both transcription and splicing factors (SFs) in co-ordinating the DDR. (Chou, 

Adamson et al. 2010, Adamson, Smogorzewska et al. 2012, Anantha, Alcivar et al. 2013, 

Izhar, Adamson et al. 2015, Wickramasinghe and Venkitaraman 2016). Transcription is 

the process by which DNA dependent RNA Pols initiate gene expression by converting 

information from DNA to RNA. There are three main types of RNA Pols in mammals- 

RNA PolI, RNA PolII and RNA PolIII. Of these, RNA PolII is responsible for the 

expression of coding messenger RNAs (mRNAs) that express all proteins required for 

cellular functions. However, the nascent mRNA generated through transcription is crude 

in structure and much longer than the final product (Andrade-Lima, Veloso et al. 2015). 

This is because the primary (pri)-mRNA, when generated, consists of both coding (exon) 

and non-coding (intron) sequences. A process called RNA-splicing is then responsible for 

removal of intronic regions before translation of the mature mRNA into protein.  

 

4.1.1 Transcription-associated genomic instability 

 The entire process of transcription is not error-free and can often itself pose a 

genomic threat. Generally, elongation in transcription occurs at the rate of 0.5-5 

kb/second (Singh and Padgett 2009, Fuchs, Voichek et al. 2014, Jonkers, Kwak et al. 

2014, Jonkers and Lis 2015, Kirkconnell, Magnuson et al. 2017). However, this rate can 

often slow down when the transcription machinery comes in contact with either G-C rich 

regions, genes with a large number of exons or unconventional forms of DNA (Kwak, 



 

111 

 

Fuda et al. 2013, Veloso, Kirkconnell et al. 2014, Andrade-Lima, Veloso et al. 2015, 

Nojima, Gomes et al. 2015) [Figure 4.1 (A, C)]. One of the key steps for transcription is 

the unwinding of the supercoiled DNA to initiate transcription and it is believed that RNA 

PolII drives this process. RNA Pol can weakly bind to DNA and when it comes in contact 

with the promoter region of a gene, it recognises this as the site for transcription initiation. 

This binding initiates the DNA duplex to unwind and form the transcription bubble. 

However, the DNA upstream of the transcription bubble causes resistance, generating a 

torsional stress that in turn promotes positive supercoiling downstream of the 

transcription bubble which is necessary for the elongation process (Liu and Wang 1987, 

Giaever and Wang 1988). Generally, topoisomerases keep the DNA supercoiling in check 

and when these enzymes are inhibited it can cause an imbalance in torsional stress, stall 

RNA PolII and halt transcription (Teves and Henikoff 2014). This in turn can cause 

genomic instability by accumulating DNA: RNA hybrids that are longer than the 

transiently formed 8-9 nucleotide long DNA: RNA hybrids formed inside the active 

transcription bubble (Ginno, Lott et al. 2012) [Figure 4.1 (C)].  

The long DNA:RNA hybrids formed as a result of RNA PolII pausing can result 

in a phenomenon known as “R-loops”, a triplex structure which occurs when the nascent 

mRNA exiting the transcription bubble is able to complement with the non-coding DNA 

strand while displacing the template strand (Roy, Zhang et al. 2010, Aguilera and Garcia-

Muse 2012, Kuzminov 2018). Additionally, negative supercoiling behind RNA PolII is 

accompanied with long trails of unzipped ssDNA strands that are very susceptible to 

damage. These can either become degraded or form secondary DNA structures such as 

stem loop structures that further can impede the progressing replisome leading to 

transcription-replication collisions (Aguilera and Gómez-González 2008). Several new 

studies have also found that excessive transcription activation such as in the case of 

oncogenes and hormone stimulation also causes genome instability through R-loop 

formation (Ju, Lunyak et al. 2006, Lin, Yang et al. 2009, Haffner, Aryee et al. 2010, 

Williamson and Lees-Miller 2010, Stork, Bocek et al. 2016). It is important to note that 

this observation is not completely unexpected as a higher rate of transcription is a 

signature of cancer cells. Therefore, this higher rate of transcription can give rise not just 

to R-loops but other non-B DNA structures contributing towards genomic instability 

(Kouzine, Wojtowicz et al. 2017). 
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4.1.2 Role of transcription in DDR and repair  

 Exposed to DNA damaging agents cause multiple changes to cellular dynamics, 

including chromatin condensation to recruit DDR players and repair factors; cell cycle 

checkpoint activation to repress cellular progression as well as pausing of the replication 

and transcription machineries. Transcription pausing is thought to be necessary to prevent 

collision with repair machinery, but several research studies have now shown that 

transcription is not completely supressed in the presence of damage.  

Figure 4.1: Transcription as a source of DNA damage. (A) The presence of physical 

non-B DNA structures on the path of the elongating RNA Polymerase like G4, Z- DNA 

structures or hairpin formation as well as DNA binding histones can hinder progression of 

the RNA polymerase (B) DNA damage adducts or repair intermediates such as alkyl 

adducts, abasic sites, UV- induced photoproduct pyrimidine dimers, interstand crosslinks 

and DNA strand breaks (single and double) can stall the RNA polymerases and therefore 

transcription. (C) Transcriptional arrest can be induced by the physical collision of the 

transcription machinery with the DNA pol during replication. This is known as 

transcription-replication collision. [Figure published in (Andrade-Lima, Veloso et al. 

2015) which is in an open-access article.] 
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In fact, it is diverted to transcribe genes encoding essential repair (Rieger and Chu 

2004), DNA replication and cell cycle factors (Wickramasinghe and Venkitaraman 2016). 

For example, it has been found that upon exposure to high doses of IR, p53 and NF-κB 

repressing factors are alternatively spliced (Li and Kurokawa 2015, Saadatzadeh, Elmi et 

al. 2017, Van Alstyne, Simon et al. 2018) while enriching the nuclear pool of p53 and 

NF-κB through an ATM-dependent pathway (Riley, Sontag et al. 2008, Rashi-Elkeles, 

Warnatz et al. 2014). Numerous screens for identification of proteins recruiting to DNA 

damage sites or involved in HR repair have revealed transcription and SFs as a major 

category of proteins involved in the DDR (Chou, Adamson et al. 2010, Adamson, 

Smogorzewska et al. 2012, Izhar, Adamson et al. 2015)(Ref). Heterogeneous nuclear 

RNA (hnRNA)-associated proteins hnRNPUL1 and hnRNPUL2 have been found to be 

involved in DSB end resection following MRN recruitment (Polo, Blackford et al. 2012). 

In addition, other hnRNP factors like hnRNPK (Moumen, Masterson et al. 2005, 

Moumen, Magill et al. 2013) and hnRNPH/F (Decorsière, Cayrel et al. 2011) have been 

found to regulate p53 in an ATM-dependent manner in the presence of DNA damage. 

Another SF, Pre-MRNA Processing Factor 19 (PRPF19) which is a ubiquitin ligase 

required for U4/U6.U5 tri- small nuclear ribonucleoprotein (snRNP) complex formation 

during splicing can directly bind to the freshly resected ssDNA strand during HR 

(Maréchal, Li et al. 2014). This interaction then ubiquitinates RPA and recruits ATRIP in 

order to activate the ATR pathway. Since RPA has been found to accumulate at the 

transcribed genes post DNA damage, it was suggested that PRPF19 through its interaction 

with RPA can act as a sensor of transcription-associated genomic instability (Jiang and 

Sancar 2006).  

Transcriptional regulation upon DNA damage can be multi-level including during 

elongation (Huertas and Aguilera 2003, Muñoz, Santangelo et al. 2009, Blazek, Kohoutek 

et al. 2011), nascent pri-mRNA splicing (Espinosa, Verdun et al. 2003, Muñoz, 

Santangelo et al. 2009, Paronetto, Miñana et al. 2011, Savage, Gorski et al. 2014), 

matured mRNA export to the cytoplasm (Wickramasinghe, Savill et al. 2013), translation 

(Powley, Kondrashov et al. 2009) or miRNA regulation (Moskwa, Buffa et al. 2011) for 

protein synthesis. For example, Cyclin K, a subunit of CDK12 associated with RNA 

PolII, regulates elongation by continuous phosphorylating Ser2 residue at the C-terminal 

end of RNA PolII during DNA damage. This in turn promotes the expression of repair 

genes such as ATR, BRCA1, FANCD2 and FANCI (Blazek, Kohoutek et al. 2011). On the 

other hand, Powley et al. has recently found that DNA-PK activation due to DNA damage 
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can modulate global translation while promoting the protein synthesis of DDR signalling 

factors like ERCC1, ERCC5 and DDB1 (Powley, Kondrashov et al. 2009).  

Interestingly, the presence of DNA lesions affects not just RNA PolII-mediated 

transcription but also RNA PolI and III (Ghavidel and Schultz 2001, Kruhlak, Crouch et 

al. 2007). In 2007, a study carried out by Krulak et al. showed that in response to 

genotoxic stress, RNA PolI-mediated ribosomal DNA (rDNA) transcription gets 

transiently repressed, a process regulated by ATM, NBS1 and MDC1 (Kruhlak, Crouch 

et al. 2007). Later it was found that a ribosome biogenesis factor, TCOF1 (aka Treacle) 

directly interacts with NBS1 and brings about rDNA synthesis repression by translocating 

NBS1 to the nucleoli where rDNA resides (Larsen, Hari et al. 2014). 

Other than transcriptional factors and RNA Pols, a subset of RNAs can themselves 

associate at the damage site to regulate DDR signalling for repair (D'Alessandro and 

d'Adda di Fagagna 2017, Dutertre and Vagner 2017, Storici and Tichon 2017). These 

small, non-coding RNAs generated from the DNA sequences that flank the break sites, 

are called DNA damage response RNAs (DDRNAs), previously known as small non-

coding RNAs (sncRNAs) (Francia 2015) which are activated by two endoribonucleases 

called DICER and DROSHA (Michalik, Böttcher et al. 2012, Wei, Ba et al. 2012, Gao, 

Wei et al. 2014). In fact it was first observed that in the absence of these 

endoribonucleases (Francia 2015) and DDRNAs (Kakarougkas, Ismail et al. 2014, Wang 

and Goldstein 2016), DDR signalling following IR was severely impaired. Although both 

ribonucleases were dispensable for the primary recruitment of the MRN complex, they 

have been found to regulate focus formation by 53BP1 and MDC1 (Francia, Cabrini et 

al. 2016). Therefore, although DROSHA and DICER-associated DDRNAs are not 

required for primary DNA lesion detection, together with γH2AX they regulate DDR 

signalling by amplifying the damage signal from the damaged sites. Additionally, a subset 

of long non-coding RNAs synthesised by RNA PolII, similar to DDRNAs, have been 

found to be important for 53BP1 focus formation in the presence of DNA damage 

(Michelini, Pitchiaya et al. 2017). 

 

4.1.3 Transcription and snRNAs 

A special class of RNAs called snRNAs, are no more than 200 nucleotides long, 

ubiquitously expressed and non-coding. snRNAs are an integral component of the 

spliceosome, and are needed for the removal of introns, proper expression of mRNA, 
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biogenesis of rRNA and replication-dependent histones, and are generally present in 

multiple copies throughout the genome in clusters (Baillat and Wagner 2015, Skaar, 

Ferris et al. 2015, Rienzo and Casamassimi 2016). Since snRNAs are uridine rich, they 

are often termed as “U-RNAs”. These snRNAs are mainly transcribed by RNA PolII, 

with the exception of RNA PolIII-transcribed U6 and U6atac.  

Non-coding RNAs like snRNAs are unique because they lack a TATA box, have 

no introns and terminate transcription without a polyadenylation (PolyA) tail. Instead, the 

3’end of the RNA PolII dependent snRNAs contain a 3’-box sequence element which is 

just 9-19 nucleotides downstream of the snRNA termination/cleavage site and has the 

consensus sequence (GTTTN– AAARNNAGA) (Hernandez 1985). The promoter of 

snRNAs consists of an enhancer-like distal sequence element (DSE) and a proximal 

sequence element (PSE) that is important for snRNA transcription, along with the 

presence of the 3’ box. The snRNA activation protein complex (SNAPc; also known as 

the PSE-binding protein or PBP and PSE binding transcription factor or PTF) initiates the 

transcription of snRNAs by bringing RNA PolII to the SNAPc through other transcription 

factors. RNA PolII is also required for termination at the 3’-box, cleaving the nascent 

snRNA from the template (Baillat, Hakimi et al. 2005, Gardini, Baillat et al. 2014, Baillat 

and Wagner 2015, Skaar, Ferris et al. 2015). Following this, processing of the snRNA is 

undertaken by the Integrator complex which is later described in section 4.1.4. 

 

4.1.3.1 Types of snRNAs 

The spliceosome is a large, protein-RNA complex consisting of snRNAs (e.g. U1, 

U2, U4, U5, and U6 in the major class splicing complex) and over 150 proteins. The 

snRNAs-ribonucleoprotein complexes (snRNPs) bind specific pre-mRNA sequences on 

the substrate to modulate splice site selection. There are five major snRNPs involving U1, 

U2, U4, U5 and U6 whereas minor snRNPs include the remaining four snRNAs- U4atac, 

U6atac, U11 and U12 (Clemens and Walter 1991, Tarn and Steitz 1996, Incorvaia and 

Padgett 1998, Jacobs, Frey et al. 1999, Shukla, Cole et al. 2002). Additionally, U5 is also 

involved in the minor snRNPs formation (Staněk, Přidalová-Hnilicová et al. 2008, Stanek 

2017).  

RNA PolII transcribes primary snRNAs (pri-snRNAs) with an intact 3’box on 

their C’ terminal end. The Integrator complex then associates and cleaves the pri-snRNAs 

into its semi-matured form or preliminary snRNAs (pre-snRNAs) by cleaving upstream 
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of the 3’box (Baillat, Hakimi et al. 2005). Following this, the pre-snRNAs move to the 

cytoplasm, wherein they associated with the heptameric Sm ring complex; thus this class 

of snRNAs are also commonly referred to as “Sm-class snRNAs” (Patel and Steitz 2003, 

Matera, Terns et al. 2007, Matera and Wang 2014). Following the loading of the Sm ring, 

the survival motor neuron protein (SMN) interacts with Sm and Target Of EGR1 (TOE1) 

further cleaves the snRNAs into its final matured snRNAs (Lardelli, Schaffer et al. 2017, 

Son, Park et al. 2018). This processing by TOE1 allows the snRNA to relocate into the 

nucleus to assemble with other proteins to form the snRNPs.  

On the other hand, RNA PolIII transcribes U6 and U6atac which lack the 

characteristic 3’box and therefore do not need to undergo any processing steps like the 

Sm-class snRNAs (Chen, Sinha et al. 1998, Perumal and Reddy 2002). Consistent with 

this, U6 and U6ATAC do not associate with Sm-proteins. Rather, they interact with a Sm-

like protein called Lsm after being processed, and thus are often referred to as “Lsm-class 

snRNAs” (He and Parker 2000, Matera, Terns et al. 2007, Matera and Wang 2014). These 

snRNAs have four uridylic acid residues in their 3’end which are uridylated post 

transcriptionally (Gu, Shumyatsky et al. 1997). U6 snRNA locates to structures known as 

cajal bodies (CBs) within the nucleus at the same time as the other Sm bound snRNAs, 

wherein they assemble into mature snRNPs that are directly recruited to nascent mRNAs 

to undergo splicing (Roithova, Klimesova et al. 2018). 

 

4.1.4 The Integrator Complex 

IntS3, the major binding partner of Ssb1/2 forms the multiprotein complex, 

Integrator which is associated with the CTD of RNA PolII (Baillat, Hakimi et al. 2005, 

Skaar, Richard et al. 2009, Zhang, Wu et al. 2009, Zhang, Ma et al. 2013) [Figure 4.2]. 

The Integrator complex was first described through its role in cleaving the 3’ box from 

U1 and U2 snRNA (Baillat, Hakimi et al. 2005) and was initially identified with 12 

subunits (INTS), named based on their size, the largest being called IntS1 through to 

IntS12. Since then, two additional members have been added, making it a multiprotein 

complex with at least 14 subunits.  
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4.1.4.1 Role of Integrator in snRNA processing, transcription and splicing  

In eukaryotes, RNA PolII synthesises transcripts that include the coding PolyA 

mRNAs, replication-dependent histones and non-coding, Sm binding snRNAs. Each of 

these transcripts have different termination mechanisms (Weiner 2005). For example, this 

signal is AAUAAA for mRNA which gets recognised and processed by cleavage and 

polyadenylaltion specificity factors (CPSF) that complexes together (MacDonald, Wilusz 

et al. 1994, Mandel, Bai et al. 2008). This includes CPSF160 (Murthy and Manley 1995), 

the cleavage stimulation factor Cleavage Stimulation Factor 64 KDa Subunit (CSTF64) 

(MacDonald, Wilusz et al. 1994), Symplekin, CPSF73 and CPSF100.  

 

On the other hand, replication-dependent histone pre-mRNAs do not have a 

canonical PolyA signal but a stem loop structure that is conserved and found upstream to 

the cleavage site. A purine rich region called the histone downstream element (HDE) is 

found downstream to this stem loop. The stem loop interacts with a protein called stem 

loop binding protein (SLBP) (Wang, Whitfield et al. 1996) and U7 snRNA interacts with 

Figure 4.2: The Integrator complex. The Integrator complex (in green) was first 

identified in association with the C-terminal domain of RNA pol II (in blue) that 

transcribes all the mRNAs, and cleaves RNA-pol II dependent snRNA transcripts at 

their 3’ termini. To date, at least 14 subunits (INTS) have been identified, of which 

IntS9-IntS11 forms the main catalytical subunit. snRNAs are non-polyadenylated 

transcripts that contain a 3’ box (in red), downstream of the cleavage site. Once they 

are transcribed, the Integrator complex is loaded through an unknown mechanism. 

[Figure published in (Baillat and Wagner 2015). Permission obtained from Elsevier, 

license number: 4567630613900.] 
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the HDE (Mowry and Steitz 1987) to initiate cleaving of the histone mRNA tails. 

Following this, common factors to polyA mRNAs- Symplekin, CPSF73 and CPSF100 

cleave the phosphodiester bond of the RNAs (Sullivan, Steiniger et al. 2009), where 

Symplekin acts as a scaffold protein that brings about the formation of a heterodimeric 

catalytic unit by recruiting CPSF73 and CPSF100 to the cleavage sites (Kennedy, Frazier 

et al. 2009).  

The 3’ end of snRNAs as described in section 4.1.3 contain a conserved 3’ box 

element, downstream of the cleavage site (Hernandez 1985). Although single point 

mutations in the human 3’box of U1 snRNA did not completely diminish the efficacy of 

snRNAs processing but if the 3’box is completely removed, it disrupts the snRNA 3’end 

processing considerably (Ach and Weiner 1987). However, the promoter of the snRNA 

appears to be critical for its transcription and proper termination/processing (de Vegvar, 

Lund et al. 1986, Hernandez and Weiner 1986) as the replacement of snRNAs  promoters 

with promoters from other RNA PolII transcripts  led to complete loss of snRNA 

processing (Hernandez 1985, de Vegvar, Lund et al. 1986, Hernandez and Weiner 1986). 

This observation suggested that the fate of 3’end processing of the snRNAs may be 

regulated co-transcriptionally, fitting with the association of Integrator complex with the 

CTD of the largest subunit of RNA PolII (Baillat, Hakimi et al. 2005). Interestingly, two 

of the Integrator subunits IntS9 and IntS11 have homology with cleavage and 

polyadenylation factors, CPSF100 and CPSF73, respectively, and these two proteins form 

a similar dimer to form the catalytic component of Integrator (Dominski, Yang et al. 2005, 

Wu, Albrecht et al. 2017) (Wu, Albrecht et al. 2017). Recently, IntS4 has been found to 

have a Symplekin-like function that acts as a scaffold and interacts with the C- terminus 

of both IntS9 and IntS11 (Albrecht, Shevtsov et al. 2018). This interaction with IntS4 

appears to be indispensable for Integrator’s canonical function of cleaving the 3’ box and 

therefore processing snRNAs into their matured form (Albrecht, Shevtsov et al. 2018). 

Recent studies have also suggested the role of Integrator in several steps of 

transcription regulation including initiation, promoter proximal pause-release of 

immediate early genes and termination of subset of RNAs including the snRNAs and 

replicative histones (Gardini, Baillat et al. 2014, Stadelmayer, Micas et al. 2014, Skaar, 

Ferris et al. 2015). Of interest, Integrator’s role in pause-release of immediate early genes 

is a source of controversy as conflicting observations were reported with some of the 

Integrator subunits including IntS3 (Gardini, Baillat et al. 2014, Stadelmayer, Micas et al. 

2014, Skaar, Ferris et al. 2015). While Skaar et. al. (Skaar, Ferris et al. 2015) found that 
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certain subunits of the Integrator including IntS3 and IntS9 negatively regulate 

transcription of several polyadenylated mRNAs, immediate early genes and stress 

response genes, Stadelmayer et. al. (Stadelmayer, Micas et al. 2014) reported IntS3 as a 

positive regulator of transcription. Although the exact mechanism by which Integrator 

governs these processes remains controversial, these reports provide strong evidence for 

a role of Integrator in regulating transcription. 

 

4.1.4.2 Biological functions of the Integrator subunits 

Although the Integrator complex consists of 14 subunits, the biological functions 

of all subunits are yet to be described. Only a handful of studies have investigated the 

biological consequences of Integrator subunit deletion in vivo. Constitutive deletion of 

IntS1 causes early embryonic lethality in mice (Hata and Nakayama 2007). Similarly, 

mutation of the gene called deflated, encoding IntS7 in Drosophila causes embryonic 

lethality at the late larval stage (Rutkowski and Warren 2009). IntS6 knockdown in 

Caenorhabditis elegans also resulted in embryonic lethality due to defects in 

mitochondria (Han, Lee et al. 2006). Moreover, zebrafish studies have demonstrated that 

IntS5 deletion causes haematopoietic defects and aberrant Smad processing (Tao, Cai et 

al. 2009). IntS6 was found to be synonymous to the TSG-DICE1 (Deleted in Cancer 1), 

whose overexpression in pancreatic cancer causes cell cycle arrest (Yang and Zeng 2015). 

Defective IntS4 or IntS7 in Drosophila causes aberrant snRNA processing (Ezzeddine, 

Chen et al. 2011) whereas INTS4 knockdown in human cells have been found to be 

essential for maintaining the integrity of cajal bodies (CBs) (Takata, Nishijima et al. 

2012).  

A recent study has demonstrated that disintegrated CBs are found in cells with 

depleted IntS4, 9 and 11 levels indeed get relocated to the nucleoli where histone mRNAs, 

rRNA and small nucleolar RNA (snoRNAs) reside (Albrecht, Shevtsov et al. 2018).  

Additionally, biallelic mutations of INTS1 and INTS8 cause rare familial 

neurodegenerative diseases (Oegema, Baillat et al. 2017). This study also uncovered that 

IntS8 loss by itself can cause misprocessing of snRNAs causing expression of a number 

of alternatively spliced factors involved in neurogenesis (Oegema, Baillat et al. 2017). 

IntS13 has been found to act as a modulator of the Integrator complex which is 

dispensable for snRNA processing in progenitor cells but is essential for the activation of 

monocytic enhancers, thus acting as a monocytic/ macrophagic differentiation factor 
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(Barbieri, Trizzino et al. 2018). Finally the latest study in planarian, Schmidtea 

mediterranea demonstrates a key role of the Integrator complex in the maintenance of the 

stem cell niche that is highly dependent on transcription- replication coordination 

(Schmidt, Reuter et al. 2018). 

 

4.1.5 Splicing and Alternative splicing (AS)  

RNA PolII generates all the mRNAs that further translate to form proteins. 

However, when RNA PolII transcribes mRNAs they are much longer in length than the 

final mRNAs that encode proteins, the nascent mRNAs at this stage are called the primary 

mRNAs and consist of the coding exons and non-coding introns.  

Similar to snRNAs, nascent mRNAs when generated get capped at the 5’ end, 

referred to as the 5’ cap. This capping is necessary to carry out a number of functions 

Figure 4.3: The splicing cycle for mRNAs. Splicing of mRNAs involves a number of 

steps which exploit both RNA-RNA as well as RNA-protein interactions. Splicing 

begins with the association of U1 snRNP at the 5’SS to form complex E. Following 

this, the U2 snRNP identifies and binds to the BPS (complex A). The U4/U5.U6 tri-

snRNP then associates to form the pre-catalytic spliceosome (complex B) which next 

dissociates both U1 and U4. The next two steps are catalytic (with step 1 forming 

complex C) and serve to excise the intron off from between the exons. Finally, 

following splicing, snRNPs dissociate and are recycled for following rounds of 

splicing. [Figure published in (Will and Luhrmann 2011). Permission obtained from 

Springer Nature, license number: 4567630770597.] 
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including the nuclear export of mRNAs, protection from exonuclease degradation, 

splicing as well as translation. The pre-mRNA introns have four characteristic short 

consensus sequences- the 5’ slice site (5’SS) that borders the end of 3’ end of an exon, 

the 3’SS that borders the 5’end of the corresponding exon, the branch point sequence 

(BPS) that gets followed by a polypyrimidine tract (PPT). Traditionally the 5’SS or the 

donor site of the intron begins with a conserved GU, followed by a long,  non-conserved 

intronic region of variable size before it reaches to the BPS that is a single adenosine (A) 

residue, usually located -18 to -144 base pairs preceding the 3’ splice site (Signal, Gloss 

et al. 2016). The BPS is followed by a 20-50 nucleotides long PPT and ends at the 3’SS 

or the acceptor sequence that is marked by an AG residue. The next exon starts 

immediately at the 3’SS excluding AG.  

 Splicing is a very complex process that includes the proper coordination of 

number of snRNPs and other SFs to enable proper RNA-RNA and protein-RNA 

interactions [Figure 4.3]. Splicing begins with recruitment of the U1 snRNP or “E 

complex” at the 5’SS along with other SFs like beta-amyloid binding protein (BBP) and 

the U2AF complex binding to the branch point sequence and PPT, respectively, on the 

nascent mRNA’s intron. Following this, the U2 snRNP binds at the BPS to form the A 

complex. The pre-catalytic B complex consists of the pre-assembled U4/U6.U5 tri-

snRNP complex once it comes in association with U1 and U2 snRNPs. This association 

destabilises U1 and U4, activating the B complex that contains U2, U5 and U6 snRNPs. 

This process has been shown to be dependent upon Prp2, a DEAH box RNA helicase. 

Following this, the next steps of catalysis take place which finally cleaves the intron out 

leaving the exonic regions together. In the end, the remaining snRNPs dissociate and are 

recycled back for additional rounds of splicing steps. 

Although the main purpose of splicing is to remove all intronic regions between 

the coding exons, eukaryotes have evolved diversity in this process, where differential 

exon combinations may be spliced together. This is called alternative splicing (AS) 

wherein a single gene encoded mRNA is able to express a number of different proteins 

(Ast 2004, Will and Luhrmann 2011). Indeed, about 95% of the eukaryotic genes undergo 

AS. These differentially expressed variants can either express a protein coding AS variant 

or can fail to express any protein at all. Sometimes, these non-conventional variants are 

degraded by nonsense mediated decay in the cytoplasm when they fail to translate, or 

may serve regulatory functions. There are several forms of AS [Figure 4.4] depending on 
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the nature of excision that takes place. For example, exon skipping (ES) is the most 

common form of AS wherein one or more exons are skipped.  

 

The next most common AS event is where an entire intron or part of an intron is 

left intact between two exons and this AS form is called intron retention (RI). Often some 

AS variants express mutually exclusive exons (MXE), where only one exon or the other 

is found in the final RNA. The other two less common forms of AS are alternative 5’SS 

(A5’SS) or 3’SS (A3’SS), which are utilised instead of the conventional 5’ or 3’SS 

position. This can lead to the formation of unstable AS variants that either include or 

exclude important coding information necessary to translate into a functional protein. The 

worst impact of AS is the expression of mutant proteins that can inhibit normal cellular 

functions or facilitate progression of other diseases like cancer (Roy, M Haupt et al. 2013, 

Wickramasinghe, Gonzalez-Porta et al. 2015, Alsafadi, Houy et al. 2016, Urbanski, 

Leclair et al. 2018, Van Alstyne, Simon et al. 2018, Wan and Larson 2018, Yamazaki, 

Liu et al. 2018).  

Figure 4.4: Different modes of AS. Splicing is the removal of introns from exons. In this 

figure, the constitutive exons are marked in red and alternative spliced exons are marked 

in green, with introns marked with solid lines. The five modes of AS are shown here with 

the dotted lines showing the spliced region. [Figure published in (Ast 2004). Permission 

obtained from Springer Nature, license number: 4567640068250.] 
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4.1.6 Splicing and the DNA damage response 

Following splicing, the RNA-protein complex transits through ribosomes to the 

cytoplasm wherein protein synthesis takes places. The mRNA in the cytoplasm is then 

regulated by microRNAs (miRNAs), RNA binding proteins (RBPs) and degraded by exo- 

and endonucleases (Schoenberg and Maquat 2012).  

 Interestingly, it has been found that both RNA PolI and II but not RNA PolIII are 

able to preferentially express AS variants following DNA damage like UV or 

transcriptional stress (Yu and Volkert 2013, Yu, Rege et al. 2016, Chen, Crutchley et al. 

2017). Additionally, silencing of transcription factors (Jimeno, Rondon et al. 2002, 

Mohan, Scheer et al. 2003, Desgranges and Roy 2006, Fattah, Hara et al. 2014, Sigova, 

Abraham et al. 2015), enhancers (Li, Notani et al. 2016), SFs (Li and Manley 2005, Shirai, 

Ley et al. 2015, Wickramasinghe, Gonzalez-Porta et al. 2015, Alsafadi, Houy et al. 2016, 

Jangi, Fleet et al. 2017, Mupo, Seiler et al. 2017, Fukumura, Inoue et al. 2018, Sorrells, 

Nik et al. 2018), spliceosome-associated snRNAs (Ezzeddine, Chen et al. 2011, Takata, 

Nishijima et al. 2012, Hett and West 2014, Novotny, Malinova et al. 2015, Tanikawa, 

Sanjiv et al. 2016, Federico, Rienzo et al. 2017, Guiro and Murphy 2017, Kargapolova, 

Levin et al. 2017, Lardelli, Schaffer et al. 2017) and snRNPs (Tucker, Berciano et al. 

2001, Tsuiji, Iguchi et al. 2013, Novotny, Malinova et al. 2015, Tanikawa, Sanjiv et al. 

2016, Smigiel, Landsberg et al. 2018) can adversely affect genome stability. This has 

been associated with compromised mitotic progression and segregation errors resulting 

in cell death (Sundaramoorthy, Vázquez‐Novelle et al. 2014, van der Lelij, Stocsits et al. 

2014, Wickramasinghe, Gonzalez-Porta et al. 2015). 

One interesting example came from a study conducted by Dutertre et. al. 

(Dutertre, Sanchez et al. 2010) that demonstrated how preferential ES takes place in the 

presence of genotoxic stress such as CPT. They observed preferential skipping of certain 

exons of MDM2 which was independent of p53 using a p53 WT breast cancer cell line, 

MCF7. They demonstrated that p53 levels stabilise upon exposure to CPT, suggesting 

that preferential skipping of MDM2 exons that fail to produce the full length E3 ligase is 

one of the main reasons for p53 stabilisation leading to lethality (Dutertre, Sanchez et al. 

2010). Another recent study demonstrated similar findings with preferential exon 

skipping of MDM2 and MDM4 in Spinal Muscular Atrophy (SMA) samples (Van 

Alstyne, Simon et al. 2018).  DNA damage-directed AS expression of pro-apoptotic 

marker Bcl-XS has also being associated with the DDR (Shkreta, Michelle et al. 2011). A 

few other studies in Drosophila have found the ATM/ATR pathways to direct splicing 
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following DNA damage, linking these two pathways together (Katzenberger, Marengo et 

al. 2006, Marengo and Wassarman 2008, Katzenberger, Marengo et al. 2009).  

Interestingly, many groups are now utilising this method of preferential splicing 

as a mode to correct lethal diseases (Du and Gatti 2011). For example, antisense 

morpholinos (AMOs) are used to treat Hutchinson-Gilford progeria syndrome to restore 

LAMIN A expression (Scaffidi and Misteli 2005). AMOs have been successful to revert 

the expression of three splicing mutations in the ATM gene in cell lines derived from AT- 

patients (Du, Pollard et al. 2007). In the case of SMN which occurs due to loss of Smn1, 

an identical protein called Smn2 has been successfully redirected by AMOs to include 

exon 7 to allow the Smn2 protein to compensate for Smn1 loss (Hua, Vickers et al. 2007, 

Hua, Vickers et al. 2008). Additionally, AMOs correcting expression of non-sense 

mutations are now in clinical trials which have successfully helped improve a wide variety 

of diseases (Khoo, Roca et al. 2007, Van Deutekom, Janson et al. 2007). 

 

 

4.2 Results 

4.2.1 Aim 2.1: To determine the transcriptome changes in response to Ssb1/2 DKO. 

 Previous studies have successfully demonstrated that the Integrator complex 

regulates snRNA processing, but there is a limitation of knowledge regarding the 

downstream effects on RNA splicing, and whether Ssb1 and Ssb2 are involved in 

regulation of snRNA processing (Hata and Nakayama 2007, Ezzeddine, Chen et al. 2011, 

Takata, Nishijima et al. 2012, Yamamoto, Hagiwara et al. 2014, Oegema, Baillat et al. 

2017). A study by Skaar et. al. (Skaar, Ferris et al. 2015) clearly demonstrated that loss 

of INTS3 was associated with misprocessed and polyadenylated snRNAs. The same study 

also utilised HIT-seq to show extensive overlap in the chromatin binding sites for both 

SSB1/2-INTS3 complex to that of the core Integrator catalytic subunits INTS9-11. 

Additionally, RNA PolII was co-immunoprecipitated with the SSB1/2-INTS3 complex 

which helped us hypothesise this aim to further investigate the roles of these complexes 

in transcription and splicing. In this chapter, we have focused on investigating the role of 

Ssb1/2-IntS3 complexes in snRNA processing and whether this effects downstream 

spliceosome function. 
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4.2.1.1 Loss of Ssb1/2 decreases the expression of several subunits of the Integrator 

complex  

 In the previous chapter, we demonstrated that induction of Cre+ MEFs with 4-

OHT cause destabilisation of the major Ssb1/2 binding partner, IntS3 [Figure 3.6 (A)]. 

Using these cell lysates, they were probed with antibodies against IntS9 and IntS11, which 

form the catalytic core of the Integrator complex. Interestingly, we observed progressive 

decrease in the expression of both of these proteins as induction progressed, suggesting 

that Ssb1/2 loss can affect core Integrator protein expression, likely through the 

destabilisation of IntS3 [Figure 4.5 (A, B)]. 

 

Figure 4.5: Loss of Ssb1/2 decreases the expression of several subunits of the 

Integrator complex. (A) Cell lysates from EtOH or 4-OHT-treated primary MEFs were 

immunoblotted against Integrator subunits- IntS3 and IntS9, Ssb1 and Ssb2. (B) Cell 

lysates from EtOH or 4-OHT-treated immortalised MEFs were immunoblotted with 

antibodies against IntS3, IntS9, IntS11, Ssb1 and Ssb2. 
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4.2.1.2 Loss of Ssb1/2 causes upregulation and polyadenylation of RNA PolII-

dependent snRNAs 

 Given the previously reported role of Integrator in transcriptional regulation, and 

the importance of the interaction of Ssb1/2 with IntS3, we next wanted to assess the MEFs 

for global transcriptional changes in response to DKO. To investigate this, we performed 

genome wide RNA- sequencing of DKO MEFs in association with the Queensland Centre 

for Medical Genomics (QCMG) in the Institute of Molecular Biology, University of 

Queensland. For these studies, we utilised the Puro lines with and without Cre which were 

either untreated or induced with EtOH and 4-OHT, to control for both the effects of TAM 

and DKO. RNA-seq for total RNA was performed from day 5 induced samples, a time 

point where full DKO was achieved but preceding cell death, to ensure any effects 

observed were a result of DKO and not a secondary effect of apoptotic signalling 

(Griffith, Walker et al. 2015).   

Data was mapped using the genome annotation mm9 and was normalised in order 

to minimise technical bias on the samples (see materials and methods). The library size 

was also normalised based on the initial RNA quality, which was performed by dividing 

the library size by gene count per sample by million reads mapped or counts per million 

(CPM). This was further corrected using trimmed mean of M-values based on the 

differences in the overall RNA composition (Robinson, McCarthy et al. 2010, Robinson 

and Oshlack 2010). 11,451 genes were found after normalisation and filtering was 

performed with less than 5 CPM. Principal Component Analysis (PCA) was used to 

blindly cluster the main sample sets together by experimental grouping. Using PCA, the 

technical replicates were found to cluster together based on their genotype [Figure 4.6 

(A)].  Next, the effect of Cre recombinase effect was considered for further filtering the 

data and clustering was performed using PCA [Figure 4.6 (B)]. This very distinctively 

clustered the data into two groups- one containing only the DKO samples and other 

containing all the remaining samples together. The RNA expression levels for Ssb1 

(marked Nabp2) [Figure 4.6 (C)] and Ssb2 (marked Nabp1) [Figure 4.6 (D)] were also 

checked from the RNAseq analysis before differential analysis was performed.  

Deficiency in Integrator components has been shown to not only result in 

processing defects of snRNA but also transcriptional read-through and aberrant 

polyadenylation of these transcripts, resulting in their stabilisation (Yamamoto, Hagiwara 
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et al. 2014). However, it has remained unknown whether Ssb1 and Ssb2 also regulate this 

function (Skaar, Ferris et al. 2015, Federico, Rienzo et al. 2017).  

 

From the normalised differential expression values from our RNA-seq, a subset 

of the top 50 up- and down-regulated genes (protein coding and non-coding) were 

selected.  Interestingly, we noted that the majority of the upregulated genes encoded 

snRNAs, predicted snRNAs, or genes loci which harboured snRNA genes [Figure 4.6 

Figure 4.6: Loss of Ssb1/2 causes upregulation of RNA pol II-dependent snRNAs. (A) 

PCA analysis showing clustering of RNA-seq samples based on genotype. (B) PCA 

analysis was repeated after accounting for Cre recombinase effects upon the samples.  (C)  

Ssb1 (Nabp2) and (D) Ssb2 (Nabp1) expression levels in the RNA-seq data.  (E) Top 25 

differentially expressed genes in the Cre+ MEFs treated with either EtOH or 4-OHT. 
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(E)]. This is particularly interesting, as it is the first evidence to unequivocally link Ssb1/2 

to Integrator function (Gu, Deng et al. 2013, Skaar, Ferris et al. 2015).  

We hypothesised that the high read counts for snRNAs likely reflected their 

aberrant readthrough, polyadenylation and stabilisation, as has been described previously 

(Yamamoto, Hagiwara et al. 2014, Skaar, Ferris et al. 2015). To determine if this was the 

case, we next mapped read counts for the top ten overexpressed snRNA genes across the 

whole snRNA gene (including past the normal transcription termination point). 

Strikingly, the DKO samples exhibited much higher read counts past the normal 

termination point, in some cases continuing for up to 1000 bp past their usual transcript 

size of 100-200 bp [Figure 4.7, termination point marked by a vertical black line].  

We also mapped minor splicesosomal snRNAs U4atac (labelled Gm22710), U11 

(labelled RNU11) and U12 (labelled RNU12), which are also transcribed by RNA 

polymerase II but have not been described as targets of Integrator processing with 3’ 

boxes [Figure 4.7]. Interestingly, we also noted overexpression of these snRNAs, albeit 

to a lesser extent than observed for U1, U2 and U5 transcripts. To identify if this 

phenomenon was a RNA PolII-mediated effect, we also analysed U6atac (labelled 

Gm25541), which showed equal read counts across the gene between control and DKO 

and did not exhibit transcriptional read through. Unfortunately, we were not able to derive 

any readable counts for U6, another RNA PolIII transcribed gene. Finally, to validate that 

this was an effect specific to snRNA, we mapped reads across housekeeping genes Actin 

and Gapdh. As expected, the profiles of mapped counts were highly similar between DKO 

and control samples.  

To validate the overexpression of snRNAs observed by RNA-seq, as well as to 

assess for polyadenylation and processing defects in DKO, we conducted a series of RT-

PCR experiments for U2 snRNA as previously described (Hett and West 2014, Skaar, 

Ferris et al. 2015). Since snRNA (primary and matured) when correctly transcribed and 

processed should not contain a polyA tail at its 3’ end, cDNA used to assess processing 

was generated using random-hexamers. RT-PCR was performed as indicated on Figure 

4.8 (A) to determine total levels of U2 snRNAs or processed U2 snRNA.  
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The total snRNA amplicon results from priming at the conserved sites between 

primary and matured snRNA forms and the unprocessed/primary primer pair binds after 

the processing site or 3’box sequence to detect unprocessed transcript. In support of our 

RNA-seq data, we found an up to 8-fold increase in total U2 snRNA levels [Figure 4.8 

(B)] and up to 45-fold increase in the unprocessed or primary form of U2 snRNA [Figure 

4.8 (C)]. When calculated as a ratio of unprocessed U2 to total U2, a processing defect 

Figure 4.7: Loss of Ssb1/2 causes upregulation and extension of RNA pol II-dependent 

snRNAs past their TTS. Read counts were extracted from RNA-seq data, log2 

transformed and plotted against chromosomal position for the top differentially expressed 

RNA pol II-transcribed snRNAs in DKO samples. Plots for Actin and Gapdh have been 

used as controls. Minor snRNA components U4atac (Gm22710) and U6atac (Gm25541), 

normally transcribed by RNA pol III, have also been plotted. A solid black vertical line 

in each plot marks the 3’ TTS for each candidate. 
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can also be observed upon DKO, as has been described for Integrator loss previously 

[Figure 4.8 (D)] (Hata and Nakayama 2007, Skaar, Ferris et al. 2015, Oegema, Baillat et 

al. 2017).  

Figure 4.8: Validation of snRNA upregulation and polyadenylation in Ssb1/2 DKO. (A) 

Schematic showing a typical structure of U2 snRNA which has an enhancer-like DSE and 

a promotor-like PSE upstream of the coding sequence. The INT complex cleaves at the 3’ 

end of the snRNA at the 3’box, conserved amongst all snRNAs to generate the mature 

snRNAs. Two sets of primers were designed to PCR amplicons in the U2 snRNA coding 

region (green; common in both primary and matured snRNAs), and after the 3’box 

sequence (orange, found in primary snRNAs only).  (B) Random primed cDNAs, 

normalised to 18S rRNA, was used to assess levels of total U2 snRNA (p = 0.0024) and 

(C) unprocessed primary U2 snRNA (p = 0.0001). (D) Ratio of the unprocessed to total 

U2 snRNA was calculated to determine processing efficiency of the Integrator in control 

and DKO (p <0.0001). (E) Oligo dT primed cDNA was amplified with the total amplicon 

primer set, and normalised against Actin to calculate polyadenylation of snRNAs (p = 

0.0038). Relative expression of (F) Ssb1 (p = 0.0036), Ssb2 (p = 0.0009), (G) IntS3 (p = 

0.0007) and (H) IntS11 (p = 0.0003). (n= 3 independent experiments in duplicate across 

two cell lines. Data analysed by student’s paired t-test). 
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Studies have shown that depletion of Integrator subunits (in addition to defective 

processing of snRNAs) can lead to aberrant polyadenylation of snRNAs due to 

transcription read-through to a cryptic polyadenylation signal, resulting in their 

stabilisation (Ezzeddine, Chen et al. 2011, Gardini, Baillat et al. 2014, Skaar, Ferris et al. 

2015, Rienzo and Casamassimi 2016, Guiro and Murphy 2017, Kheirallah, de Moor et 

al. 2017, Oegema, Baillat et al. 2017). The increased stabilisation of snRNA transcripts 

suggested that such aberrant polyadenylation may be the cause of their increased levels. 

Since Skaar et al.’s paper demonstrated that primary snRNAs are polyadenylated in 

response to deletion of Integrator subunits, we also assessed this phenomenon using oligo 

dT primed cDNA and qPCR with the “primary/unprocessed” pair of primers, to 

specifically assess levels just of polyA RNAs (Skaar, Ferris et al. 2015).  

In concurrence with Skaar et al.’s study (Skaar, Ferris et al. 2015) we observed an 

approximate 20-fold increase in levels of polyA U2 snRNA in DKO samples [Figure 4.8 

(E)]. Together, these data demonstrate that snRNA are not only unprocessed in the 

absence of Ssb1/2, but are also increased in levels and polyadenylated. Finally, to validate 

that Ssb1/2 deletion was occurring at the chosen time-point using the same cDNAs, we 

also assessed levels of Ssb1 and Ssb2 by qPCR, and confirmed their depletion [Figure 4.8 

(F)]. Interestingly, we also observed a decrease in expression levels of IntS3 [Figure 4.8 

(G)] and IntS11 [Figure 4.8 (H)], which can possibly occur due to perturbed transcription. 

 

4.2.1.3 Defects in snRNA processing and polyadenylation in Ssb1/2 DKO phenocopies 

IntS11 loss 

Previously, Ssb1/2 loss individually have not been associated with accumulation 

of polyadenylated snRNA transcripts, likely due to the compensation between these 

proteins. Additionally, depletion of IntS3 did not cause as pronounced a snRNA 

polyadenylation phenotype as IntS9 or IntS11 knock-down (Skaar, Ferris et al. 2015). 

Since we observed destabilisation of several Integrator subunits in our DKO cells, we 

wanted to ascertain if the loss of Ssb1/2 was comparable to that of other Integrator subunit 

loss in terms of misprocessing and polyadenylation of snRNAs. To investigate this, we 

utilised siRNA to knockdown IntS3 and IntS11. Initially three independent siRNA 

sequences were assessed in control MEFs to determine the knockdown efficiency, 

assessed 72 hours following transfection [Figure 4.9 (A)]. Immunoblotting from these 
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lysates showed successful knockdown of IntS3 and IntS11 with all three siRNA 

sequences. As previously reported in human cells, we also found IntS3 knockdown 

caused loss of both Ssb1 and Ssb2 [Figure 4.9 (A)] (Huang, Gong et al. 2009, Skaar, 

Richard et al. 2009, Kar, Kaur et al. 2015, Skaar, Ferris et al. 2015). On the other hand, 

IntS11 depletion caused loss of not just its catalytic partner IntS9, but also of IntS3 and 

partially Ssb1 and Ssb2 [Figure 4.9 (A)].   

Using siRNA sequence 1 and 2 against IntS3 (called siIntS3-1 and siIntS3-2) and 

sequence 1 and 3 against IntS11 (siIntS11-1 and siIntS11-3), we next assessed snRNA 

upregulation as described in section 4.2.1.2. Both total U2 snRNA [Figure 4.9 (B)] and 

unprocessed U2 snRNA were increased upon loss of IntS3 and IntS11 [Figure 4.9 (C)]. 

As expected, we also observed a U2 processing defect with all tested siRNA sequences 

[Figure 4.9 (D)]. However, polyadenylation of U2 snRNAs was observed only upon loss 

of IntS11 and not IntS3 [Figure 4.9 (E)]. This was particularly interesting since we 

rationalised that the effect of Ssb1/2 DKO on snRNA processing is through its interaction 

with IntS3, which holds true from our analyses. However, the lack of polyadenylation in 

IntS3 knockdown cells makes us wonder if Ssb1/2 may be able to interact with the 

catalytic subunit of the Integrator complex, independent of IntS3 (Malovannaya, Li et al. 

2010). Therefore, from this we inferred that Ssb1 and Ssb2 are able to perform canonical 

Integrator function as IntS11 knockdown but not IntS3 can phenocopy Ssb1/2 DKO loss.

  

 

4.2.2 Aim 2.2: To determine the role of Ssb1/2 in spliceosome function and assembly. 

Several recent studies of the Integrator complex subunits have very well 

documented how important the snRNA processing is for cell survival (Ast 2004, Takata, 

Nishijima et al. 2012, Hutten, Chachami et al. 2014, Lehalle, Wieczorek et al. 2015, 

Tanikawa, Sanjiv et al. 2016, Guiro and Murphy 2017). However, we have limited 

knowledge regarding the effects of aberrant snRNA formation and processing on global 

splicing as a consequence of Integrator destabilisation.  
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4.2.2.1 CBs accumulate upon loss of Ssb1/2 

 CBs are the surveillance unit for snRNA quality, maturity and assembly of the 

U4/U6.U5 tri-snRNP complex (Stanek 2017). Additionally, snRNAs are also recycled 

back to CBs. Therefore, CBs are where snRNAs can usually be found at any one point in 

time. Recent studies have found that CBs disintegrate upon loss of Integrator components 

Figure 4.9: Misprocessing defect in the Ssb1/2 DKO phenocopies IntS11 loss. (A) 

Immunoblot showing the knockdown of IntS3 and IntS11, and its effect on Ssb1, Ssb2 

and IntS9 levels. (B) Total levels of U2 snRNA, (C) unprocessed U2 snRNAs, (D) snRNA 

processing efficiency and (E) polyadenylation upon IntS3 and IntS11 knockdown as 

described in Figure 4.8. (n=3 independent experiments performed in duplicates). 
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(Takata, Nishijima et al. 2012, Albrecht, Shevtsov et al. 2018) so we wanted to assess if 

CB dynamics were affected upon DKO.  

 

To assess CB formation and integrity upon DKO, we assessed control and DKO 

cells 5 days following induction by IF using an antibody against coilin, a major 

component of CBs. Interestingly, we observed a significant increase in CB formation in 

DKO when compared to control cells [Figure 4.10 (A, B)], despite protein levels of Coilin 

remaining unchanged [Figure 4.10 (C)].  

Figure 4.10:  CBs accumulate upon loss of Ssb1/2. (A) Representative images of control 

and DKO MEFs on day 5 post induction stained with antibodies against coilin (to mark 

CBs) and DAPI. (B) Graph showing percentage of cells with one or more CBs across two 

independent Cre+ cell lines (C) Immunoblot showing coilin levels upon loss of Ssb1/2. (n 

= 3 independent experiments across two cell lines where at least 100 cells were counted 

*P = 0.0173, **P =0.0011 and ***P < 0.0001, two-way ANOVA). 
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CBs can differ in size, number and shape from cell to cell and there is no clear 

evidence if their formation is cell cycle dependent. Indeed, we could detect the presence 

of one or more CBs in 15- 20% of control cells, with the majority only having one visible 

CB by IF [Figure 4.10 (B)]. In contrast, nearly 90% of the DKO MEFs had at least one 

CBs present, and approximately 75% had more than 1 CB that was clearly visible [Figure 

4.10 (B)].  

To determine if knockdown of Integrator subunits would phenocopy DKO, we 

depleted IntS3 and IntS11 by siRNA in control MEFs and assessed CB formation by 

immunofluorescence. Similar to DKO, we observed an increase in the number of cells 

with CBs present, as well as the number of CBs per cell. Interestingly, this pattern of CBs 

staining was found more pronounced in IntS11 knockdown cells compared to IntS3 

knockdown cells [Figure 4.11].  

Notably, the observation of increased CBs in IntS-depleted MEFs is in direct 

contrast to what has been observed in human cells, where depletion of INTS11 (Albrecht, 

Shevtsov et al. 2018), INTS9 (Albrecht, Shevtsov et al. 2018) and INTS4 (Takata, 

Nishijima et al. 2012, Albrecht, Shevtsov et al. 2018) causes CBs disintegration but not 

increased levels. We hypothesised that this may be due to differences in CB dynamics in 

mouse versus human cells. To investigate this further, we also performed knockdown of 

INTS3 and INTS11 in the human osteosarcoma cell line U2OS, and assessed CB 

formation by immunofluorescence [Figure 4.12 (A)].  

In keeping with previous reports, we observed a diffuse staining pattern of coilin 

compared to the punctate foci seen in control siRNA treated cells. Surprisingly however, 

we also observed a number of cells with an increase in CBs similar to DKO MEFs, which 

was particularly the case upon INTS11 knockdown [Figure 4.12, far right image]. We can 

therefore only conclude that loss of Integrator components affects CB dynamics 

Figure 4.11: CBs accumulate upon knockdown of IntS3 and IntS11 in mouse. 

Representative images from IF of control MEFs with treated with control, IntS3 or IntS11 

siRNAs or induced for DKO and stained with an anti-coilin antibody and DAPI.   
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differently between human and mouse cells. Since CBs are the surveillance unit of 

snRNAs and are thought to trap abnormal snRNAs from being incorporated in the 

spliceosomal complex, we assume that this over representation of CBs is indicative of 

trapping of overexpressed and misprocessed snRNAs upon loss of Ssb1/2 or Integrator.  

 

4.2.2.2 Effect of Ssb1/2 loss on spliceosome assembly 

 As loss of Ssb1/2 causes production of unprocessed snRNAs and increased CB 

formation, we wanted to determine whether spliceosome formation is perturbed upon 

Ssb1/2 loss. To assess this, we performed RNA immunoprecipitation (RNA-IP) on day 5 

induced MEFs with an antibody against SnrpB (Y12) [Figure 4.13]. SnrpB is a pre-

mRNA SF which is assembled into mature snRNPs and is involved in both spliceosome 

B and C complexes. As a result, pull-down with the SnrpB antibody should 

immunoprecipitate spliceosomal snRNAs (Roithova, Klimesova et al. 2018). We 

performed RNA-IP with the SnrpB antibody in both control and DKO MEFs at day 5 post 

Figure 4.12: CBs disintegrate and accumulate upon loss of human INTS3 and 

INTS11. (A) Representative images of IF staining of U2OS cells treated with control 

siRNA or siRNA targeting INTS3 or INTS11 and stained with an antibody against 

coilin and DAPI. (B) Immunoblot validating knockdown of INTS3 and INTS11. 
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induction, isolated associated RNA species and resolved them on a 12- 20% denaturing 

urea gel.  

 

As expected, we were able to pull down U1, U2, U4, U5 and U6 snRNA in control 

cells (lane 4). This was specific to spliceosomal pull-down as our IgG control RNA-IP 

did not pull down snRNA (lane 5). However, we observed less associated snRNA species 

in the DKO sample when compared to control [Figure 4.13 (A), lane 3]. This could not 

be attributed to differential SnrpB protein levels, as these were similar across the control 

and DKO samples [Figure 4.13 (B)]. Interestingly, we also observed a much higher 

Figure 4.13: Effect of Ssb1/2 loss on spliceosome assembly. (A) RNA 

imuunoprecipitation (RNA-IP) using an antibody against SnrpB was performed and 

interacting RNA species isolated by RNA extraction and resolved on a denaturing urea 

gel (8-12%). (B) Immunoblot showing the knockdown of Ssb1 in RNA-IP samples.    
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density band on the DKO RNA-IP samples (lane 3), which may represent unprocessed, 

polyadenylated snRNAs associating with SnrpB.  

 

4.2.2.3 Ssb1/2 depletion induces skipping of exons with weaker 3’ splice sites 

 Since defective splicesosomal assembly can perturb proper splicing of mRNAs, 

we next investigated if Ssb1/2 loss would result in defective splicing. To investigate 

global changes in splicing, we assessed our RNAseq data using the rMATs programme, 

which gives a Cuff- difference (Cuffdiff) score corresponding to differential alternative 

splicing readouts (Shen, Park et al. 2014, Griffith, Walker et al. 2015) [Figure 4.14 (A)]. 

Upon analysis of DKO versus control MEFs, we identified 1,316 AS events in the Ssb1/2 

DKO MEFs compared to control cells. 

 

Characterisation of these events determined that the majority of these events 

(1,161) were skipped exons (ES) [Figure 4.14 (A)]. To investigate if there are common 

features in the alternatively spliced candidates, we performed motif analysis of both the 

3’SS and 5’SS of transcripts with skipped exons. For this, we investigated the SS in the 

exons that were skipped in the DKO sample set compared to EtOH treated controls using 

Figure 4.14: Ssb1/2 depletion induces preferential skipping of exons. (A) Pie-chart 

showing the distribution of the five main forms of AS in DKO samples compared to 

controls. (B) Schematic showing important sequence elements of a spliced intron: 5’SS, 

the BPS, followed by polypyrimidine (Py tract) and 3’ splice site 3’SS. (C)  HOMER 

analysis showing the most common base composition of differentially spliced exons 

found in DKO (Alt.) compared to background (BG) sequence at the 5’SS and 3’SS. 
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a program called HOMER. Interestingly, we found weaker 3’SS but not 5’SS in the DKO 

samples that have extensive skipping events [Figure 4.14 (C)]. Almost 52.49% of the 

targets had weaker 3’SS sites wherein generally the U2 snRNAs bind. Together, we found 

that loss of Ssb1/2 lead to preferential exon skipping of genes that have weaker 3’ SS. 

 

Figure 4.15: Loss of Ssb1/2 induces differential splicing of transcripts encoding 

transcription and cell cycle regulators. Gene ontology analysis on the AS variants 

expressed in the Ssb1/2 DKO was performed to mark the common cellular functions of 

these transcripts using the DAVID gene ontology tool. 
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4.2.2.4 Loss of Ssb1/2 induces preferential splicing of candidates regulating 

transcription and cell cycle 

We next wanted to determine if there were any common pathways affected by ES. 

To do this, we narrowed our list of SE events using a differential score of 0.2 to identify 

261 significant AS events and performed gene ontology using the DAVID 6.8 program 

(Jiao, Sherman et al. 2012).  Using a high stringency cutoff, we found that the most 

commonly affected transcripts were involved in transcription/RNA metabolism, as well 

as cell cycle [Figure 4.15]. This was interesting since we previously established that loss 

of Ssb1/2 leads to proliferation defects, G2/M arrest and defective mitotic progression.  

 

Figure 4.16: Validation of AS candidates regulating transcription in DKO by RT-PCR.  
Primers were designed as indicated on the right side panel for a subset of transcription-

associated AS variants as indicated. The AS exon is marked for each transcript. 
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To validate our findings from the RNA-seq data, we individually checked a 

number of candidates with high-level splicing differences in each category by assessing 

read-counts in Integrative Genome Viewer using Sashimi plot, and chose a subset to 

experimentally validate using RT-PCR [Figure 4.17 and 4.18].  

 

We were able to validate a number of candidates [Figure 4.16 and 4.17]. These 

include Uspl1, which is involved in CB formation and maintenance, and was a rare 

candidate exhibiting an exon inclusion event (Schulz, Chachami et al. 2012, Hutten, 

Chachami et al. 2014) [Figure 4.16]. Orc6, the sixth and smallest component of the Origin 

Recognition complex (Orc), TATA-binding protein (Tbp) and Hnrnpa1 all had 

pronounced exon skipping in DKO cells [Figure 4.18]. In addition to these candidates, 

we found Mdm2 and Mdm4 to be alternatively spliced in DKO cells [Figure 4.17].  

Figure 4.17: Validation of AS candidates regulating cell cycle in DKO by RT-PCR. 

Primers designed as marked on the right side panel for some of the cell-cycle associated 

AS variants as indicated. The AS exon is marked for each transcript. 
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To further validate that loss of Ssb1/2 are responsible for the observed splicing 

phenotypes, we also performed U2 snRNA processing and splicing target RT-PCR 

experiments on DKO MEFs reconstituted with pL4-hSSB1 [Figure 4.18 and 4.19]. 

Although the ES events observed affect a number of important regulators of transcription 

and cell cycle, it is difficult to determine what effect they have on the protein. We 

therefore chose a select few targets to investigate at the protein level by western blot. 

Amongst these targets, only Orc6 showed differences in protein level in both DKO and 

Integrator-depleted samples [Figure 4.20]. 

Figure 4.18: hSSB1 reconstitution can partially rescue snRNA overexpression and 

processing defects in DKO. Relative quantity of (A) total U2 snRNAs, (B) unprocessed 

U2 snRNAs, (C) U2 processing and (D) polyadenylation of U2 snRNAs in pL4-DEST 

empty vector (EV) and pL4-DEST-hSSB1 inducible DKO cells treated with EtOH or 4-

OHT . (n= 3 independent experiments performed in duplicate,*P < 0.01 and **P <0.006, 

student’s t-test). 
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As expected, addition of Ssb1 back into these cells was able to partially rescue 

both the U2 stabilisation, processing and splicing defects that had been observed. 

Moreover, to determine whether the alternative splicing observed was a bona fide effect 

of Integrator depletion, we performed the same RT-PCR splicing assays on control MEFs 

that had been depleted of IntS3 and IntS11 by siRNA [Figure 4.21]. As expected, we 

observed that depletion of IntS11 but not IntS3 phenocopied DKO.  

 Interestingly, we also observed depletion of Orc1 and Orc3 in DKO MEFs 

[Figure 4.22], an effect which was rescued upon reconstitution of DKO cells with our 

lenti-hSSB1 construct described earlier. Moreover, this rescue also corresponded to 

elevated expression of Integrator subunits 3, 6, 9 and 11, further suggesting this 

phenotype can be attributed to overall effects on Integrator complex [Figure 4.22]. 

Figure 4.19: hSSB1 reconstitution can partially rescue AS in DKO. Cells expressing 

pL4-DEST empty vector (EV) and pL4-DEST-hSSB1 were induced with EtOH or 4-OHT, 

cDNA generated and assessed for a subset of alternative splicing events as indicated.  . 

Expression of the AS exon is marked as indicated for each individual panel and β- actin 

was used as a loading control. 
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Figure 4.20:  Protein expression of a subset of AS candidates in DKO versus IntS3 and 

IntS11 knockdown. Immunoblot showing protein expression in control, DKO and control, 

IntS11 and IntS3 knockdown cells for a subset of proteins with alternative splicing events, 

Smc5, Tbp, Mdm2 and Orc6. 

 

Figure 4.21:  IntS11 but not IntS3 knockdown phenocopies AS of DKO. AS events for 

indicated genes in control or DKO MEFs (left panel) and for control MEFs treated with 

control, IntS3 or IntS11 siRNA (right panel). The AS exon is marked for each splicing 

event and β- actin was used as loading control. 
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4.2.2.5 Spliceosome knockdown phenocopies Ssb1/2 loss 

We hypothesised that deficiency in the spliceosome caused by aberrant expression 

(and likely folding) of snRNAs may be an underlying cause of the phenotype observed. 

To investigate this hypothesis, we selectively depleted a number of components of the 

splicing complexes A, B and C, specifically Rbm5 and Sf4 from complex A, Cdc5l and 

Prpf8 from complex B and Cdc40 and Slu7 from complex C, and validated their depletion 

by qPCR [Figure 4.23 (A-G)]. We then assessed our AS candidates upon depletion of 

these factors. Strikingly, we observed that depletion of complex B and C components 

phenocopied depletion of Ssb1/2 and Integrator components, suggesting that Integrator 

component loss perturbs spliceosome function at the third step of splicing [Figure 4.23 

(H)]. Additionally, knockdown of SnrpB which interacts with all SNRPBs but is essential 

component of complex B and C, also had similar dynamics of alternative splicing as DKO 

[Figure 4.23]. 

 

Figure 4.22: Reconstitution of hSSB1 can rescue Integrator expression and ORC 

subunits depletion observed in DKO. Immunoblot analysis was performed on cell lysates 

from pL4 DEST empty vector (EV) and pL4 DEST-hSSB1 treated with EtOH or 4-OHT 

for the indicated antibodies. 
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4.3 Discussion 

The Integrator complex was first described by Baillat et al. in 2005 (Baillat, 

Hakimi et al. 2005) as a multi-subunit containing complex that not only associates with 

the CTD of the largest RNA PolII subunit but is necessary for the processing of the 

Uridine-rich small nuclear RNAs (snRNAs or U-RNAs). These snRNAs are non-

Figure 4.23: Depletion of splicing complexes B and C phenocopies splicing defects as 

Ssb1/2 loss. (A-G) Knockdown of different splicing candidates from complexes A, B and 

C using qPCR. (H) AS events for indicated genes in control (siSCR) and different 

complex A, B and C components as indicated. The AS exon is marked for each splicing 

event and β- actin was used as loading control. 
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polyadenylated transcripts, i.e., they lack the conventional poly A tails like mRNA but 

instead contain a unique 3’ box in their coding region. The Integrator complex is needed 

for the removal of this 3’ box, which signals for further maturation of the snRNAs before 

their assembly into the matured spliceosome (Will and Luhrmann 2011). Although the 

Integrator complex consists of at least 14 subunits (identified to date), whether all of its 

subunits are necessary for snRNA processing is not well-defined (Baillat, Hakimi et al. 

2005, Hata and Nakayama 2007, Inagaki, Yasui et al. 2008, Skaar, Richard et al. 2009, 

Zhang, Wu et al. 2009, Chen and Wagner 2010, Ezzeddine, Chen et al. 2011, Albrecht 

and Wagner 2012, Takata, Nishijima et al. 2012, Zhang, Ma et al. 2013, Gardini, Baillat 

et al. 2014, Stadelmayer, Micas et al. 2014, Skaar, Ferris et al. 2015, Rienzo and 

Casamassimi 2016, Guiro and Murphy 2017, Kheirallah, de Moor et al. 2017, Oegema, 

Baillat et al. 2017). Of these, IntS9 and IntS11 form an obligate heterodimer, forming the 

catalytic subunit of the Integrator (Albrecht and Wagner 2012) which cleaves just 

upstream of the 3’box. Recently, IntS4 has also been shown as a third essential 

component, due to its ability to associate with the catalytic subunit of the Integrator 

through both its N- and C-termini (Albrecht, Shevtsov et al. 2018).  

It is possible that certain subunits of the Integrator complex can form distinct sub-

complexes to regulate gene expression based on the form of stress/stimuli they are 

exposed to. For example, it is known that Ssb1/2 complexes with IntS3 but it is still not 

clear if this sub-complex can directly modulate the canonical Integrator function. 

Conversely, it is still unknown whether, other Integrator subunits may participate in DDR 

signalling and repair, as has been shown for IntS3 (Skaar, Richard et al. 2009, Zhang, Ma 

et al. 2013, Kar, Kaur et al. 2015). Therefore, these aspects need to be investigated in 

future to uncover other essential functions of these complexes. Through this study, we 

were able to demonstrate that Ssb1/2 expression is absolutely essential for cellular 

viability. 

The non-polyadenylated snRNAs are not only required for forming the 

splicesosome complex but also for driving global splicing events. The core snRNAs that 

are required for major splicing events are U1, U2, U4, U5 and U6, of which all but U6 is 

transcribed by RNA PolII (Will and Luhrmann 2011). U6 and U6atac are transcribed by 

RNA PolIII, remain nuclear, and do not get processed by the Integrator complex. Minor 

spliceosome snRNAs – U4atac, U11 and U12 are also transcribed by RNA PolII and 

possibly processed by the Integrator complex, although this remains unknown. Shortly 

after pre-mRNAs are transcribed and capped at the 5’end, the multi- megadalton 
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ribonucleoprotein (RNP; also known as the splicesosome complex) is assembled to 

remove introns from the protein- coding exons. Therefore, processing of the core snRNAs 

by the Integrator complex is paramount (Hata and Nakayama 2007, Takata, Nishijima et 

al. 2012, Lehalle, Wieczorek et al. 2015, Skaar, Ferris et al. 2015, Tanikawa, Sanjiv et al. 

2016, Guiro and Murphy 2017).  

In this chapter representing aim 2 of my PhD, we have performed genome-wide 

RNA sequencing to analyse the differential gene expression upon loss of Ssb1/2. 

Interestingly, in addition to loss of Ssb1/2 upon TAM treatment, we also observed 

decreased expression of several Integrator subunits at the mRNA level, which was also 

observed by immunoblotting. This decrease at the protein level can therefore be at least 

partially attributed to decrease in transcripts. However, it remains to be determined 

whether destabilisation at the protein level also occurs, given these proteins form a 

complex. This was performed because we have observed that loss of Ssb1/2 causes a 

decrease in the expression of other Integrator subunits including IntS9 and IntS11 which 

can possibly through the destabilisation of the whole complex through IntS3. 

Moreover, we also observed that a greater proportion of RNA PolII-mediated 

snRNAs were upregulated in the DKO. The most overexpressed snRNAs were U1 and 

U2 snRNAs, but other snRNAs including U4, U4atac, U5 as well as U11 and U12 were 

also overexpressed compared to the controls. However, RNA PolIII-transcribed snRNAs 

were not affected in concurrence with the reported Integrator function dependency upon 

RNA PolII. We then validated that loss of Ssb1/2 not only upregulates snRNAs as a result 

of misprocessing but also polyadenylates these snRNAs, which continued up to 1000 bps 

past the 3’ box. This phenotype was quite striking and very closely mimicked IntS11 loss 

in the same cells, and partially phenocopied IntS3 loss. Since we did not observe 

significant snRNA polyadenylation in the IntS3 knockdown cells but did upon IntS11 

loss, this is perhaps indicative that Ssb1/2 are capable of independently regulating other 

Integrator components (Malovannaya, Li et al. 2010). 

We next performed IF with an antibody against Coilin, a major component of CBs 

(Tucker, Berciano et al. 2001, Stanek 2017). CBs are small nuclear bodies found 

exclusively in the nucleoplasm and until recently their function was not well defined. 

Several groups have now shown that CBs are indeed the surveillance unit of snRNAs 

(Frey and Matera 1995, Smith, Carter et al. 1995, Jacobs, Frey et al. 1999, Yoon and 

Parker 2010, Wang, Sawyer et al. 2016). In other words, CBs are responsible for the 

quality control of the snRNAs before they assemble in spliceosome or matured snRNPs 
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(Hebert, Szymczyk et al. 2001, Ogg and Lamond 2002). In fact, the final assembly of 

U4.U5.U6 trimer snRNP complex takes place in CBs as well as snRNAs recycling 

(Staněk, Přidalová-Hnilicová et al. 2008), thus making it an accessible marker to study 

localisation of snRNAs (Roithova, Klimesova et al. 2018). Interestingly, we observed a 

marked increase in CBs in the DKO which was identical to IntS3 and IntS11 knockdown 

cells compared to controls. This is contradictory to the observations reported on 

knockdown of several Integrator components in human cell lines (Takata, Nishijima et 

al. 2012, Albrecht, Shevtsov et al. 2018), wherein they observe rather severe 

destabilisation of CBs on loss of INTS9, INTS11 or INTS4. However, the proper 

representation of CBs in terms of number, size and shape is not fully understood (Wang, 

Sawyer et al. 2016), nor are potential changes in their formation between human and 

mouse cells.  

When we repeated knockdown studies on U2OS cells, we observed similar 

disaggregation of CBs to previous reports (Takata, Nishijima et al. 2012, Albrecht, 

Shevtsov et al. 2018). However, we also observed brighter, larger and increased numbers 

of CBs upon INTS11 and INTS3 knockdown in U2OS cells and we speculate that perhaps 

the variable appearance of CBs is related to the degree of snRNA misprocessing. It is 

possible that initial accumulation of misprocessed snRNAs is marked by an increase in 

the number and size of CBs as they try to sequester these misprocessed snRNAs from 

further processing and incorporation in the mature spliceosome. Additionally, as the 

misprocessing increases and the sequestration by CBs saturates, they finally disintegrate. 

Alternatively, it is possible that the difference in structure represents different forms of 

snRNA, as previous studies have shown that termination sites of snRNA transcription 

differ upon Integrator loss (Yamamoto, Hagiwara et al. 2014). Given we observe such a 

degree of transcriptional read through (in some cases up to 1000 bp past the usual 

termination site), it is difficult to predict what effect this would have on folding and 

function, but one could speculate it would be highly aberrant. Finally, although the mature 

sequence of snRNAs is highly conserved between human and mouse, this is not the case 

for the rest of the gene sequence which is read-through upon Ssb1/2 and Integrator loss. 

It is therefore possible that the differences in CB formation may reflect differences in how 

surveillance occurs in these differential extended sequences.  

Since CBs have been implied in a recent study to only contain immature snRNPs 

(Roithova, Klimesova et al. 2018), we further asked what happens when the snRNAs are 

misprocessed - do they undergo further maturation steps and do they ultimately get 
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incorporated into the matured snRNPs? To investigate whether spliceosome assembly 

was perturbed in DKO cells, we performed RIP with an antibody directed against Small 

Nuclear Ribonucleoprotein Polypeptides B and B1 (SNRPB), which is known to associate 

with matured U2 snRNPs during splicing. Our data suggests that there is a reduced 

interaction of matured snRNPs in the DKO compared to controls, which we speculate 

may be an effect of spliceosome sequestration by aberrant U2. It would therefore be 

interesting to more definitively determine whether the extended snRNA species associate 

with SNRPB, but unfortunately our attempts at Northern blotting with a probe directed 

against U2 were unsuccessful.  

The ultimate function of the snRNAs is to carry out splicing, henceforth; we 

assessed our RNA-seq data to assess for splicing alterations in the DKO. We observed 

that in the DKO the overall AS dynamics was shifted, which was more skewed towards 

ES events (1,161 events). Gene ontology analysis revealed these targets included RNA 

and transcriptional regulation and cell cycle- associated candidates. We further validated 

several AS candidates from these clusters from the GO analysis which included several 

interesting candidates including Orc6, Hnrnpa1, TATA-binding protein (Tbp), Mdm2, 

Mdm4 and RPA interacting protein (Rpain). Of these, Orc6 was of particular interest 

since it is a part of the Origin Recognition complex that is required for replication origin 

licencing in G1. Mdm2 is a known E3 ubiquitin ligase and is the major antagonist of p53 

whereas Mdm4 is an Mdm2-like protein that interacts with the transactivating domain of 

p53 to regulate p53 [Figure 4.19]. In addition, Mdm4 can also interact with Mdm2 in 

order to maintain its expression level in the cytoplasm. This is interesting since in the 

Ssb1/2 DKO mice cell death was mediated by p53 stabilisation (Shi, Vu et al. 2017) and 

it is possible that alternatively splicing of Mdm2 and Mdm4 is involved in this.  

Similar AS dynamics to Ssb1/2 DKO were observed in IntS11 knockdown but not 

to the same degree in IntS3 knockdown cells, despite substantial depletion in both 

conditions. This was intriguing, as a highly similar phenotype would be expected between 

IntS3 loss and Ssb1/2 DKO, given that Ssb1/2 and IntS3 are almost always found 

complexed together. This phenotype may point to an interaction between Ssb1/2 and 

IntS11 that is not mediated through IntS3 as previously speculated.  

Interestingly, we found that knockdown of SnrpB as well as complexes B and C 

components but not complex A components phenocopied the AS events observed upon 

Ssb1/2 DKO or Integrator loss. During spliceosome formation, complex A transiently 

interacts with U1 and U2 snRNPs after they bind to their respective 5’SS and 3’SS, and 
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soon after the U4/U5.U6 tri-complex binds, U1 and complex A dissociates. Complex B 

and C along with SnrpB are then involved in the main transesterification reactions as well 

as sequential dissociation of snRNPs, which are required to conclude splicing. This is 

interesting, as the matching phenotypes between Ssb1/2 DKO and spliceosome depletion 

indicate that Ssb1/2 DKO (and Integrator) have direct adverse effects on spliceosome 

function. Given that U1 and U2 are the primary affected snRNAs, it is interesting that 

complex A depletion (which forms just after U1 and U2 binding) did not phenocopy the 

AS events, but complex B and C depletion did. This may suggest that Complex A 

formation is intact under conditions of Ssb1/2 or Integrator depletion. It is therefore 

possible that the aberrant U1 and U2 under these conditions binds satisfactorily, but 

unable to properly recruit complex B and C properly (e.g. by masking some of the 

important sites for binding SFs). Since we did not observe any global splicing defects, it 

is possible that even the misprocessed snRNAs are able to carry splicing to a certain 

degree but fails to conclude it correctly. On the other hand, since the RNA-seq was 

performed on day 5 post induction when the full knockdown has just occurred, it could 

be that it was a premature time-point to identify global effects.  

To determine if certain sequences were more likely to exhibit exon skipping, we 

performed motif analysis of the 5’ and 3’ intronic regions flanking skipped exons, and 

compared this to control background sequences. Interestingly, we observed sequence 

differences in the 3’ but not 5’ intronic sequences, fitting with the predominant effect of 

DKO on U2 snRNA, which binds to this region. Although, these differences did not assess 

as statistically significant by MaxEntScan analysis but it is tempting to speculate that 

those targets prone to exon skipping have weaker 3’ splice sites. This hypothesis could 

be assessed through construction of a minigene assay for a skipped exon (e.g. for Orc6) 

and artificially strengthening the 3’ splice site, as has been performed previously 

(Wickramasinghe, Gonzalez-Porta et al. 2015). Interestingly, a number of key SFs (e.g. 

SF3B1, SMN1, U2AF1) exhibit exon skipping of a subset of genes upon their 

perturbation, and similar to DKO, do not have global effects on splicing, despite their 

importance in this process (Lorson, Hahnen et al. 1999, Graubert, Shen et al. 2012, 

Dolatshad, Pellagatti et al. 2015, Oegema, Baillat et al. 2017).  
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4.4 Conclusion 

 In conclusion from this aim, we have demonstrated that loss of Ssb1/2 leads to 

expression loss of a number of Integrator complex subunits. Additionally, we have found 

that loss of Ssb1/2 leads to overexpression of snRNAs, which are not just unprocessed 

into their matured form but also become polyadenylated. This overexpression of snRNAs 

causes accumulation of CBs and further perturbs the proper association with other 

splicing components causing expression of aberrant AS variants of candidates that 

regulate transcription and the cell cycle. Interestingly, this phenotype closely 

phenocopied IntS11 knockdown, which is the catalytic subunit of the Integrator complex, 

as well as spliceosome B and C component depletion. Together, these data suggest that 

Ssb1/2 are critical mediators of Integrator function, which serve essential functions in 

cells  by ensuring proper processing of snRNA and spliceosome assembly to mediate 

correct splicing. 
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5. Chapter 5 

Aim 3: To understand the roles of Ssb1/2 in intestinal tissue 

homeostasis using intestine-specific Cre and intestinal 

organoid cultures. 

5.1 Introduction 

 The SI is an important organ of the body that helps determine the overall 

wellbeing of an individual. The SI is not only essential for maintaining the gut flora or 

gut microbiota by limiting the colonisation of harmful microorganisms (or microbes) but 

is also essential for proper digestion of the ingested food. It is in the SI wherein the final 

steps of digestion take place by utilising different liver and pancreatic enzymes. Essential 

nutrients are then absorbed from the final minimised food particle through the brush 

border, (called the villus which is found exclusively in the SI) and then absorbed with 

water into the blood stream. Often, the presence of excessive digestive enzymes in the 

intestine and non-commensal microbes can challenge this important body organ. 

Therefore, this organ has a high cell death rate where up to 1011 IECs (approximately 200 

g of cells) are lost in humans every day (Leblond and Walker 1956). In order to 

continuously maintain the cellular architecture, the SI rapidly proliferates and replenishes 

its epithelial layer, which is closely dependent on its stem cell niche (Barker, van de 

Wetering et al. 2008, Barker 2014). 

 

5.1.1 Anatomy of the murine SI 

The SI is a part of the alimentary canal that falls distal to the stomach but proximal 

to the large intestine or colon. Compared to the large intestine, the diameter of the SI is 

less which is how this organ is termed as the “small” intestine although it is much longer 

in length compared to the colon. The SI in humans and mice is a tubular structure, which 

is subdivided into three sections anatomically- the proximal duodenum, the mid jejunum 

and the distal ileum. The duodenum is the first but shortest part of the SI which is a 

continuation of the pylorus in the stomach. The next section is the jejunum which is 

followed by the last section called the ileum. The ileum precedes the cecum and the large 

intestine. A cross section of the SI reveals it is made up of three concentric layers of 

tissues and muscles. The outermost part, called the serosa consists of several thick layers 

of muscles with the enteric nervous system that facilitate the peristaltic movement of the 
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partly broken down food particles called the “chyme” (Barker, van de Wetering et al. 

2008, Noah, Donahue et al. 2011).  

The next stromal layer called the sub-mucosa or Lamina propria consists of the 

blood vessels, lymph vessels and connective tissue. Histologically, the intestinal 

landscape or mucosa consists of two main parts- the crypt base (originally called the 

crypts of Lieberkühn) and the finger-like projections called the villi. Crypts are usually 

found embedded in the submucosal layer, both in the small and large intestine (Noah, 

Donahue et al. 2011, Clevers 2013, Nefzger, Jarde et al. 2016) [Figure 5.1 (A)]. However, 

the colon lacks villi in their submucosa, making villi a distinct feature of the SI. The 

epithelial cells along these structures consists of a smaller brush border-like structure 

called microvilli, which help in absorption of the digested food particles. The crypt of the 

SI consist of the intestinal stem cells (ISCs) (Sato, van Es et al. 2011, Bao, Lian et al. 

2015, Nefzger, Jarde et al. 2016). ISCs can either be quiescent that are found at the +4 

position from the crypt base called the +4 stem cells (+4 SCs) or exist as a second type of 

stem cell called the cycling crypt base columnar cells (CBCs).  

 

5.1.2 Small intestinal stem cells (ISCs) 

Of the two types of ISCs, the CBCs being multipotent in nature, divide and mature 

to differentiate into the different epithelial compartments that carry out various functions 

of the SI (Clevers 2013). Originally, surrogate markers for stem cells were used based on 

the DNA label retention and general stem cell markers like cKit, CD34 and Hoechst 

(Radtke and Clevers 2005). However, more specific stem cells markers of the SI have 

been identified during recent years. For example, CBCs can be marked by Leucine-rich 

repeat-containing G-protein coupled receptor 5 (Lgr5), Olfactomedin 4 Olfm4 or Sox9low 

that divide and die at an equilibrium rate. On the other hand, the quiescent +4SCs are 

marked by B Lymphoma Mo-MLV Insertion Region 1 (Bmi1), Leucine Rich Repeats 

And Immunoglobulin Like Domains 1 (Lrig1), Homeodomain-only protein X (Hopx) or 

Sox9high which tend to have tissue regenerative properties (Barker, van Es et al. 2007, 

Sangiorgi and Capecchi 2008, Takeda, Kinoshita et al. 2011, Takeda, Jain et al. 2011, 

Powell, Wang et al. 2012, Yan, Chia et al. 2012, Gracz and Magness 2014). 
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5.1.2.1 Columnar Base Cells (CBCs) 

 The CBCs under division form the trans-amplifying (TA) cells that differentiate 

into six potential types of epithelial cells: absorptive enterocyte, Goblet cells, 

enteroendocrine cells, Paneth cells, Turf cells and Microfold or M cells  (Van der Flier 

and Clevers 2009) [Figure 5.1 (B, C)]. The luminal brush border in the villi consists of 

the highly polarized yet populous columnar cells called the absorptive enterocytes. These 

cells secrete the cocktail of hydrolysing enzymes needed for further digestion of chyme 

and absorption of the nutrients from the broken down food. The mucous secreting Goblet 

cells and hormone releasing enteroendocrine cells are found along the villus as well as 

the crypt compartments and are needed to maintain the general architecture of the 

intestine. Paneth cells are the main residents of the crypt base with the occasional presence 

of ISCs. The ISCs are distinguishable from the Paneth cells because of their characteristic 

triangular shaped nuclei and are therefore called columnar base cells or simply CBCs.  

Figure 5.1: Anatomy of the SI. (A) Scanning Electron microscope image showing the 

two important regions of the SI- villus and crypt. The crypt is found at the bottom of the 

brush-border villus, wherein two different types of stem cells reside. (B) Upon receiving 

signals for propagation, the CBCs which are found at the base of the crypt, interspersed 

among Paneth cells are pushed to proliferate. CBCs, majorly marked by LGR5 are 

multipotent in nature, and migrate through the villi towards its apical end wherein they 

undergo cell death. (C) LGR5- positive cells can divide and replenish the CBC 

population, propagate into the TA cells and give rise to all different sub-types of IECs 

that are found in the villi and Paneth cells. Occasionally, CBCs can replenish the long-

term, damage resistant stem cells called the +4 SCs that reside at the +4 position from the 

crypt base. [Figure published in (Barker, van de Wetering et al. 2008). Permission 

obtained from Springer Nature, license number: 4567640263780.] 
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The Paneth cells are postulated to secrete bactericidal products like defensins and 

lysozyme. Tuft cells are interspersed among the other cells of the intestine whereas M 

cells lie over the Peyer’s patches which accumulate the lymphoid cells and play an 

important role in mucosal immunity (Barker, van de Wetering et al. 2008, Schuijers and 

Clevers 2012, Clevers 2013, Stange and Clevers 2013).  

 

5.1.2.2 +4 Stem Cells (+4 SCs) 

The +4 position of the ISCs is defined in reference to the bottom of the crypt, 

wherein the first three positions are occupied by the Paneth cells and/or CBCs and the 

fourth by the second type of ISCs. This was based on one of the two conflicting theories 

behind the position of the ISCs. Chris Potten and colleagues, since the 1970s have been 

providing evidence towards the “+4 position” model of ISCs [reviewed in (Li, Roberts et 

al. 1994, Barker, van Es et al. 2007, Barker, van de Wetering et al. 2008)]. They have 

proven the label retention of the ISCs at the +4 position specifically after exposure to IR. 

On the other hand, the “stem cell zone” model refers to the identification of the CBCs 

between the Paneth cells. This theory is generally  less accepted and proposes that the 

stem cells reside at the bottom of the crypt and not above the Paneth cells, from where 

they divide and differentiate towards the villus tip [reviewed in (Barker, van de Wetering 

et al. 2008). Irrespective of the two theories of stem cell residence, both theories agree 

that the ISCs upon receiving a particular stimulus undergo division and differentiation. 

This stimulus, as well as the molecular mechanism of maintenance of ISCs regeneration, 

has been postulated to be dependent on the Wnt signalling pathway (Clevers 2006, Saito-

Diaz, Chen et al. 2013).  

 

5.1.3 Wnt signalling and the maintenance of ISCs 

The Wnt signalling pathway was originally described as a developmental 

signalling cascade in both invertebrates and vertebrates. Of the two Wnt signalling 

pathways – canonical and non-canonical Wnt pathway - the canonical Wnt pathway is 

the most comprehensively studies (Reya and Clevers 2005). In this pathway, cysteine-

rich Wnt proteins are the ligands to the extracellular cysteine-rich domains (CRD) at the 

N’ terminal of the Frizzled receptor, which is a seven transmembrane domain receptor. 

Wnt additionally binds to low density lipoprotein (LDL) receptor related protein 5/6 (LPR 

5/6), which aids in the activation of the Wnt signalling pathway. The key role of the Wnt 
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pathway in the maintenance of ISCs has been illustrated by numerous in vivo and in vitro 

studies where key players of Wnt pathway were perturbed. A recent study found that Wnt 

is essential for the development but not differentiation of early secretory progenitors into 

enteroendocrine cells in mice (Wang, Giel-Moloney et al. 2007). Paneth cells have the 

highest nuclear β- catenin levels for maintaining a terminally differentiated state post 

mitosis. The Wnt target responsible for this is Sox9, one of the few established markers 

for “quiescent cells” (Visvader and Clevers 2016).  

Another recent study by the Hans Clevers group performed a large-scale 

histological analysis of more than 80 Wnt target markers, to identify markers unique to 

the crypt base but not the proliferative compartment of the SI. Of these, Lgr5 was found 

to be localised to the crypt base but not the villus. However, as Lgr5 is expressed in other 

stem cells of the hair, it remains controversial whether Lgr5 can be considered as a marker 

of “stemness” in the SI (Van der Flier, Sabates–Bellver et al. 2007). However, a sole stem 

cell marker for ISCs is yet to be identified. Interestingly, Wnt forms a gradient through 

the crypt- villus axis, with the crypt base possessing the maximum levels of nuclear β-

catenin and villus top with the lowest levels. This stimulus grandient is what governs cell 

migration from the crypt to the villus (Simons and Clevers 2011). Other Wnt targets have 

also been found to establish gradients of signalling, such as the ephrins, Ephrin type-B 

receptor 2 and 3 precursor (EphB2 and EphB3, respectively), which are most highly 

expressed in the crypt and lowest in the villus whereas EphB1 which shows an opposing 

gradient (Nefzger, Jarde et al. 2016). Together, these Wnt signalling molecules are critical 

is establishing signalling networks across the crypt-villus axis to maintain intestinal 

homeostasis. 
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5.2 Results 

5.2.1 Aim 3.1: To understand the mechanism causing the rapid block in intestinal 

homeostasis in DKO mice. 

The SI is a rapidly proliferating compartment of the body and is highly dependent 

on the proper coordination of multiple signalling networks including the Wnt and Notch 

pathways (Doerks, Copley et al. 2002, VanDussen, Carulli et al. 2012). The cells of the 

SI are highly prone to DNA damage since they have a very high cell turnover, and are 

thus reliant on a functional DDR to function correctly (Hua, Thin et al. 2012). In this 

chapter, we investigate the role of Ssb1 and Ssb2 in maintaining SI homeostasis.  

 

Figure 5.2: The canonical Wnt signalling pathway. The Wnt signalling pathway is 

important for the regulation of ISCs. In the absence of Wnt, the Frizzled receptor (Fz) 

and low density lipoprotein (LDL) receptor related protein 5/6 (LPR 5/6) in the cell 

membrane, remains antagonised. β-catenin in the cytoplasm remains associated with 

the destruction complex consisting of Axin, Adenomatous Polyposis Coli (APC), 

Glycogen synthase kinase 3 (GSK-3) and Caesin kinase-1 (CK-1). This complex 

limits β- catenin levels by proteolytic degradation. However, in the presence of Wnt 

stimulus, through the association of the Fz and LRP receptor, the destruction complex 

becomes destabilised, releasing β-catenin. This leads to β-catenin accumulation in the 

nucleus, which then binds with additional factors to regulate expression of nearly 80 

Wnt target genes. [Figure published in (Clevers 2006). Permission obtained from 

Springer Nature, license number: 4567640373984.] 
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5.2.1.1 Generation of the inducible Ssb1, Ssb2 double knockout and Ssb1 knockout 

mouse models 

To decipher the specific roles of Ssb1/2 in the intestine, without the confounding 

effects from the global loss of Ssb1/2 in the RosaCreERT2 model which has been 

previously described (Shi, Vu et al. 2017), we crossed TAM-inducible VillinCreERT2 

mice (el Marjou, Janssen et al. 2004) with Ssb1flox/flox Ssb2flox/flox mice (Shi, Vu et al. 2017). 

The detailed breeding strategy is described in Figure 5.3.  

 

Different genotypes of Ssb1 and Ssb2 were generated: Ssb1+/flox;Ssb2+/flox, 

Ssb1flox/flox;Ssb2+/ flox, Ssb1+/flox;Ssb2flox/flox and Ssb1flox/flox;Ssb2flox/flox that upon induction 

with a single dose of 4 mg TAM in the VillinCreERT2 background generate Ssb1+/-Ssb2+/-

, Ssb1-/-Ssb2+/- , Ssb1+/-Ssb2-/- and Ssb1-/-Ssb2-/- (DKO), respectively. Additionally, 

Ssb1+/+Ssb2+/+ (Control) and a conditional VillinCreERT2 Ssb1flox/floxSsb2+/+ was used to 

generate Ssb1-/- (SI-specific Ssb1 single KO control mice). 

 

Figure 5.3: Breeding strategy for generating inducible VillinCreERT2 Ssb1flox/flox 

Ssb2flox/flox mouse. Ssb1flox/flox Ssb2flox/flox mice were first crossed with VillinCreERT2 mice 

to generate 50% of offspring with a VillinCreERT2 Ssb1+/flox Ssb2f+/flox genotype. These 

offspring were further crossed with Ssb1flox/flox Ssb2flox/flox mice to generate 8 different 

genotypes as indicated in the figure. Of these, VillinCreERT2 Ssb1flox/flox Ssb2flox/flox mice 

(red box) recombine to a DKO genotype (knockdown of both Ssb1 and Ssb2) when treated 

with TAM, which stimulates Cre recombination.   
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5.2.1.2 Loss of Ssb1/2 causes acute villous atrophy 

Once all the mice of required genotypes of interest were generated, they were 

injected intraperitoneally with TAM (a single dose of 4 mg TAM) [Figure 5.4. (A)] which 

allowed Cre-mediated recombination of the floxed alleles of Ssb1 and Ssb2 in the intestine 

only. 

 

Mice lacking both Ssb1 and Ssb2 gradually lost weight and appeared moribund 

six days post induction [Figure 5.4 (B)]. They exhibited gradual weight loss and appeared 

Figure 5.4: Induction with TAM to generate Ssb1 KO and Ssb1/2 DKO. (A) Ssb1flox/flox 

Ssb2flox/flox, VillinCreERT2 Ssb1flox/flox and VillinCreERT2 Ssb1flox/flox Ssb2flox/flox were 

injected with 4 mg of TAM to generate control, Ssb1 KO and Ssb1/2 DKO SI-specific 

knockout mice. Mice were monitored daily and sacrificed when found moribund by day 

6 post induction. (B) Total body weight changes in control, KO, DKO as well as three 

heterozygous (Het) controls- Ssb1+/-;Ssb2+/- , Ssb1-/- ;Ssb2+/- and Ssb1+/- ;Ssb2-/-  mice 

following induction with TAM. (C) Total body weight change on day 6 compared to 

initial day of induction in control, KO and DKO mice. (D) Intestines of control, KO and 

DKO mice at day 6 post induction. (n= number of experimental animals used across at 

least 3 independent experiments ****p < 0.0001, student’s t-test) 
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moribund within the sixth day post TAM induction [Figure 5.4 (C)]. This was not 

surprising since we previously demonstrated that global loss of Ssb1/2 in adult mice 

causes with acute lethality that was associated with bone marrow failure and intestinal 

atrophy (Shi, Vu et al. 2017). However, it does establish that loss of Ssb1/2 in the SI is a 

significant contributing factor to the lethal phenotype in these mice.  

 

 

Upon initial investigation, the intestinal lumen of DKO mice contained minimal 

contents of partially digested food, compared to the controls (Ssb1+/+Ssb2+/+, Ssb1-/-

Ssb2+/-, Ssb1+/-Ssb2+/-, Ssb1-/-Ssb2+/- and Ssb1+/-Ssb2-/-). This was associated with 

significant total body weight loss [Figure 5.4 (D)]. There was dramatic decrease in the SI 

length [Figure 5.5 (A)], however other organs remained unaffected in the DKO mice 

[Figure 5.5 (B)]. Gross morphology of aged matched Con and KO mice presented with 

no morphological changes in any organs [Figure 5.5]. 

Figure 5.5: Loss of Ssb1/2 causes acute lethality in the SI with minimal damage to other organs. 

(A) Comparative lengths (in cm) of small and large intestines for control, KO and DKO mice. (B) 

Gross weight of major organs- spleen, thymus, kidneys, lungs, liver and intestine collected from 

control, KO and DKO mice. (n= at least 3 experimental animals used for this analysis, ****p < 

0.0001, student’s t-test). 
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To determine further morphological changes in the DKO intestines, we performed 

H&E histological staining in the collected intestinal sections. The DKO intestines had 

severe attenuation of the epithelial lining and marked disruption of the epithelial cell layer 

[Figure 5.6 (A)]. The villi were disrupted and severe cryptolysis or loss of the crypts was 

observed [Figure 5.6 (A)] along with apoptotic bodies. These are the classical signatures 

of villous atrophy that occur as a consequence of radiotherapy and thus this phenotype 

mimics radiation sickness (Ghosh, Aguila et al. 2009, Kirsch, Santiago et al. 2010, Macia, 

Lucas Calduch et al. 2011).  

Cre recombination was validated for each genotype by immunoblotting against 

Ssb1 and Ssb2 from lysates prepared from isolated IECs [Figure 5.6 (B)]. Importantly, 

no significant body weight loss was found in the different heterozygous mouse genotypes 

[Figure 5.7 (A)] and H&E staining showed no apparent morphological differences in the 

intestinal sections collected from them [Figure 5.7 (B)].   

 

5.2.1.3 Validating the staining for Ssb1 and Ssb2 loss by IHC 

In order to further understand the role of Ssb1/2 in the intestine, we 

immunostained our control, KO and DKO intestinal sections with antibodies that 

specifically detect Ssb1 or Ssb2. Interestingly, Ssb1 was specifically localised to nuclei 

in IECs, throughout the crypt-villus axis [Figure 5.8 (A)]. However, Ssb2 staining in the 

Figure 5.6: Loss of Ssb1/2 causes acute villous atrophy. (A) Hematoxylin and eosin 

(H&E) staining on SI sections of control, KO and DKO mice, scale bar= 50 µm. (B) 

Immunoblotting for Ssb1 and Ssb2 using cell lysates prepared from day 6 IECs. 
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control cells was minimal but it enhanced further in the Ssb1 KO sections [Figure 5.8 

(B)] demonstrating the redundancy between the two proteins.  

Upon closer investigation, Ssb1 was found to be present in the villi, which consist 

of the columnar epithelial cells including absorptive enterocytes, mucin-rich Goblet cells 

and rarely scattered enteroendocrine, Tuft and M-cells. Ssb1 staining was also present in 

the nucleus of the crypt cells, consisting of the Paneth cells along with the intestinal stem 

(CBCs and +4 SCs) and progenitor (TA) cells. Importantly, the KO and DKO intestine 

sections had a marked absence of Ssb1 staining, confirming the specificity of antibody 

staining.  

Figure 5.7: Expression of at least one allele of either Ssb1 or Ssb2 is sufficient to 

maintain intestinal homeostasis. (A) Total body weight changes in control, KO, DKO 

as well as three heterozygous control mice- Ssb1+/- ;Ssb2+/-, Ssb1-/- ;Ssb2+/- and Ssb1+/- 

;Ssb2-/- on day 6 compared to day of induction. (B) H&E staining from SI sections of 

the three heterozygous mice of indicated genotypes. Scale bar= 50 µm. (n= number of 

experimental animals used across at least 3 independent experiments ****p < 0.0001, 

student’s t-test). 
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5.2.1.4 Loss of intestinal Ssb1/2 does not affect other organs 

Although the absence of gross morphological chances in other organs was 

indicative that the death of the DKO animals was due to lethality restricted to the SIs, we 

wanted to further validate that Ssb1/2 levels were not perturbed in other organs. To 

investigate this, we subjected liver and spleen lysates from control, KO and DKO mice 

to immunoblotting with antibodies against Ssb1 and Ssb2. As expected, these results 

showed no changes in the levels of both proteins, illustrating specificity of Ssb1/2 in the 

gut alone [Figure 5.9 (A, B)]. Additionally, we did not observe any differences in bone 

marrow sections of the DKO mice compared to the controls [Figure 5.9 (C)]. Together, 

this establishes the authenticity of the VillinCreERT2 SI-specific mouse model.  

 

Figure 5.8: Immunohistochemistry for Ssb1 and Ssb2 in mouse intestinal sections. (A) 

Ssb1 and (B) Ssb2 immunohistochemistry in mouse intestinal sections of Control, Ssb1 KO 

and Ssb1/2 DKO mice. Scale bar= 50 µm. 
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5.2.1.5 Loss of Ssb1/2 leads to interim expansion followed rapid loss of proliferation 

 To decipher the immediate consequences of Ssb1/2 loss in the intestine before 

lethality occurs, we performed a BrdU in-situ incorporation assay over a period of four 

days to assess the proliferation dynamics of the SI cells across this time period. Mice of 

10-12 week of age were injected with 4 mg of TAM and BrdU was injected two hours 

before sacrificing the animals. Tissue morphology was examined in SI sections stained 

with H&E and cellular proliferation assessed my immunostaining for BrdU in DKO mice 

compared to controls. Initial changes in the epithelium were observed at 48 hours post 

TAM injections, with profound destruction of the epithelial layer evident by 96 hours 

with many apoptotic bodies in the crypts [Figure 5.10 (A)]. This closely resembles a 

classical radiometric effect, commonly observed as a side effect of chemotherapy or 

radiotherapy (Ghosh, Aguila et al. 2009, Macia, Lucas Calduch et al. 2011).  

Figure 5.9: Knockdown of Ssb1/2 in the VillinCreERT2 mouse does not cause 

defects in other organs. Immunoblotting of Ssb1 and Ssb2 from lysates made using 

tissue sections from (A) spleen and (B) liver from control, Ssb1 KO and DKO mice. 

(B) H&E staining in bone marrow sections from control, Ssb1 KO and DKO mouse, 

scale bar= 50 µm. 
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Interestingly, we observed a transient burst of proliferation in the DKO mice as 

indicated by an increase in the total percentage of BrdU positive cells per crypt at 48 

hours post TAM induction [Figure 5.10 (B, C)]. The proliferation marker Ki67 showed a 

Figure 5.10: Loss of Ssb1/2 leads to interim expansion followed rapid loss of 

proliferation. (A) H&E staining performed on intestinal sections collected at 2 h, 24 h, 

48 h, 72 h and 96 h post TAM induction in control and DKO mice, scale bar= 50 µm. (B) 

BrdU immunohistochemistry in intestinal sections collected from 2 h, 24 h, 48 h, 72 h 

and 96 h post TAM induction, scale bar= 50 µm. BrdU was injected and allowed to 

incorporate for 2 h before sacrificing the mice. (C) Graph showing the percentage of BrdU 

positive cells per crypt at the indicated time points. (D) Relative expression of Ki67 

determined by qPCR in control and DKO samples collected at the indicated time points. 

(n=3 experimental animals used per time point, p= 0.0134 and **p= 0.0057, student’s t-

test). 
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similar effect in DKO mice post 48 hours of TAM induction [Figure 5.10 (D)]. We have 

observed similar effects in the RosaCreERT2 Ssb1/2 DKO mice which was reported 

recently (Shi, Vu et al. 2017). Following this, there was a sharp exhaustion in the 

proliferating intestinal cells as the first signs of villous atrophy manifested in the 

VillinCreERT2 DKO mice at 72 hours post-TAM induction.  

 

5.2.1.6 Ssb1/2 DKO causes loss of ISCs 

Disruption to the epithelial monolayer in the gut can often be rapidly repaired via 

a regenerative response driven by ISCs that reside in the crypts (Barker, van de Wetering 

et al. 2008, Clevers 2013, Barker 2014). Since we observed a near complete loss of crypts 

(cryptolysis), we sought to investigate if the stem cell pool was impacted following the 

loss of Ssb1/2. Isolated IECs from control and two independent time points for DKO- day 

2 and day 4 post TAM induction were collected. Analysis of Ssb1 and Ssb2 mRNA and 

protein expression indicated proper knockdown of both Ssb1 and Ssb2 [Figure 5.11 (A) 

and (B)]. Interestingly, Olfm4 which marks the CBC population appeared to deplete when 

complete loss of Ssb1/2 was achieved at day 4 [Figure 5.11 (A)]. This is the first evidence 

showing that Ssb1/2 are required for the maintenance of ISCs. 

Next, we sought to investigate markers of CBCs and +4 SCs by qPCR. We 

restricted ourselves from using the day 6 samples since by that stage the basic architecture 

of the SI changes dramatically due to the proper manifestation of villous atrophy. 

Additionally, we were keen to understand the initial phenotype that leads to such a 

profound acute manifestation, therefore we chose to compare day 2 and day 4 samples 

for further analysis. Interestingly, mRNA expression of several CBCs markers- Lgr5 

(Barker, van Es et al. 2007) [Figure 5.11 (C)], Ephb2 (Jung, Sato et al. 2011) [Figure 5.11 

(D)], Achaete-Scute Family BHLH Transcription Factor 2 (Ascl2) (Schuijers, Junker et 

al. 2015, Yan and Kuo 2015) [Figure 5.11 (E)] and secreted modular calcium-binding 

matricellular protein-2 (Smoc2) (Muñoz, Stange et al. 2012) [Figure 5.11 (F)] were 

initially upregulated on day 2 and later downregulated on day 4. This was in 

correspondence with the proliferation data showing that the BrdU positive cells found at 

the base of crypts on day 2 were indeed the CBCs that were pushed to proliferate in the 

DKO. Interestingly, another CBC marker, Olfm4 (Akcora, Huynh et al. 2013, Li, Liu et 

al. 2015) [Figure 5.11 (G)] appeared to be downregulated progressively, a result 

coinciding with our immunblotting analysis in Figure 5.11 (A). Many groups have 
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previously demonstrated considerable plasticity in different progenitor cell populations 

or reserve stem cells can trigger the renewal of Lgr5 positive cells (Tian, Biehs et al. 2011, 

Van Es, Sato et al. 2012, Wong, Stange et al. 2012, Kim, Lee et al. 2017), therefore we 

sorted to investigate this further. 

Many groups have previously demonstrated that expansion in the slow-cycling +4 

SCs can trigger the renewal of Lgr5 positive cells (Kim, Lee et al. 2017); therefore, we 

sought to investigate this further. Interestingly, the usually damage resistant +4 SCs 

marked by Hopx (Takeda, Jain et al. 2011) [Figure 5.11 (H)], Bmi1 (Sangiorgi and 

Capecchi 2008, Yan, Chia et al. 2012, Lopez-Arribillaga, Rodilla et al. 2015) [Figure 5.11 

(I)] and mouse Telomere Reverse Transcriptase (mTert) (Montgomery, Carlone et al. 

2011) [Figure 5.11 (J)] were upregulated in the DKO compared to control, initially at day 

2. The +4 SCs are generally multipotent in nature and have been shown to have the ability 

to differentiate into all the types of IECs (Takeda, Jain et al. 2011). Progenitor cells 

display considerable plasticity and are capable of replenishing the CBC niche and thus 

proliferate only when there is a need to compensate for the otherwise rapidly proliferating 

and damage sensitive CBC stem cells (Dubrovsky and Dunn 2018). Together, this 

suggests a novel role of Ssb1/2 for the maintenance of the ISCs.  

 

5.2.1.7 R-loops accumulate upon loss of Ssb1/2 in the SI 

Maintenance of the ISCs niche in the SI is dependent on the interplay between 

different signalling pathways including Wnt, Notch, BMP (Abo and Clevers 2012, 

Clevers, Loh et al. 2014, Krausova and Korinek 2014, Lopez-Arribillaga, Rodilla et al. 

2015) as well as transcription, DNA replication and cell cycle. Proliferating cells keep 

the DDR and repair mechanisms in check in order to prevent unprecedented activation of 

these pathways. However, often this metabolic fidelity fails and causes genomic 

instability such as spontaneous RS, transcription stress or even cell death. We have 
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previously demonstrated that global loss of Ssb1/2 causes R-loop accumulation (Shi, Vu 

et al. 2017).  

R-loops are DNA: RNA hybrid structures that are essential when transiently 

formed during transcription but cause genomic instability when accumulated. Similar to 

what was observed in the DKO MEFs in chapter 3, we found a significant increase in R-

loop positive cells in the crypt region of DKO when compared to controls [Figure 5.12 

Figure 5.11: Ssb1/2 loss is accompanied by ISCs depletion. (A) Immunoblotting 

performed from lysates made from IECs isolated at the indicated time points with 

antibodies against Ssb1, Ssb2 and the CBC stem cell marker Olfm4. Analysis showing 

relative expression of (B) Ssb1 and Ssb2, (C- G) different CBC stem cell markers: (C) 

Lgr5, (D) Ephb2, (E) Ascl2, (F) Smoc2 and (G) Olfm4; and (H- J) +4 SCs- (H) Hopx, (I) 

Bmi1 and (J) mTert. (n=3 experimental animals used per time point, *p<0.05, **p<0.01, 

***p<0.001 and ****p= 0.0001, student’s t-test). 
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(A, B)]. R-loops were found as early as day 2 in the Ssb1/2 DKO crypts but were absent 

in the SI crypts of control mice. 

 

 

Figure 5.12: R-loops accumulate upon loss of Ssb1/2 in the SI. (A) Staining with a DNA: 

RNA hybrid antibody, S9.6 to mark R-loops in control and DKO intestine sections. (B) 

Graph showing the percentage of R-loop positive cells per crypt in control and DKO SI 

sections. (n= 3 experimental animals used, ****p= 0.0001, student’s t-test). 
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5.2.1.8 Stabilisation of p53 and interferon gamma pathways upon loss of Ssb1/2 

Cell death is a dynamic process which involves p53 as a central mediator. 

Stabilization of p53 is observed in response to DNA damage and genomic instability that 

further stalls the progression of cell cycle. We observed modest upregulation of total p53, 

as well as multiple p53 downstream targets- JunB, Growth Arrest And DNA Damage 

Inducible Alpha (Gadd45a), Growth Arrest And DNA Damage Inducible Gamma 

(Gadd45g), and Cyclin Dependent Kinase Inhibitor 1A (Cdkn1a) [Figures 5.13 (A- E)].  

Interestingly, Mdm2 which is a known antagonist of p53 was found to be 

downregulated in DKO [Figure 5.13 (F)]. Additionally, p21, a downstream target of p53, 

was found to be upregulated [Figure 5.13 (G)], which has previously been found to be 

upregulated in the presence of DNA damage in adult ISCs (Insinga, Cicalese et al. 2013). 

Several recent studies have indicated that the presence of excessive DNA damage causes 

activation of the stimulator of interferon genes (STING)-mediated interferon pathway that 

can further signal genomic instability (Nava, Koch et al. 2010, Hartlova, Erttmann et al. 

Figure 5.13: Stabilisation of the p53 pathway upon loss of Ssb1/2. Relative expression 

of different p53 pathway targets (A) Total p53, (B) JunB, (C) Gadd45b, (D) Gadd45g, 

(E) Cdkn1a, (F) Mdm2 and (G) p21 in control versus DKO IECs by qPCR. (n= 3 

experimental animals used, *p<0.05, **p<0.01, and***p<0.001, student’s t-test). 



 

173 

 

2015, Shen, Le Bert et al. 2015, Yu, Katlinskaya et al. 2015, Erdal, Haider et al. 2017, 

Shi, Vu et al. 2017). Indeed, we found that several IFN- Myeloid Differentiation Primary 

Response 88 (Myd88), 2'-5' oligoadenylate synthetase 1G (Oas1g), 2'-5' oligoadenylate 

synthetase 2 (Oas2), Interferon Induced Transmembrane Protein 3 (Ifitm3), Immunity-

Related GTPase Family M Protein 1 (Irgm1), Interferon Regulatory Factor 7 (Irf7) and 

MX Dynamin Like GTPase 1 (Mx1) dependent targets were upregulated in DKO intestines 

[Figure 5.14 (A- G)]. These observations suggest that loss of Ssb1/2 causes transcriptional 

activation of p53 and IFN (α/β) pathways. 

 

5.2.1.9 Expression of AS transcript variants in Ssb1/2  

 Finally, we wanted to determine if the DKO intestines exhibited alternative 

splicing as we had previously observed in MEFs. For this, cDNA prepared from the SI-

isolated IECs were used. We tested for differential splicing of Orc6 and Mdm2, two 

Figure 5.14: Stabilization of IFN pathway upon loss of Ssb1/2. Relative expression of 

different IFN pathway targets (A) Myd88, (B) Oas1g, (C) Oas2, (D) Ifitm3, (E) Irgm1, 

(F) Irf7 and (G) Mx1 in control versus DKO IECs by qPCR. (n=3 experimental animals 

used *p-<0.05, and **p<0.01). 
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transcripts that had multiple alternative splicing events in our previous MEF studies. As 

expected, we observed that cells from DKO mice expressed the AS variants of Mdm2 and 

Orc6 when compared to controls [Figure 5.15 (A)]. Additionally, we found that protein 

expression of Orc6 was reduced in the DKO mouse as also observed previously. [Figure 

5.15 (B)].  

 

5.2.2 Aim 3.2: To delineate the cell-intrinsic effects of Ssb1/2 loss in the small 

intestine using crypt organoid cultures. 

 In this section, we wanted to study the roles of Ssb1/2 in a cell autonomous in-

vitro environment. For this we exploited the three dimensional (3D) culture technique of 

organoid culture in which small intestinal crypts are specifically isolated to study the 

regenerative ability of the ISCs. 

Figure 5.15: Expression of AS variants in DKO mice. (A) AS expression in 

VillinCreERT2 DKO SI compared to control mice by RT-PCR. (B) Immunoblot showing 

protein expression of Orc6 in control, VillinCreERT2   KO and DKO SI lysates. 
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5.2.2.1 Establishing and inducing in-vitro 3D Ssb1/2 intestinal organoids 

Establishment of in-vitro 3D organoid culture presents an excellent platform to 

study the regenerative properties of the stem cell niche and epithelium independent of the 

ISC niche (Sato and Clevers 2015). We exploited this technology to establish a deeper 

understanding of the interplay between Ssb1/2 and ISCs. For this, 10-12 week old adult 

female Ssb1flox/floxSsb2flox/flox and VillinCreERT2 Ssb1flox/floxSsb2flox/flox mice were used. 

Figure 5.16: Intestinal organoid cultures with in-vitro loss of Ssb1/2 fail to proliferate 
(A) Organoids established from Ssb1flox/flox Ssb2flox/flox and VillinCreERT2 Ssb1flox/flox 

Ssb2flox/flox mice were passaged and induced with either EtOH or 4-OHT. (B) Graph 

showing the fold change in growth of induced organoids from day 4 compared to day 0 

post induction. (n= 3 biological replicates performed in triplicates, **p=0.032, student’s 

t-test). 
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Organoids were isolated and later treated with EtOH or 4-OHT. Initially, we assessed 

proliferation of control and DKO organoid culture quantitatively using PrestoBlue, a cell 

viability marker, at multiple time points normalised to day 0. Interestingly, we observed 

that DKO organoids stopped proliferating, marked by the absence of organoid buds 

within day 3 post induction [Figure 5.16 (A)]. When analysed in terms of growth rate 

from day 0 to day 4, our analyses revealed a significant decrease in the growth rate of the 

DKO organoids when compared to controls [Figure 5.16 (B)].  

 

5.2.2.2 Ssb1/2 loss in organoids is characterised by exhaustion of ISCs  

As we had previously observed changes in stem cell markers in SI tissue, we 

wanted to determine if we could recapitulate this phenotype in our cell autonomous 

organoid system. To do this, we performed qPCR on organoid cDNA from day 4 post-

induction samples. Initially, knockdown of Ssb1 and Ssb2 was confirmed, as was 

proliferation loss in DKO by downregulation of Ki67 [Figure 5.17 (A, B)]. Next, we 

assessed Using qPCR we found that the expression of markers of CBCs (Lgr5, Ephb2, 

Ascl2, Smoc2 and Olfm4) were significantly downregulated in the DKO compared to 

control groups [Figure 5.17 (C- G)]. However, the damage-resistant +4 SCs (Hopx, Bmi1 

and mTert) did not show significant differences [Figure 5.17 (H-J)]. One reason for this 

phenomenon could be due to compensation by the +4 SCs in response to damage to the 

proliferative cells as well as the CBCs (Takeda, Jain et al. 2011).  

 

5.2.2.3 Accumulation of apoptotic bodies is found upon loss of Ssb1/2 in intestinal 

organoids 

 Finally, we stained the day 4 induced organoids with PI. As mentioned in chapter 

3, PI negatively stains live cells but positively stains dead/apoptotic cells. Generally, like 

the SI in-vivo, the organoids undergo cell death to maintain homeostasis through the 
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process of “anoikis”. Anoikis is defined as a form of programmed cell death found in 

anchorage-dependent cells/tissues as they detach from the lumen or extracellular matrix. 

  In organoids, the central core is considered as the lumen and the growing bud-like 

structures are the crypts with the villi represented by the connecting area between the two 

buds. Interestingly, we found the lumen-like cores of the DKO organoids as well as the 

Figure 5.17: Ssb1/2 loss in organoids is characterised by exhaustion of the stem cell 

niche. Relative expression of (A) Ssb1 and Ssb2, (B) proliferation marker Ki67 and 

different CBC stem cell markers- (C) Lgr5, (D) Ephb2, (E) Smoc2, (F) Ascl2 and (G) 

Olfm4; and +4 SCs- (H) HopX,  (I) Bmi1 and (J) mTert by qPCR. (n=3 biological 

replicates, ***p<0.001 and ****p= 0.0001, student’s t-test). 
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crypt-like buds possessed a number of PI positive apoptotic bodies when compared to 

controls [Figure 5.18]. This suggests that Ssb1/2 are not only required for establishing in-

vitro organoid cultures, but are also necessary to maintain overall homeostasis.  

 

5.3 Discussion 

SSBPs are a unique but essential group of proteins that stabilise the otherwise 

fragile ssDNA. We have previously demonstrated that global loss of Ssb1/2 is early 

embryonically lethal and conditional knockdown in adult mice caused acute lethality 

which was associated with bone marrow failure and villous atrophy (Shi, Vu et al. 2017). 

Interestingly, this phenotype phenocopies the conditional KO mouse model for Rpa3 

(another SSBP) using a doxycycline (Dox) inducible system, suggesting a general 

requirement for Ssb1/2 in maintaining intestinal homeostasis (McJunkin, Mazurek et al. 

Figure 5.18: Accumulation of apoptotic bodies upon loss of Ssb1/2 in intestinal 

organoids. Induced organoids on day 4 from Ssb1flox/flox Ssb2flox/flox and VillinCreERT2 

Ssb1flox/flox Ssb2flox/flox mice were fixed and stained with PI to mark dead cells or apoptotic 

bodies, scale bar= 200 µm. PI positively stains apoptotic cells. 
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2011). In this model, the loss of Rpa led to acute villous atrophy and upon reverting the 

Dox treatment, the mice regained weight and survived.  

In this chapter, we report that conditional knockdown of both Ssb1/2 in the 

intestine leads to acute villous atrophy which mimics acute radiation sickness and 

gastrointestinal (GI) syndrome (Ghosh, Aguila et al. 2009, Macia, Lucas Calduch et al. 

2011, Hua, Thin et al. 2012). However, conditional knockdown of Ssb1 or heterozygous 

loss of both Ssb1 and/or Ssb2 is compatible with viability and these mice showed no sign 

of lethality. This, we postulate is because of the redundancy between the two proteins and 

therefore, the single KO studies on Ssb1/2 were insufficient in unveiling many 

fundamental functions of Ssb1/2. Additionally, we have deciphered a novel role of Ssb1/2 

for the renewal and maintenance of intestinal progenitor and quiescent stem cells. 

Global loss of Ssb1/2 caused radiation sickness-like symptoms which includes 

multiple organ failure, bone marrow failure and severe villous atrophy. However, bone 

marrow transplantation failed in an attempt to rescue the bone marrow loss which was 

thought to be the primary cause of death in RosaCreERT2 DKO mice (Shi, Vu et al. 2017). 

Our results here show that specific loss of Ssb1/2 in the intestinal epithelium causes 

morbidity in mice. The epithelial layer in the SI is crucial for absorption of nutrients from 

food, making it an important part of an organism’s overall health. Depletion of the 

epithelium can occur in a number of diseases (DeGaetani, Tennyson et al. 2013) including 

severe Celiac disease (Green and Cellier 2007, Fasano and Catassi 2012), non-celiac 

enteropathy (Bagdi, Diss et al. 1999, Carroccio, Mansueto et al. 2012, Kabbani, Vanga et 

al. 2014, Mansueto, Seidita et al. 2014) lymphoma (Bagdi, Diss et al. 1999, Catassi, 

Fabiani et al. 2002, Catassi, Bearzi et al. 2005), Crohn’s disease (D'haens, Geboes et al. 

1998, Huynh, Dai et al. 2009, Rodansky, Johnson et al. 2015), Giardiasis (Hartong, 

Gourley et al. 1979) and Common Variable Immune Deficiency (CVID) (Cunningham-

Rundles and Bodian 1999, Kalha and Sellin 2004). The impact on epithelial integrity is 

generally transient since the crypt in these conditions remains unaffected and the stem 

cells can drive tissue regeneration. However, if cryptolysis occurs and stem cell function 

is compromised far more dramatic destruction occurs as damage cannot be rapidly 

repaired.  

The ISCs reside in the crypts of the SI and we have demonstrated that Ssb1 and 

Ssb2 play a vital role in the maintenance of this niche. There are at least two distinct ISC 

niches that are both capable of replenishing the entire intestine. Both are capable of 

carrying out asymmetric cell division wherein one daughter cell becomes a TA cell and 
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other restores the stem cell (Barker, van de Wetering et al. 2008, Barker 2014). The TA 

cells then differentiate to form IECs. The rapidly proliferating and damage-sensitive ISCs 

are called CBCs cells that are interspersed among the Paneth cell between positions +1 to 

+3 from the crypt bottom. In this study, we show that targeted loss of Ssb1/2 in the SI 

causes loss of CBCs, as we observed significant decreases in a number of CBC markers 

including Lgr5 (Barker, van Es et al. 2007), Ephb2, Ascl2, Smoc2 and Olfm4. Of these, 

Lgr5 and Ephb2 expression are thought to mark intestinal progenitor or rapidly dividing 

and differentiating TA cells and both are Wnt target genes (Kim, Lee et al. 2017). This is 

interesting since depletion of Ssb1/2 pushes the IECs to hyperplasia before completely 

depleting them. The mRNA expression pattern of the proliferation marker Ki67, coincides 

with the Lgr5 and Ephb2 in the DKO intestines. We also demonstrated that loss of Ssb1/2 

drive the ISCs at the +4 position known as the +4 SCs. These damage resistant, quiescent 

subclasses of ISCs are marked by HopX, Bmi1 and mTert. These slow-cycling ISCs are 

pushed to proliferate in response to loss of Ssb1/2 and this is evident by the acute 

expansion of proliferation before exhaustion of CBCs in DKO.  

Finally, we showed that loss of Ssb1/2 causes excessive accumulation of R-loops 

and therefore genomic instability. R-loops are DNA: RNA hybrids which are transiently 

formed in the transcription bubble at the TSS and TTS. These occur when a nascent RNA 

strand is synthesized which falls back and hybridizes with the template strand, displacing 

the non-template DNA strand. This triplex structure is more stable than the duplex DNA 

but can get resolved by several factors like RNase H enzymes (Arudchandran, Cerritelli 

et al. 2000), SETX (Skourti-Stathaki, Proudfoot et al. 2011), AQR (Sollier, Stork et al. 

2014), as well as repair factors like BRCA1 (Wongsurawat, Jenjaroenpun et al. 2012, 

Hatchi, Skourti-Stathaki et al. 2015, Zhang, Chiang et al. 2017), BRCA2 (Bhatia, Barroso 

et al. 2014, Shivji, Renaudin et al. 2018) and RPA (Nguyen, Yadav et al. 2017). However, 

when they fail to resolve in time, they can accumulate and lead to genomic instability. 

We have previously demonstrated that global depletion of Ssb1/2 causes R-loops and 

DNA damage and here we show that this phenotype was recapitulated in the SIs.  

Additionally, we demonstrated that Ssb1/2 loss in SI tissue phenocopies the alternative 

splicing of cell cycle and transcription regulators observed in MEFs.  

Mechanistically, we showed that p53 and interferon stabilisation is the likely 

cause of cell death in the epithelium and crypts of the SI upon loss of Ssb1/2. We have 

previously shown a similar mechanism of death in mice with pan Ssb1/2 loss (Shi, Vu et 

al. 2017). Interestingly, in this study (Shi, Vu et al. 2017) knock-down of p53 partially 
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rescued the lethality in the Hoxb8 immortalised hematopoietic stem cells, which indicated 

that the damage- induced death in the Ssb1/2 DKO is p53-dependent (Fridman and Lowe 

2003, Amaral, Xavier et al. 2010, Kirsch, Santiago et al. 2010). Interestingly, we observed 

a significant loss of Mdm2, a potent regulator of p53 (Kulikov, Winter et al. 2006, Tollini, 

Jin et al. 2014, Li and Kurokawa 2015, Saadatzadeh, Elmi et al. 2017) and probably this 

downregulation fails to counteract p53 stabilisation upon loss of Ssb1/2. Additionally, 

global loss of Ssb1/2 caused extensive accumulation of DNA damage through unresolved 

R-loops, DSBs and presence of cytoplasmic ssDNA (Shi, Vu et al. 2017). This damage 

built-up led to induction of STING-dependent interferon genes that catalase p53 and 

subsequent cell death (Nava, Koch et al. 2010, Hartlova, Erttmann et al. 2015, Shen, Le 

Bert et al. 2015, Yu, Katlinskaya et al. 2015, Erdal, Haider et al. 2017, Shi, Vu et al. 

2017). Our previous and current study indeed show rapid induction of several 

downstream interferon genes, suggesting this is a common cause of cell death in vivo in 

Ssb1/2 DKO mice.  

 

5.4 Conclusion 

Although radiation and chemotherapy are commonly utilised cancer treatments, 

their effectiveness come at a cost with their use causing acute damage to the rapidly 

proliferating cells of the body. Of these, the hematopoietic cells and GI tract experience 

the most damage and as a result produce acute side effects (Macia, Lucas Calduch et al. 

2011, Hua, Thin et al. 2012). These two compartments of the body have active stem cell 

populations, and the ability to repair following damage and replenish their respective 

cellular populations. Therefore, there is a need to better understand the novel contributing 

factors for the maintenance of these populations, in order to develop future treatments 

that protect these cells from severe injury  (Grdina and Sigdestad 1989, Citrin and 

Mitchell 2014). Here, we have reported a novel role of Ssb1/2 in the homeostasis of the 

mouse intestine wherein their loss lead to acute radiation sickness-like symptoms. 

Importantly, we demonstrated that this is a cell-autonomous effect, as we were able to 

recapitulate the major phenotypes of Ssb1/2 loss observed in SI by using organoid 

cultures. It will be interesting to further investigate if Ssb1/2 expression can be used as a 

predictive marker for radiation sickness as it is a major side effect of radiation therapy. 

Future studies on this Ssb1/2 DKO model in combination with additional genetic crosses 

may help unravel novel candidates (radioprotectors) that can provide resistance to the 

effects of radiation therapy.   



 

182 

 

  



 

183 

 

6. Chapter 6 General discussion and future directions 

6.1 General Discussion 

SSB1 and SSB2 are known SSBPs that were first characterised and described by 

our laboratory (Richard, Bolderson et al. 2008). We subsequently showed that deletion of 

the mouse orthologue of hSSB1, Nabp2 was found to be perinatally lethal (Feldhahn, 

Ferretti et al. 2012, Gu, Deng et al. 2013, Shi, Bain et al. 2013) but deletion of 

Nabp1/Ssb2, which is the hSSB2 orthologue had no adverse effect in mouse (Boucher, 

Vu et al. 2015). However, loss of both Ssb1 and Ssb2 was found to be early embryonically 

lethal, as recently described by our laboratory (Shi, Vu et al. 2017). This was the first 

evidence of true redundancy between the two proteins, where KO of both proteins caused 

a more severe phenotype than KO of Ssb1 alone. Interestingly, conditional deletion of 

Ssb1/2 in adult mice caused acute lethality due to bone marrow defects and villous 

atrophy that mimicked radiation sickness, illustrating an important role for these proteins 

in adult mice in addition to embryogenesis (Shi, Vu et al. 2017). In this thesis, we have 

built upon these studies to better understand the underlying mechanism underpinning the 

overlapping essential roles of these two proteins.   

In this thesis, we have aimed to understand exactly how loss of Ssb1/2 causes such 

a profound and acute phenotype. We isolated MEFs from the pregnant RosaCreERT2 

Ssb1flox/flox Ssb2flox/flox mouse which either gave RosaCreERT2 Ssb1flox/flox Ssb2flox/flox or 

Ssb1flox/flox Ssb2flox/flox embryos. Induction with only TAM in the RosaCreERT2 Ssb1flox/flox 

Ssb2flox/flox generated DKO of Ssb1/2 by day 5 of induction. Interestingly, loss of Ssb1/2 

caused a severe proliferation defect which was evident from several methods of growth 

analysis. Additionally, immortalised MEFs with Ssb1/2 DKO led to G2/M arrest followed 

by cell death as a consequence of this arrest. However, since apoptosis in DKO cells was 

found to occur at later time points to the proliferation arrest we speculate that this arrest 

had a direct association with other fundamental processes like DNA replication or 

transcription.  

Indeed, we observed slowing down of RF speed upon loss of Ssb1/2, which is a 

hallmark of RS. However, the underlying cause(s) of this stress still remains elusive. Of 

a number of known reasons for RS to occur, it is possible that loss of Ssb1/2 leads to de-

protection of ssDNA stretches, which can exhaust the total pool of RPA through a 

phenomenon known as replication catastrophe (Toledo, Altmeyer et al. 2013) which in 

turn activates ATR. However, we did not observe activation of any checkpoints or 
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ATM/ATR downstream targets which is indicative that perhaps the genomic instability 

caused by Ssb1/2 DKO fails to get sensed by the DDR pathways. Additionally, SSB1/2 

were recently described to compensate for RPA70 loss under conditions of RS which 

implies that SSB1/2 share some functions with RPA (Kar, Kaur et al. 2015). We assume 

this since recent studies indicate that like RPA, hSSB1 and hSSB2 can interact with both 

RNA and ssDNA through their OB-fold domain (Vidhyasagar, He et al. 2016, 

Vidhyasagar, He et al. 2017).  

A key hallmark of genomic instability is micronuclei formation. Micronucleation 

can arise either as a result of replication or mitosis failure. Often, under-replicated regions 

like CFS or GC-rich regions require consecutive rounds of replication to completely 

replicate these regions (Fenech, Kirsch-Volders et al. 2011, Gelot, Magdalou et al. 2015, 

Marnef, Cohen et al. 2017). Under such circumstances, these regions can accumulate 

DNA break markers as well as repair proteins. Therefore, when these regions undergo 

mitosis with under-replicated regions, the mother cell fails to distribute this non-

replicated region and excises it out as a third entity called a micronucleus. Alternatively, 

when chromosomes fail to align themselves on the metaphase plate during the mitosis, 

that fragment gets left out as micronucleus. 

In the next part we wanted to investigate the roles of Ssb1/2 in DDR signalling 

upon their deletion. Whether Ssb1 and Ssb2 play a role in ATM signalling has remained 

a contentious issue. Initial studies using siRNA in human cells by our laboratory and 

others suggested that SSB1 and its binding partner INTS3 were required for ATM 

signalling (Richard, Bolderson et al. 2008, Huang, Gong et al. 2009, Li, Bolderson et al. 

2009, Skaar, Richard et al. 2009, Zhang, Wu et al. 2009) However, loss of either Ssb1 or 

Ssb2 posed no defects to the DDR signalling pathway in mouse cells (Feldhahn, Ferretti 

et al. 2012, Shi, Bain et al. 2013, Boucher, Vu et al. 2015). Moreover, although, Ssb1 KO 

mice were radiosensitive to IR, no checkpoint defects were observed in cells derived from 

these animals (Feldhahn, Ferretti et al. 2012, Shi, Bain et al. 2013). Likewise, MEFs from 

Ssb2 KO mice did not present with any DDR signalling defects (Boucher, Vu et al. 2015). 

We and others speculated that this discrepancy may be caused by the compensatory 

functions between the two proteins, therefore we wanted to examine if dual knockdown 

of Ssb1/2 would have any effect on DDR signalling. Interestingly, upon exposure to IR, 

DKO MEFs did not exhibit any DDR signalling defects. However, DDR signalling was 

found to be delayed in DKO MEFs under RS. This was particularly interesting since we 

hypothesise that upon loss of Ssb1/2, the RS response is compromised which fails to 
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respond in time towards a lower threshold of RS-induced DNA damage. However, when 

a threshold of genomic instability that accumulates over the passing cell cycle stages is 

finally reached, the DKO cells undergo apoptosis instead of DNA repair. It is still not 

very well understood how or what triggers cells to decide when to aid repair or to induce 

apoptosis. 

Notably, we observed accumulation of R-loops when Ssb1/2 are deleted together, 

which was in accordance to the recent study published from our lab (Shi, Vu et al. 2017). 

However, whether this is a direct consequence of Ssb1/2 depletion still remains elusive 

as overexpression of RNase H1 failed to rescue the viability loss observed in Ssb1/2 DKO 

cells. As discussed in section 3.3, it is possible that the signal detected using the S9.6 

antibody represents cross-reactivity with other structures like RNA: RNA hybrids or 

DNA: RNA hybrids but not necessarily R-loops. Therefore, further investigation will be 

required to determine if Ssb1/2 has a direct role in sensing R-loops as recently 

demonstrated with the canonical SSBP, RPA70 (Nguyen, Yadav et al. 2017, Wang, 

Grunseich et al. 2018). 

Consistently throughout this study we have observed destabilisation of IntS3, the 

main binding partner of both Ssb1 and Ssb2. Previously, it was assumed that it is IntS3 

which forms the necessary scaffold for interaction of Ssb1/2 with the Integrator complex 

(Huang, Gong et al. 2009). However, our study shows that expression of Ssb1/2 are 

regulated not only in the absence of each other, but that loss of these proteins destabilises 

IntS3 levels as well as other members of the Integrator complex. Strikingly, we observed 

expression of excessively misprocessed snRNAs, a characteristic phenotype of the 

Integrator complex subunits loss, in Ssb1/2 DKO cells (Hata and Nakayama 2007, 

Inagaki, Yasui et al. 2008, Tao, Cai et al. 2009, Ezzeddine, Chen et al. 2011, Albrecht 

and Wagner 2012, Yamamoto, Hagiwara et al. 2014, Skaar, Ferris et al. 2015). In fact, 

this phenotype very closely mimicked the loss of IntS11, one of the catalytic subunits of 

Integrator along with IntS9, in mouse cells (Baillat, Hakimi et al. 2005, Wu, Albrecht et 

al. 2017). 

Previous studies carried out in human cells and Drosophila suggest that unlike the 

catalytic subunits of the Integrator complex, loss of IntS3 does not show a remarkable 

effect on snRNA processing (Ezzeddine, Chen et al. 2011, Skaar, Ferris et al. 2015, 

Albrecht, Shevtsov et al. 2018). Interestingly however, siRNA-mediated knockdown of 

IntS3 in control MEFs did not affect IntS11 or 9 levels and IntS11 knockdown affected 

not just IntS11 and IntS9 but also, Ssb1 and Ssb2. These findings suggest that Ssb1/2 may 
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interact with the catalytic core of Integrator, independently of their association with IntS3, 

and may therefore be important for the the catalytic function of the Integrator complex.  

 Studies have shown similarities between the factors which carry out 3’end 

processing of mRNA, histones and snRNAs (Baillat, Hakimi et al. 2005, Dominski, Yang 

et al. 2005, Sullivan, Steiniger et al. 2009, Chen and Wagner 2010, Hett and West 2014, 

Shi and Manley 2015, Skaar, Ferris et al. 2015). Polyadenylation of mRNAs is carried 

out in association with four multiprotein complexes-CPSF, CstF, cleavage factor Im (CF 

Im) and CF IIm along with the largest subunit of RNA PolII, polyA polymerase and the 

polyA binding proteins (PABPs). Except PABPs, all the other factors are essential for 

polyadenylation or cleavage, especially two main factors called CPSF73 along with 

CPSF100 and a scaffold called Symplexin (Sullivan, Steiniger et al. 2009, Shi and Manley 

2015). Like mRNA poly A processing, the 3’ ends of the non-polyadenylated snRNAs 

are cleaved by the Integrator complex. IntS11 was found to be a homolog of CPSF73 and 

therefore is often referred to as CPSF73L, whereas CPSF100 bears similarity to IntS9, 

structurally (Wu, Albrecht et al. 2017). The IntS9/11 complex is thought to carry out its 

cleavage after recognising the 3’ box of the snRNA. However, the Integrator complex 

does not have a specific RNA interacting subunit like that found in mRNA 3’end 

processing. Processing of mRNAs engage CPSF1 or CPSF63 which recognises the 

polyadenylation hexameric signal, AAUAAA on the mRNA (Murthy and Manley 1995). 

Interestingly, a recent study suggested that SSB1 has more affinity to bind to RNA than 

DNA (Vidhyasagar, He et al. 2017). It is therefore tempting to speculate that Ssb1/2, with 

their OB-fold domains, may serve an analogous function for optimal activity of the 

Integrator complex. Hence, it will be interesting to investigate if snRNAs in particular 

had more affinity towards Ssb1 compared to IntS3, IntS9-11 or the Symplekin-like 

scaffold subunit, IntS4.  

Proper coordination of essential cellular processes like transcription and DNA 

replication is a requirement for cellular proliferation and this in particular was evident 

when both Ssb1/2 were knocked down in mouse. Embryogenesis is one such example 

where rapid cellular division takes place and is thoroughly dependent upon the fidelity of 

these processes. As such, loss of a multitude of different factors associated with the DDR, 

DNA replication, repair and transcription have been found to lead to embryonic lethality 

when genetically deleted in mouse models (Lim and Hasty 1996, Sharan, Morimatsu et 

al. 1997, Frank, Sekiguchi et al. 1998, Brown and Baltimore 2000, Sekiguchi, Ferguson 

et al. 2001, Zhu, Petersen et al. 2001, Cerritelli, Frolova et al. 2003, Wang, Putnam et al. 
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2005, Daniel, Pellegrini et al. 2012, Feldhahn, Ferretti et al. 2012, Shi, Vu et al. 2017). 

Likewise, loss of several Integrator subunits has been found to result in developmental 

defects in metazoans in gene-targeting studies which deem them as essential genes (Hata 

and Nakayama 2007, Rutkowski and Warren 2009, Tao, Cai et al. 2009).  

Interestingly, a recent study reported that biallelic mutations in INTS1 and INTS8 

cause a rare recessive neurodevelopmental syndrome (Oegema, Baillat et al. 2017). 

INTS1 had a homozygous nonsense mutation that was comparable to complete loss of 

function for INTS1 in the patients. On the other hand, two different mutations were found 

in INTS8- a missense mutation causing a 50% reduction in INTS8 levels; and the second 

was an in-frame deletion of nine base pairs. Both of these mutations were found in the 

conserved CTD of INTS8 which is essential for protein-protein interactions. When these 

mutations were introduced into in-vitro cultures, misprocessed snRNAs were identified 

as were a number of AS variants of genes essential for neural development and brain 

function. Neuronal cells don’t actively replicate but they do depend heavily on 

transcription and Integrator has been found to regulate several steps of transcription. 

Thus, detection of defective neuronal development upon loss of Integrator subunits is not 

completely unexpected. Although we did not observe a neuronal phenotype in our 

inducible RosaCreERT2 DKO mouse model, it is important to note that RosaCreERT2 

model has limited efficiency in brain tissues (Seibler, Zevnik et al. 2003), and it is 

possible a neuronal phenotype would have been observed had recombination occurred in 

the brain. It would therefore be interesting in the future to cross the Ssb1flox/flox Ssb2flox/flox 

mice with the neuronal cell specific Cre mouse model, NestinCre where the Cre transgene 

is under the control of the Nestin promoter, specific to neural stem cells (Imayoshi, 

Ohtsuka et al. 2006, Feil, Valtcheva et al. 2009). 

One very interesting and novel finding of this work was a critical evidence 

suggesting that the misprocessed snRNAs observed in DKO may be able to perturb 

assembly of the matured snRNPs. Specifically, we demonstrated by RIP that SnrpB, an 

important spliceosomal protein, was less able to associate with the major snRNAs in 

DKO, despite identical levels of SnrpB expression. Moreover, we showed that loss of 

spliceosomal B and C components through knockdown in control MEFs phenocopied the 

AS events of DKO or Integrator loss, suggesting that spliceosomal deficiency causes the 

observed AS phenotype. Due to time constraints, we were unfortunately unable to further 

investigate this phenotype. Interestingly, a study conducted by Ashton et. al. carried a 

study which reported a number of novel hSSB1 partners identified by mass-spectrometry 
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(Ashton, Loo et al. 2016). Despite the documented involvement of hSSB1 in DDR and 

repair, the majority of identified interactors were ribosomal proteins and complexes 

involved in regulate mRNA processing. This along with the data provided in this thesis 

and others may suggest a key role of Ssb1/2-IntS3 complexes in not just transcription 

regulation but overall gene expression (Yamamoto, Hagiwara et al. 2014, Skaar, Ferris et 

al. 2015, Ashton, Loo et al. 2016). 

 Several important possibilities need to be investigated as to how 

misprocessed/elongated snRNAs perturb spliceosome function. The major snRNA 

affected by DKO/Integrator loss was U2, which plays a key role at the earlier stages of 

splicing and binds to the branch point sequence. As the U2 sequence is extended by up to 

1,000 bp past its normal termination sequence, it is highly likely to exhibit aberrant 

folding. It will firstly be important to determine whether this elongated form of U2 is able 

to associate and potentially sequester spliceosome-associated proteins, and if it is able to 

interact with the BPS (although some association is suspected as complex A protein 

depletion did not phenocopy the AS events).  However, further investigation of how this 

takes place is required. Moreover, it will be interesting to determine whether the 

misprocessed snRNAs in DKO undergoes the standard nuclear export-import of snRNAs.   

Interestingly, further evidence that Ssb1/2 may play a critical role in splicing can 

be observed from the phenotype of Ssb1 KO embryos. These embryos exhibited a very 

consistent and specific skeletal phenotype in their ribcage and skull which phenocopied 

a human disorder called cerebro-costo-mandibular syndrome of previously unknown 

genetic origin (Ramaswamy, Negus et al. 2015, Tooley, Lynch et al. 2016). At the time 

we suggested that Ssb1 may be a candidate gene for this disorder. Although this was 

recently found to not be the case, the disorder was identified to be caused by mutation 

and misregulation of SNRPB (Lynch, Revil et al. 2014, Bacrot, Doyard et al. 2015, Tay 

2015, Lardelli, Schaffer et al. 2017). Moreover, other splicing factors have been 

associated with similar skeletal phenotypes (Lehalle, Wieczorek et al. 2015). It is 

interesting that loss of these factors can cause such tissue-specific effects, especially since 

differentially spliced targets would be expected to differ between human and mouse (due 

to poor intron conservation).  

Two rapidly proliferating organs of the body are the hematopoietic cells and the 

SI that highly depend on replication and transcription. Ssb1, which is ubiquitously 

expressed in all cell types, when co-deleted with Ssb2 in adult mouse caused rapid 

degeneration of both of these compartments (Shi, Vu et al. 2017). As a consequence of 
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bone marrow defects other organs like spleen and thymus had acute degeneration, a 

phenotype mimicking acute radiation sickness. Although the recent publication by our 

lab had focused on the novel roles of Ssb1/2 in the maintenance of hematopoietic stem 

and progenitor cells, thorough investigation of their role in maintenance of SI homeostasis 

was not performed. In this PhD, we focussed on this novel aspect of Ssb1/2 functions in 

gut. Proliferation, replacement and maintenance of IECs is heavily dependent on stem 

cell renewal (Barker, van de Wetering et al. 2008, Simons and Clevers 2011, Visvader 

and Clevers 2016, Dubrovsky and Dunn 2018), therefore when this fails the intestinal 

morphology changes. Loss of proliferation and differentiation of IECs can be 

compensated if the stem cells are able to replenish themselves; however, loss of Ssb1/2 

appears to affect this very compartment leading to severe cryptolysis that accompanies 

villous atrophy.  

Expression of one copy of either Ssb1 or Ssb2 is sufficient to ameliorate this 

phenotype, illustrating the requirement for at least one functional Ssb1 or Ssb2. The 

phenotype in the intestine again showed expression of AS variants as found in MEFs 

raising the possibility that misprocessed snRNAs may be the primary cause of genomic 

instability upon loss of Ssb1/2. In the event of Ssb1/2 loss, p53 has been found to be 

stabilised which probably signals for apoptosis in both in-vivo and in-vitro. As such we 

did identify differential splicing of Mdm2, which is a key regulator of p53, throughout 

our splicing analyses which had skipping of two exons. Interestingly, exon 2 includes the 

beginning of the p53 binding pocket that spans from exon 2 through exon 6 (Dang, Kuo 

et al. 2002, Li and Kurokawa 2015, Van Alstyne, Simon et al. 2018, Zhao, Tan et al. 

2018). Therefore, it is possible that skipping of this exon may compromise the ability of 

Mdm2 to sequester p53 leading to its stabilization in the DKO and perturb cellular 

homeostasis.  

Additionally, another important candidate that gets alternatively spliced in DKO 

cells and SI is Orc6. Orc6 belongs to the Origin Recognition Complex and together with 

5 other subunits is required for origin licensing in G1 in order to initiate DNA replication 

(Thomae, Baltin et al. 2011). Orc6 is the smallest subunit of this complex; however, its 

role in replication remains somewhat contentious (Prasanth, Prasanth et al. 2002, Semple, 

Da‐Silva et al. 2006, Chen, de Vries et al. 2007, Thomae, Baltin et al. 2011). While Orc6 

has been shown to be essential for entry into S phase in budding yeast,  it was found to 

be dispensable for replication firing (Semple, Da‐Silva et al. 2006). On the other hand it 
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is essential for not just origin licensing in yeasts but also for loading of Cdt1 during 

repeated loading of the MCM helicase (Chen, de Vries et al. 2007).  

Recently, ORC6 in human cells has been found to interact with all other members 

of the ORC complex as well as CDC6 and the C-terminus of the chaperone protein, high 

mobility group protein A1a (HMGA1a) which possibly allows chromatin binding of ORC 

which is essential for the pre-Replication Complex formation (Thomae, Baltin et al. 

2011). Additionally, ORC6 associates with kinetochores, the mid-body as well as the 

reticular-like structure around the cell’s periphery which gets aligned during cytokinesis 

(Prasanth, Prasanth et al. 2002). Depletion of ORC6 as a result has been associated with 

mitotic defects of varying degrees, ranging from multipolar spindles to aberrant mitoses 

leading to decreased DNA replication (Prasanth, Prasanth et al. 2002). Of interest, longer 

depletion of ORC6 causes loss of proliferation and an increase in apoptosis, a phenotype 

common to Ssb1/2 DKO cells. Therefore, it will be interesting to determine whether 

reconstitution of Orc6 is able to rescue some of the phenotypes observed upon Ssb1/2 

DKO.   

In our SI specific KO, we demonstrated that deletion of Ssb1/2 causes a loss of 

stem cells leading to severe cryptolysis and acute villous atrophy which is also seen in 

patients that develop severe radiation sickness. Since some studies have indicated that it 

is indeed the loss of intestinal homeostasis not bone marrow defects in patients with 

radiation sickness that causes lethality and death, we think Ssb1/2 expression can be a 

predictive marker for this, which could be further investigated in the future. Recently, a 

genome-wide association study that included 12,696 cases of colorectal tumours found 

significant intergenic risk polymorphisms close to NABP1 or SSB2 loci, which shows the 

possible association of these proteins in cancer risk pathogenesis (Peters, Jiao et al. 2013). 

This is an interesting finding that requires further functional validation. 

In conclusion, through this PhD thesis we were able to demonstrate that dual loss 

of Ssb1/2 cause genomic instability, both in-vitro and in-vivo. We demonstrated that 

phenotypically Ssb1/2 loss first affect proliferation which ultimately leading to cell death. 

Mechanistically, loss of Ssb1/2 caused p53 stabilisation that drives apoptosis. 

Molecularly, loss of Ssb1/2 causes misprocessing of snRNAs that mimics loss of the 

Integrator complex’s core function. This leads to polyadenylation of snRNAs that 

possibly perturbs proper spliceosomal assembly and function, and corresponds with a 

shift in the dynamics of AS, primarily affecting transcripts regulating transcription and 

the cell cycle. Expression of AS variants like Orc6 which is essential for DNA replication 
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is downregulated in DKO MEFs, can be a possible cause of RS due to failure in proper 

origin licensing. Finally, compromised expression of AS variants of p53 regulating 

proteins Mdm2 and Mdm4 fail to control p53 levels leading to cell death in DKO [Figure 

6.1].  

 

6.2 Future directions 

In this study we have provided sufficient information to suggest RS as one of the 

key phenotypes that occur upon loss of Ssb1/2. However, the main underlying source of 

this was not thoroughly investigated. Of the several known reasons for RS, our data 

suggests Orc6-mediated replication origin licensing could be jeopardised due to AS Orc6 

as a consequence of Ssb1/2 loss. In order to further validate this, a protein fractionation 

experiment to show a defect in the chromatin loading of the main pre-RC factors 

including ORCs (1-6), MCMs (2-7), Cdc6 and Cdt1 as well as replication initiating CMG 

complex and Rpa must be performed. This can be complemented with the retroviral 

reconstituted lines expressing full length-SSB1. 

Another cause of RS is the presence of excess ssDNA in the cells. Although this has 

been found in the Ssb1/2 bone marrow (Shi, Vu et al. 2017), this is yet to be established 

in the DKO MEFs. Assuming this is a possibility, we can mutate a SSB1 retroviral 

Figure 6.1: Loss of Ssb1 and Ssb2 leading to genomic instability. Ssb1/2 loss causes 

replication stress, R-loops and transcription-associated genomic instability that perturbs 

cellular proliferation and induces apoptosis. 
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construct to make Ssb1 mutants defective in ssDNA binding- W55A that completely 

abolishes ssDNA binding and Y85A (Gu, Deng et al. 2013) that partially withholds 

ssDNA binding. Both of them have an intact IntS3 interaction. This is important since 

INTS3 is known to sense DNA damage (Skaar, Richard et al. 2009, Zhang, Ma et al. 

2013) as well, therefore the presence of IntS3 is essential for genomic stability. The most 

important question will be to find out if any of these mutants can rescue the DKO 

phenotype or not. The same can be carried out in the organoid cultures to validate if the 

loss of Ssb1/2 gets rescued in not just proliferating cells but also progenitor and stem 

cells. It will also be of interest to determine if the ssRNA interaction is impacted by these 

mutants given that SSB1 has more affinity to bind ssRNA (perhaps snRNAs) than 

ssDNA. Also, these mutants can possibly answer if DNA or RNA damage is the 

underlying cause of genomic instability in DKO cells. 

A recent key study utilised an elegant potassium permanganate footprinting method  

in combination with high-throughput sequencing to map abundant melted ssDNA bubbles 

like Z- DNA, G- quadruplex, cruciform, etc. in both human and mouse cells, in vivo 

(Kouzine, Wojtowicz et al. 2017). This study illustrates the potential of these non-B DNA 

structures in chromatin reorganisation and transcription regulation. This approach could 

be used to examine the role of Ssb1/2-Integrator complexes in a similar context through 

their association to some of these non-B DNA structures. This would be an interesting 

direction of future investigation, given that Ssb1/2 has affinity to bind both DNA and 

RNA structures in addition to their documented association with components of the 

Integrator complex which can regulate multiple aspects of transcription (Skaar, Ferris et 

al. 2015, Vidhyasagar, He et al. 2016, Vidhyasagar, He et al. 2017). 

Although we have successfully demonstrated that DKO loss can be partially 

reversed with the ectopic expression of Ssb1, an important key question remains 

unanswered- can Ssb1/2 interact with IntS11 (and perhaps other Integrator subunits) 

independent of IntS3. We think it is a possibility based on three observations- IntS11 

destabilised more rapidly than IntS3 in DKO MEFs, IntS3 loss did not destabilise IntS11 

significantly and IntS11 not IntS3 mimicked not just the levels of misprocessing of U2 

snRNAs but also the AS pattern seen in the DKO MEFs. Additionally, since none of the 

other Integrator subunits have an intact RNA binding site, it is more likely that Ssb1 and 

Ssb2 may be core Integrator complex subunits (Malovannaya, Li et al. 2010, Ezzeddine, 

Chen et al. 2011). One way to answer this would be to express the Ssb1 mutant-defective 

in IntS3 binding, F98A (Gu, Deng et al. 2013) in DKO MEFs and determine if the 
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proliferation defects as well as splicing defects can be rescued. One could IP Ssb1 

defective in IntS3 binding mutant to check if other subunits of Integrator in particular 

IntS11 can complex with mutant-Ssb1 independent of IntS3. We can also IP endogenous 

Ssb1 from wild-type and IntS3-depleted cells and look for interactions with other 

Integrator components. 

Another aspect that may be interesting to investigate could be to validate if the 

polyadenylated snRNAs in Ssb1/2 DKO are stabilised or they are more prone to decay. 

A recent paper by Yamamoto et. al.(Yamamoto, Hagiwara et al. 2014) demonstrated that 

polyadenylated snRNAs as a result of Integrator knockdown actually undergo decay 

slightly quicker to control cells. For this, a transcription inhibitor like actinomycin D can 

be used and RNA collected at regular intervals for up to an hour or so can be used to 

compare if the polyadenylated snRNAs decay or remain stabilised in Ssb1/2 DKO. This 

can further elucidate if the polyadenylated form of snRNAs indeed perturbs further 

cellular functions. Antisense morpholinos (AMOs) (Hett and West 2014) could also be 

used to specifically knockdown misprocessed snRNAs but since a large number of 

snRNAs of all sub-types and differing extended sequences that gets processed by RNA 

PolII are affected, this strategy might not be the best option to rescue the gross DKO 

phenotype. 

Finally, we have demonstrated that loss of Ssb1/2 impacts splicing of a restricted 

class of candidates that regulate transcription as well as the cell cycle in general. It is 

possible that these candidates are affected due to weaker 3’SS where the U2 snRNPs 

generally bind. This could be further investigated using minigene technology for a 

candidate gene (e.g. Orc6), artificially strengthening the 3’SS, and assessing the splicing 

in DKO (Desviat, Pérez et al. 2012, Wickramasinghe, Gonzalez-Porta et al. 2015). 

  

Figure 6.2: Anatomy of the SI. (A) Scanning Electron microscope image showing the 

two important regions of the SI- villus and crypt. The crypt is found at the bottom of the 

brush-border villus, wherein two different types of stem cells reside. (B) Upon receiving 

signals for propagation, the CBCs which are found at the base of the crypt, interspersed 

among Paneth cells are pushed to proliferate. CBCs, majorly marked by LGR5 are 

multipotent in nature, and migrate through the villi towards its apical end wherein they 

undergo cell death. (C) LGR5- positive cells can divide and replenish the CBC 

population, propagate into the TA cells and give rise to all different sub-types of IECs 

that are found in the villi and Paneth cells. Occasionally, CBCs can replenish the long-

term, damage resistant stem cells called the 4 SCs that reside at the +4 position from the 

crypt base. [Adapted from Barker, 2014]  

 

 

Figure 6.3: Anatomy of the SI. (A) Scanning Electron microscope image showing the 

two important regions of the SI- villus and crypt. The crypt is found at the bottom of the 

brush-border villus, wherein two different types of stem cells reside. (B) Upon receiving 

signals for propagation, the CBCs which are found at the base of the crypt, interspersed 

among Paneth cells are pushed to proliferate. CBCs, majorly marked by LGR5 are 

multipotent in nature, and migrate through the villi towards its apical end wherein they 

undergo cell death. (C) LGR5- positive cells can divide and replenish the CBC 

population, propagate into the TA cells and give rise to all different sub-types of IECs 

that are found in the villi and Paneth cells. Occasionally, CBCs can replenish the long-

term, damage resistant stem cells called the 4 SCs that reside at the +4 position from the 

crypt base. [Adapted from Barker, 2014]  

 



 

194 

 

7. References 

Abo, A. and H. Clevers (2012). "Modulating WNT receptor turnover for tissue repair." 

Nature biotechnology 30(9): 835. 

Ach, R. and A. Weiner (1987). "The highly conserved U small nuclear RNA 3'-end 

formation signal is quite tolerant to mutation." Molecular and cellular biology 7(6): 2070-

2079. 

Adamson, B., A. Smogorzewska, F. D. Sigoillot, R. W. King and S. J. Elledge (2012). "A 

genome-wide homologous recombination screen identifies the RNA-binding protein 

RBMX as a component of the DNA-damage response." Nature cell biology 14(3): 318. 

Agarwal, A. and R. A. Saleh (2002). "Role of oxidants in male infertility: rationale, 

significance, and treatment." Urologic Clinics of North America 29(4): 817-828. 

Aguilera, A. and T. Garcia-Muse (2012). "R loops: from transcription byproducts to 

threats to genome stability." Mol Cell 46(2): 115-124. 

Aguilera, A. and B. Gómez-González (2008). "Genome instability: a mechanistic view of 

its causes and consequences." Nature Reviews Genetics 9(3): 204. 

Ahmad, S., F. Akhter, U. Shahab, Z. Rafi, M. S. Khan, R. Nabi, M. S. Khan, K. Ahmad, 

J. M. Ashraf and Moinuddin (2018). "Do all roads lead to the Rome? The glycation 

perspective!" Semin Cancer Biol 49: 9-19. 

Ahn, J.-Y., J. K. Schwarz, H. Piwnica-Worms and C. E. Canman (2000). "Threonine 68 

phosphorylation by ataxia telangiectasia mutated is required for efficient activation of 

Chk2 in response to ionizing radiation." Cancer research 60(21): 5934-5936. 

Akcora, D., D. Huynh, S. Lightowler, M. Germann, S. Robine, J. R. de May, J. W. 

Pollard, E. R. Stanley, J. Malaterre and R. G. Ramsay (2013). "The CSF-1 receptor 

fashions the intestinal stem cell niche." Stem Cell Res 10(2): 203-212. 

Aladjem, M. I. and C. E. Redon (2017). "Order from clutter: selective interactions at 

mammalian replication origins." Nat Rev Genet 18(2): 101-116. 

Albrecht, T. R., S. P. Shevtsov, Y. Wu, L. G. Mascibroda, N. J. Peart, K.-L. Huang, I. A. 

Sawyer, L. Tong, M. Dundr and E. J. Wagner (2018). "Integrator subunit 4 is a 

‘Symplekin-like’scaffold that associates with INTS9/11 to form the Integrator cleavage 

module." Nucleic acids research 46(8): 4241-4255. 

Albrecht, T. R. and E. J. Wagner (2012). "snRNA 3′ end formation requires heterodimeric 

association of integrator subunits." Molecular and cellular biology 32(6): 1112-1123. 

Alsafadi, S., A. Houy, A. Battistella, T. Popova, M. Wassef, E. Henry, F. Tirode, A. 

Constantinou, S. Piperno-Neumann, S. Roman-Roman, M. Dutertre and M. H. Stern 

(2016). "Cancer-associated SF3B1 mutations affect alternative splicing by promoting 

alternative branchpoint usage." Nat Commun 7: 10615. 

Amaral, J. D., J. M. Xavier, C. J. Steer and C. M. Rodrigues (2010). "The role of p53 in 

apoptosis." Discovery medicine 9(45): 145-152. 

Ame, J. C., C. Spenlehauer and G. de Murcia (2004). "The PARP superfamily." Bioessays 

26(8): 882-893. 

Anantha, R. W., A. L. Alcivar, J. Ma, H. Cai, S. Simhadri, J. Ule, J. König and B. Xia 

(2013). "Requirement of heterogeneous nuclear ribonucleoprotein C for BRCA gene 

expression and homologous recombination." PLoS One 8(4): e61368. 

Anantha, R. W., V. M. Vassin and J. A. Borowiec (2007). "Sequential and synergistic 

modification of human RPA stimulates chromosomal DNA repair." J Biol Chem 282(49): 

35910-35923. 

Anderson, L., C. Henderson and Y. Adachi (2001). "Phosphorylation and rapid 

relocalization of 53BP1 to nuclear foci upon DNA damage." Molecular and cellular 

biology 21(5): 1719-1729. 



 

195 

 

Andrade-Lima, L. C., A. Veloso and M. Ljungman (2015). "Transcription Blockage 

Leads to New Beginnings." Biomolecules 5(3): 1600-1617. 

Andressoo, J.-O., J. R. Mitchell, J. de Wit, D. Hoogstraten, M. Volker, W. Toussaint, E. 

Speksnijder, R. B. Beems, H. van Steeg and J. Jans (2006). "An Xpd mouse model for 

the combined xeroderma pigmentosum/Cockayne syndrome exhibiting both cancer 

predisposition and segmental progeria." Cancer cell 10(2): 121-132. 

Arudchandran, A., S. Cerritelli, S. Narimatsu, M. Itaya, D. Y. Shin, Y. Shimada and R. 

Crouch (2000). "The absence of ribonuclease H1 or H2 alters the sensitivity of 

Saccharomyces cerevisiae to hydroxyurea, caffeine and ethyl methanesulphonate: 

implications for roles of RNases H in DNA replication and repair." Genes to Cells 5(10): 

789-802. 

Ashton, N. W., D. Loo, N. Paquet, K. J. O'Byrne and D. J. Richard (2016). "Novel insight 

into the composition of human single-stranded DNA-binding protein 1 (hSSB1)-

containing protein complexes." BMC Mol Biol 17(1): 24. 

Ast, G. (2004). "How did alternative splicing evolve?" Nat Rev Genet 5(10): 773-782. 

Atkinson, J. and P. McGlynn (2009). "Replication fork reversal and the maintenance of 

genome stability." Nucleic acids research 37(11): 3475-3492. 

Bacrot, S., M. Doyard, C. Huber, O. Alibeu, N. Feldhahn, D. Lehalle, D. Lacombe, S. 

Marlin, P. Nitschke and F. Petit (2015). "Mutations in SNRPB, encoding components of 

the core splicing machinery, cause cerebro‐costo‐mandibular syndrome." Human 

mutation 36(2): 187-190. 

Bagdi, E., T. C. Diss, P. Munson and P. G. Isaacson (1999). "Mucosal intra-epithelial 

lymphocytes in enteropathy-associated T-cell lymphoma, ulcerative jejunitis, and 

refractory celiac disease constitute a neoplastic population." Blood 94(1): 260-264. 

Baillat, D., M. A. Hakimi, A. M. Naar, A. Shilatifard, N. Cooch and R. Shiekhattar 

(2005). "Integrator, a multiprotein mediator of small nuclear RNA processing, associates 

with the C-terminal repeat of RNA polymerase II." Cell 123(2): 265-276. 

Baillat, D. and E. J. Wagner (2015). "Integrator: surprisingly diverse functions in gene 

expression." Trends in biochemical sciences 40(5): 257-264. 

Bain, A. L., W. Shi and K. K. Khanna (2013). "Mouse models uncap novel roles of SSBs." 

Cell Research 23(6): 744-745. 

Bakkenist, C. J. and M. B. Kastan (2003). "DNA damage activates ATM through 

intermolecular autophosphorylation and dimer dissociation." Nature 421(6922): 499. 

Bao, X., X. Lian, K. K. Dunn, M. Shi, T. Han, T. Qian, V. J. Bhute, S. G. Canfield and 

S. P. Palecek (2015). "Chemically-defined albumin-free differentiation of human 

pluripotent stem cells to endothelial progenitor cells." Stem Cell Res 15(1): 122-129. 

Baranello, L., D. Wojtowicz, K. Cui, B. N. Devaiah, H.-J. Chung, K. Y. Chan-Salis, R. 

Guha, K. Wilson, X. Zhang and H. Zhang (2016). "RNA polymerase II regulates 

topoisomerase 1 activity to favor efficient transcription." Cell 165(2): 357-371. 

Barbieri, E., M. Trizzino, S. A. Welsh, T. A. Owens, B. Calabretta, M. Carroll, K. Sarma 

and A. Gardini (2018). "Targeted Enhancer Activation by a Subunit of the Integrator 

Complex." Mol Cell 71(1): 103-116 e107. 

Barker, N. (2014). "Adult intestinal stem cells: critical drivers of epithelial homeostasis 

and regeneration." Nature reviews. Molecular cell biology 15(1): 19. 

Barker, N., M. van de Wetering and H. Clevers (2008). "The intestinal stem cell." Genes 

Dev 22(14): 1856-1864. 

Barker, N., J. H. van Es, J. Kuipers, P. Kujala, M. van den Born, M. Cozijnsen, A. 

Haegebarth, J. Korving, H. Begthel, P. J. Peters and H. Clevers (2007). "Identification of 

stem cells in small intestine and colon by marker gene Lgr5." Nature 449(7165): 1003-

1007. 



 

196 

 

Barlow, C., S. Hirotsune, R. Paylor, M. Liyanage, M. Eckhaus, F. Collins, Y. Shiloh, J. 

N. Crawley, T. Ried and D. Tagle (1996). "Atm-deficient mice: a paradigm of ataxia 

telangiectasia." Cell 86(1): 159-171. 

Becherel, O. J., J. Sun, A. J. Yeo, S. Nayler, B. L. Fogel, F. Gao, G. Coppola, C. 

Criscuolo, G. De Michele and E. Wolvetang (2015). "A new model to study 

neurodegeneration in ataxia oculomotor apraxia type 2." Human molecular genetics 

24(20): 5759-5774. 

Becherel, O. J., A. J. Yeo, A. Stellati, E. Y. Heng, J. Luff, A. M. Suraweera, R. Woods, 

J. Fleming, D. Carrie, K. McKinney, X. Xu, C. Deng and M. F. Lavin (2013). "Senataxin 

plays an essential role with DNA damage response proteins in meiotic recombination and 

gene silencing." PLoS Genet 9(4): e1003435. 

Behrman, H. R., P. H. Kodaman, S. L. Preston and S. Gao (2001). "Oxidative stress and 

the ovary." Journal of the Society for Gynecologic Investigation 8(1_suppl): S40-S42. 

Bell, E. L., T. A. Klimova, J. Eisenbart, P. T. Schumacker and N. S. Chandel (2007). 

"Mitochondrial reactive oxygen species trigger hypoxia-inducible factor-dependent 

extension of the replicative life span during hypoxia." Molecular and cellular biology 

27(16): 5737-5745. 

Berkovich, E., R. J. Monnat, Jr. and M. B. Kastan (2007). "Roles of ATM and NBS1 in 

chromatin structure modulation and DNA double-strand break repair." Nat Cell Biol 9(6): 

683-690. 

Berniak, K., P. Rybak, T. Bernas, M. Zarębski, E. Biela, H. Zhao, Z. Darzynkiewicz and 

J. W. Dobrucki (2013). "Relationship between DNA damage response, initiated by 

camptothecin or oxidative stress, and DNA replication, analyzed by quantitative 3D 

image analysis." Cytometry Part A 83(10): 913-924. 

Berti, M., A. R. Chaudhuri, S. Thangavel, S. Gomathinayagam, S. Kenig, M. Vujanovic, 

F. Odreman, T. Glatter, S. Graziano and R. Mendoza-Maldonado (2013). "Human 

RECQ1 promotes restart of replication forks reversed by DNA topoisomerase I 

inhibition." Nature structural & molecular biology 20(3): 347. 

Bester, A. C., M. Roniger, Y. S. Oren, M. M. Im, D. Sarni, M. Chaoat, A. Bensimon, G. 

Zamir, D. S. Shewach and B. Kerem (2011). "Nucleotide deficiency promotes genomic 

instability in early stages of cancer development." Cell 145(3): 435-446. 

Bhaskara, V., A. Dupre, B. Lengsfeld, B. B. Hopkins, A. Chan, J. H. Lee, X. Zhang, J. 

Gautier, V. Zakian and T. T. Paull (2007). "Rad50 adenylate kinase activity regulates 

DNA tethering by Mre11/Rad50 complexes." Mol Cell 25(5): 647-661. 

Bhat, K. P., A. Krishnamoorthy, H. Dungrawala, E. B. Garcin, M. Modesti and D. Cortez 

(2018). "RADX Modulates RAD51 Activity to Control Replication Fork Protection." Cell 

Rep 24(3): 538-545. 

Bhatia, V., S. I. Barroso, M. L. Garcia-Rubio, E. Tumini, E. Herrera-Moyano and A. 

Aguilera (2014). "BRCA2 prevents R-loop accumulation and associates with TREX-2 

mRNA export factor PCID2." Nature 511(7509): 362-365. 

Bhattacharyya, A., R. Chattopadhyay, S. Mitra and S. E. Crowe (2014). "Oxidative stress: 

an essential factor in the pathogenesis of gastrointestinal mucosal diseases." Physiological 

reviews 94(2): 329-354. 

Bhatti, S., S. Kozlov, A. A. Farooqi, A. Naqi, M. Lavin and K. K. Khanna (2011). "ATM 

protein kinase: the linchpin of cellular defenses to stress." Cell Mol Life Sci 68(18): 2977-

3006. 

Bhogal, N., F. Jalali and R. G. Bristow (2009). "Microscopic imaging of DNA repair foci 

in irradiated normal tissues." International journal of radiation biology 85(9): 732-746. 

Bianchi, V., E. Pontis and P. Reichard (1986). "Changes of deoxyribonucleoside 

triphosphate pools induced by hydroxyurea and their relation to DNA synthesis." Journal 

of Biological Chemistry 261(34): 16037-16042. 

Bianco, P. R. (2017). "The tale of SSB." Prog Biophys Mol Biol 127: 111-118. 



 

197 

 

Bindra, R. S., A. G. Goglia, M. Jasin and S. N. Powell (2013). "Development of an assay 

to measure mutagenic non-homologous end-joining repair activity in mammalian cells." 

Nucleic Acids Res 41(11): e115. 

Binz, S. K., A. M. Sheehan and M. S. Wold (2004). "Replication protein A 

phosphorylation and the cellular response to DNA damage." DNA Repair (Amst) 3(8-9): 

1015-1024. 

Blackford, A. N. and S. P. Jackson (2017). "ATM, ATR, and DNA-PK: The Trinity at 

the Heart of the DNA Damage Response." Mol Cell 66(6): 801-817. 

Blazek, D., J. Kohoutek, K. Bartholomeeusen, E. Johansen, P. Hulinkova, Z. Luo, P. 

Cimermancic, J. Ule and B. M. Peterlin (2011). "The Cyclin K/Cdk12 complex maintains 

genomic stability via regulation of expression of DNA damage response genes." Genes 

& development 25(20): 2158-2172. 

Blesa, J., I. Trigo-Damas, A. Quiroga-Varela and V. R. Jackson-Lewis (2015). "Oxidative 

stress and Parkinson’s disease." Frontiers in neuroanatomy 9: 91. 

Blunt, T., N. J. Finnie, G. E. Taccioli, G. C. Smith, J. Demengeot, T. M. Gottlieb, R. 

Mizuta, A. Varghese, F. W. Alt and P. A. Jeggo (1995). "Defective DNA-dependent 

protein kinase activity is linked to V (D) J recombination and DNA repair defects 

associated with the murine scid mutation." Cell 80(5): 813-823. 

Bochkarev, A. and E. Bochkareva (2004). "From RPA to BRCA2: lessons from single-

stranded DNA binding by the OB-fold." Current opinion in structural biology 14(1): 36-

42. 

Bochkarev, A., E. Bochkareva, L. Frappier and A. M. Edwards (1999). "The crystal 

structure of the complex of replication protein A subunits RPA32 and RPA14 reveals a 

mechanism for single‐stranded DNA binding." The EMBO journal 18(16): 4498-4504. 

Bochkareva, E., L. Kaustov, A. Ayed, G.-S. Yi, Y. Lu, A. Pineda-Lucena, J. C. Liao, A. 

L. Okorokov, J. Milner and C. H. Arrowsmith (2005). "Single-stranded DNA mimicry in 

the p53 transactivation domain interaction with replication protein A." Proceedings of the 

National Academy of Sciences 102(43): 15412-15417. 

Bolderson, E., E. Petermann, L. Croft, A. Suraweera, R. K. Pandita, T. K. Pandita, T. 

Helleday, K. K. Khanna and D. J. Richard (2014). "Human single-stranded DNA binding 

protein 1 (hSSB1/NABP2) is required for the stability and repair of stalled replication 

forks." Nucleic Acids Res 42(10): 6326-6336. 

Bolderson, E., K. I. Savage, R. Mahen, V. Pisupati, M. E. Graham, D. J. Richard, P. J. 

Robinson, A. R. Venkitaraman and K. K. Khanna (2012). "Kruppel-associated Box 

(KRAB)-associated co-repressor (KAP-1) Ser-473 phosphorylation regulates 

heterochromatin protein 1beta (HP1-beta) mobilization and DNA repair in 

heterochromatin." J Biol Chem 287(33): 28122-28131. 

Boucher, D., T. Vu, A. L. Bain, M. Tagliaro-Jahns, W. Shi, S. W. Lane and K. K. Khanna 

(2015). "Ssb2/Nabp1 is dispensable for thymic maturation, male fertility, and DNA repair 

in mice." FASEB J 29(8): 3326-3334. 

Brambati, A., A. Colosio, L. Zardoni, L. Galanti and G. Liberi (2015). "Replication and 

transcription on a collision course: eukaryotic regulation mechanisms and implications 

for DNA stability." Front Genet 6: 166. 

Branzei, D. and M. Foiani (2008). "Regulation of DNA repair throughout the cell cycle." 

Nat Rev Mol Cell Biol 9(4): 297-308. 

Bredemeyer, A. L., G. G. Sharma, C.-Y. Huang, B. A. Helmink, L. M. Walker, K. C. 

Khor, B. Nuskey, K. E. Sullivan, T. K. Pandita and C. H. Bassing (2006). "ATM stabilizes 

DNA double-strand-break complexes during V (D) J recombination." Nature 442(7101): 

466-470. 

Britton, S., J. Coates and S. P. Jackson (2013). "A new method for high-resolution 

imaging of Ku foci to decipher mechanisms of DNA double-strand break repair." J Cell 

Biol 202(3): 579-595. 



 

198 

 

Brosh, R. M., J.-L. Li, M. K. Kenny, J. K. Karow, M. P. Cooper, R. P. Kureekattil, I. D. 

Hickson and V. A. Bohr (2000). "Replication protein A physically interacts with the 

Bloom syndrome protein and stimulates its helicase actvity." Journal of Biological 

Chemistry. 

Brown, E. J. and D. Baltimore (2000). "ATR disruption leads to chromosomal 

fragmentation and early embryonic lethality." Genes & development 14(4): 397-402. 

Burma, S., B. P. Chen, M. Murphy, A. Kurimasa and D. J. Chen (2001). "ATM 

phosphorylates histone H2AX in response to DNA double-strand breaks." Journal of 

Biological Chemistry 276(45): 42462-42467. 

Burrell, R. A., S. E. McClelland, D. Endesfelder, P. Groth, M.-C. Weller, N. Shaikh, E. 

Domingo, N. Kanu, S. M. Dewhurst and E. Gronroos (2013). "Replication stress links 

structural and numerical cancer chromosomal instability." Nature 494(7438): 492. 

Byun, T. S., M. Pacek, M.-c. Yee, J. C. Walter and K. A. Cimprich (2005). "Functional 

uncoupling of MCM helicase and DNA polymerase activities activates the ATR-

dependent checkpoint." Genes & development 19(9): 1040-1052. 

Canman, C. E., D.-S. Lim, K. A. Cimprich, Y. Taya, K. Tamai, K. Sakaguchi, E. Appella, 

M. B. Kastan and J. D. Siliciano (1998). "Activation of the ATM kinase by ionizing 

radiation and phosphorylation of p53." Science 281(5383): 1677-1679. 

Cao, J. and Q. Yan (2012). "Histone ubiquitination and deubiquitination in transcription, 

DNA damage response, and cancer." Front Oncol 2: 26. 

Carreira, A., J. Hilario, I. Amitani, R. J. Baskin, M. K. Shivji, A. R. Venkitaraman and S. 

C. Kowalczykowski (2009). "The BRC repeats of BRCA2 modulate the DNA-binding 

selectivity of RAD51." Cell 136(6): 1032-1043. 

Carroccio, A., P. Mansueto, G. Iacono, M. Soresi, A. D'alcamo, F. Cavataio, I. Brusca, 

A. M. Florena, G. Ambrosiano and A. Seidita (2012). "Non-celiac wheat sensitivity 

diagnosed by double-blind placebo-controlled challenge: exploring a new clinical entity." 

The American journal of gastroenterology 107(12): 1898. 

Carter, T., I. Vancurova, I. Sun, W. Lou and S. DeLeon (1990). "A DNA-activated protein 

kinase from HeLa cell nuclei." Molecular and cellular biology 10(12): 6460-6471. 

Castagna, A., P. Gareri, F. Falvo, S. Sestito, M. Rocca, L. Pensabene, D. Concolino, G. 

Coppolino and G. Ruotolo (2018). "Werner syndrome: a rare mutation." Aging clinical 

and experimental research: 1-5. 

Catassi, C., I. Bearzi and G. K. Holmes (2005). "Association of celiac disease and 

intestinal lymphomas and other cancers." Gastroenterology 128(4): S79-S86. 

Catassi, C., E. Fabiani, G. Corrao, M. Barbato, A. De Renzo, A. M. Carella, A. Gabrielli, 

P. Leoni, A. Carroccio and M. Baldassarre (2002). "Risk of non-Hodgkin lymphoma in 

celiac disease." Jama 287(11): 1413-1419. 

Celeste, A., O. Fernandez-Capetillo, M. J. Kruhlak, D. R. Pilch, D. W. Staudt, A. Lee, R. 

F. Bonner, W. M. Bonner and A. Nussenzweig (2003). "Histone H2AX phosphorylation 

is dispensable for the initial recognition of DNA breaks." Nature cell biology 5(7): 675. 

Celeste, A., S. Petersen, P. J. Romanienko, O. Fernandez-Capetillo, H. T. Chen, O. A. 

Sedelnikova, B. Reina-San-Martin, V. Coppola, E. Meffre, M. J. Difilippantonio, C. 

Redon, D. R. Pilch, A. Olaru, M. Eckhaus, R. D. Camerini-Otero, L. Tessarollo, F. Livak, 

K. Manova, W. M. Bonner, M. C. Nussenzweig and A. Nussenzweig (2002). "Genomic 

instability in mice lacking histone H2AX." Science 296(5569): 922-927. 

Cerritelli, S. M., E. G. Frolova, C. Feng, A. Grinberg, P. E. Love and R. J. Crouch (2003). 

"Failure to Produce Mitochondrial DNA Results in Embryonic Lethality in Rnaseh1 Null 

Mice." Molecular Cell 11(3): 807-815. 

Chabosseau, P., G. Buhagiar-Labarchède, R. Onclercq-Delic, S. Lambert, M. Debatisse, 

O. Brison and M. Amor-Guéret (2011). "Pyrimidine pool imbalance induced by BLM 

helicase deficiency contributes to genetic instability in Bloom syndrome." Nature 

communications 2: 368. 



 

199 

 

Chan, K. L., T. Palmai-Pallag, S. Ying and I. D. Hickson (2009). "Replication stress 

induces sister-chromatid bridging at fragile site loci in mitosis." Nature cell biology 11(6): 

753. 

Chang, L., P. H. Graham, J. Hao, J. Ni, J. Bucci, P. J. Cozzi, J. H. Kearsley and Y. Li 

(2014). "PI3K/Akt/mTOR pathway inhibitors enhance radiosensitivity in radioresistant 

prostate cancer cells through inducing apoptosis, reducing autophagy, suppressing NHEJ 

and HR repair pathways." Cell Death Dis 5: e1437. 

Chapman, J. R. and S. P. Jackson (2008). "Phospho‐dependent interactions between 

NBS1 and MDC1 mediate chromatin retention of the MRN complex at sites of DNA 

damage." EMBO reports 9(8): 795-801. 

Chapman, J. R., A. J. Sossick, S. J. Boulton and S. P. Jackson (2012). "BRCA1-associated 

exclusion of 53BP1 from DNA damage sites underlies temporal control of DNA repair." 

J Cell Sci 125(Pt 15): 3529-3534. 

Chapman, J. R., M. R. Taylor and S. J. Boulton (2012). "Playing the end game: DNA 

double-strand break repair pathway choice." Mol Cell 47(4): 497-510. 

Chatterjee, N. and G. C. Walker (2017). "Mechanisms of DNA damage, repair, and 

mutagenesis." Environ Mol Mutagen 58(5): 235-263. 

Chaudhuri, A. R., Y. Hashimoto, R. Herrador, K. J. Neelsen, D. Fachinetti, R. Bermejo, 

A. Cocito, V. Costanzo and M. Lopes (2012). "Topoisomerase I poisoning results in 

PARP-mediated replication fork reversal." Nature structural & molecular biology 19(4): 

417. 

Chen, J., J. Crutchley, D. Zhang, K. Owzar and M. B. Kastan (2017). "Identification of a 

DNA damage-Induced alternative splicing pathway that regulates p53 and cellular 

senescence markers." Cancer discovery: CD-16-0908. 

Chen, J. and E. J. Wagner (2010). "snRNA 3' end formation: the dawn of the Integrator 

complex." Biochem Soc Trans 38(4): 1082-1087. 

Chen, L., S. Huang, L. Lee, A. Davalos, R. H. Schiestl, J. Campisi and J. Oshima (2003). 

"WRN, the protein deficient in Werner syndrome, plays a critical structural role in 

optimizing DNA repair." Aging cell 2(4): 191-199. 

Chen, L., C. J. Nievera, A. Y. Lee and X. Wu (2008). "Cell cycle-dependent complex 

formation of BRCA1.CtIP.MRN is important for DNA double-strand break repair." J Biol 

Chem 283(12): 7713-7720. 

Chen, S., M. A. de Vries and S. P. Bell (2007). "Orc6 is required for dynamic recruitment 

of Cdt1 during repeated Mcm2–7 loading." Genes & development 21(22): 2897-2907. 

Chen, Y., K. Sinha, K. Perumal, J. Gu and R. Reddy (1998). "Accurate 3′ end processing 

and adenylation of human signal recognition particle RNA and Alu RNA in vitro." 

Journal of Biological Chemistry 273(52): 35023-35031. 

Cheung-Ong, K., G. Giaever and C. Nislow (2013). "DNA-damaging agents in cancer 

chemotherapy: serendipity and chemical biology." Chemistry & biology 20(5): 648-659. 

Chou, D. M., B. Adamson, N. E. Dephoure, X. Tan, A. C. Nottke, K. E. Hurov, S. P. 

Gygi, M. P. Colaiácovo and S. J. Elledge (2010). "A chromatin localization screen reveals 

poly (ADP ribose)-regulated recruitment of the repressive polycomb and NuRD 

complexes to sites of DNA damage." Proceedings of the National Academy of Sciences 

107(43): 18475-18480. 

Chowdhury, D., M. C. Keogh, H. Ishii, C. L. Peterson, S. Buratowski and J. Lieberman 

(2005). "gamma-H2AX dephosphorylation by protein phosphatase 2A facilitates DNA 

double-strand break repair." Mol Cell 20(5): 801-809. 

Cimprich, K. A. and D. Cortez (2008). "ATR: an essential regulator of genome integrity." 

Nat Rev Mol Cell Biol 9(8): 616-627. 

Citrin, D. E. and J. B. Mitchell (2014). Altering the response to radiation: sensitizers and 

protectors. Seminars in oncology, Elsevier. 



 

200 

 

Clemens, S.-C. and K. Walter (1991). "Organization and transient expression of the gene 

for human U11 snRNA." Gene expression 1(2): 85-90. 

Clevers, H. (2006). "Wnt/beta-catenin signaling in development and disease." Cell 

127(3): 469-480. 

Clevers, H. (2013). "The intestinal crypt, a prototype stem cell compartment." Cell 

154(2): 274-284. 

Clevers, H., K. M. Loh and R. Nusse (2014). "An integral program for tissue renewal and 

regeneration: Wnt signaling and stem cell control." science 346(6205): 1248012. 

Cook, P. J., B. G. Ju, F. Telese, X. Wang, C. K. Glass and M. G. Rosenfeld (2009). 

"Tyrosine dephosphorylation of H2AX modulates apoptosis and survival decisions." 

Nature 458(7238): 591-596. 

Cooke, M. S., M. D. Evans, M. Dizdaroglu and J. Lunec (2003). "Oxidative DNA 

damage: mechanisms, mutation, and disease." The FASEB Journal 17(10): 1195-1214. 

Coon, E. A. and E. E. Benarroch (2018). "DNA damage response: Selected review and 

neurologic implications." Neurology: 10.1212/WNL. 0000000000004989. 

Cooper, P. K., T. Nouspikel, S. G. Clarkson and S. A. Leadon (1997). "Defective 

transcription-coupled repair of oxidative base damage in Cockayne syndrome patients 

from XP group G." Science 275(5302): 990-993. 

Costantino, L. and D. Koshland (2015). "The Yin and Yang of R-loop biology." Curr 

Opin Cell Biol 34: 39-45. 

Croft, L. V., E. Bolderson, M. N. Adams, S. El-Kamand, R. Kariawasam, L. Cubeddu, R. 

Gamsjaeger and D. J. Richard (2018). "Human single-stranded DNA binding protein 1 

(hSSB1, OBFC2B), a critical component of the DNA damage response." Semin Cell Dev 

Biol. 

Cruet-Hennequart, S., S. Coyne, M. T. Glynn, G. G. Oakley and M. P. Carty (2006). "UV-

induced RPA phosphorylation is increased in the absence of DNA polymerase eta and 

requires DNA-PK." DNA Repair (Amst) 5(4): 491-504. 

Cunningham-Rundles, C. and C. Bodian (1999). "Common variable immunodeficiency: 

clinical and immunological features of 248 patients." Clinical immunology 92(1): 34-48. 

Curtin, N. J. (2012). "DNA repair dysregulation from cancer driver to therapeutic target." 

Nature Reviews Cancer 12(12): 801. 

D'Alessandro, G. and F. d'Adda di Fagagna (2017). "Transcription and DNA Damage: 

Holding Hands or Crossing Swords?" J Mol Biol 429(21): 3215-3229. 

D'haens, G. R., K. Geboes, M. Peeters, F. Baert, F. Penninckx and P. Rutgeerts (1998). 

"Early lesions of recurrent Crohn's disease caused by infusion of intestinal contents in 

excluded ileum." Gastroenterology 114(2): 262-267. 

Dang, J., M.-L. Kuo, C. M. Eischen, L. Stepanova, C. J. Sherr and M. F. Roussel (2002). 

"The RING domain of Mdm2 can inhibit cell proliferation." Cancer research 62(4): 1222-

1230. 

Daniel, J. A., M. Pellegrini, B. S. Lee, Z. Guo, D. Filsuf, N. V. Belkina, Z. You, T. T. 

Paull, B. P. Sleckman, L. Feigenbaum and A. Nussenzweig (2012). "Loss of ATM kinase 

activity leads to embryonic lethality in mice." J Cell Biol 198(3): 295-304. 

Daniel, J. A., M. Pellegrini, J.-H. Lee, T. T. Paull, L. Feigenbaum and A. Nussenzweig 

(2008). "Multiple autophosphorylation sites are dispensable for murine ATM activation 

in vivo." The Journal of cell biology 183(5): 777-783. 

De Jong, A. E., H. Morreau, M. Van Puijenbroek, P. H. Eilers, J. Wijnen, F. M. 

Nagengast, G. Griffioen, A. Cats, F. H. Menko and J. H. Kleibeuker (2004). "The role of 

mismatch repair gene defects in the development of adenomas in patients with HNPCC." 

Gastroenterology 126(1): 42-48. 

de Vegvar, H. E. N., E. Lund and J. E. Dahlberg (1986). "3′ end formation of U1 snRNA 

precursors is coupled to transcription from snRNA promoters." Cell 47(2): 259-266. 



 

201 

 

Debatisse, M., B. Le Tallec, A. Letessier, B. Dutrillaux and O. Brison (2012). "Common 

fragile sites: mechanisms of instability revisited." Trends in Genetics 28(1): 22-32. 

Decorsière, A., A. Cayrel, S. Vagner and S. Millevoi (2011). "Essential role for the 

interaction between hnRNP H/F and a G quadruplex in maintaining p53 pre-mRNA 3′-

end processing and function during DNA damage." Genes & development 25(3): 220-

225. 

DeGaetani, M., C. A. Tennyson, B. Lebwohl, S. K. Lewis, H. A. Daya, C. Arguelles-

Grande, G. Bhagat and P. H. Green (2013). "Villous atrophy and negative celiac serology: 

a diagnostic and therapeutic dilemma." The American Journal of Gastroenterology 

108(5): 647. 

Delacroix, S., J. M. Wagner, M. Kobayashi, K. Yamamoto and L. M. Karnitz (2007). 

"The Rad9-Hus1-Rad1 (9-1-1) clamp activates checkpoint signaling via TopBP1." Genes 

Dev 21(12): 1472-1477. 

DePamphilis, M. L., C. M. de Renty, Z. Ullah and C. Y. Lee (2012). "“The octet”: eight 

protein kinases that control mammalian DNA replication." Frontiers in physiology 3: 368. 

Desgranges, Z. P. and A. L. Roy (2006). "TFII-I: connecting mitogenic signals to cell 

cycle regulation." Cell Cycle 5(4): 356-359. 

Deshpande, R. A., G. J. Williams, O. Limbo, R. S. Williams, J. Kuhnlein, J. H. Lee, S. 

Classen, G. Guenther, P. Russell, J. A. Tainer and T. T. Paull (2014). "ATP-driven Rad50 

conformations regulate DNA tethering, end resection, and ATM checkpoint signaling." 

EMBO J 33(5): 482-500. 

Desviat, L. R., B. Pérez and M. Ugarte (2012). Minigenes to confirm exon skipping 

mutations. Exon Skipping, Springer: 37-47. 

Dev, H., T. W. Chiang, C. Lescale, I. de Krijger, A. G. Martin, D. Pilger, J. Coates, M. 

Sczaniecka-Clift, W. Wei, M. Ostermaier, M. Herzog, J. Lam, A. Shea, M. Demir, Q. 

Wu, F. Yang, B. Fu, Z. Lai, G. Balmus, R. Belotserkovskaya, V. Serra, M. J. O'Connor, 

A. Bruna, P. Beli, L. Pellegrini, C. Caldas, L. Deriano, J. J. L. Jacobs, Y. Galanty and S. 

P. Jackson (2018). "Shieldin complex promotes DNA end-joining and counters 

homologous recombination in BRCA1-null cells." Nat Cell Biol 20(8): 954-965. 

Dickey, T. H., S. E. Altschuler and D. S. Wuttke (2013). "Single-stranded DNA-binding 

proteins: multiple domains for multiple functions." Structure 21(7): 1074-1084. 

Difilippantonio, S., A. Celeste, O. Fernandez-Capetillo, H.-T. Chen, B. R. San Martin, F. 

Van Laethem, Y.-P. Yang, G. V. Petukhova, M. Eckhaus and L. Feigenbaum (2005). 

"Role of Nbs1 in the activation of the Atm kinase revealed in humanized mouse models." 

Nature cell biology 7(7): 675. 

Doerks, T., R. R. Copley, J. Schultz, C. P. Ponting and P. Bork (2002). "Systematic 

identification of novel protein domain families associated with nuclear functions." 

Genome Res 12(1): 47-56. 

Dolatshad, H., A. Pellagatti, M. Fernandez-Mercado, B. H. Yip, L. Malcovati, M. 

Attwood, B. Przychodzen, N. Sahgal, A. A. Kanapin and H. Lockstone (2015). 

"Disruption of SF3B1 results in deregulated expression and splicing of key genes and 

pathways in myelodysplastic syndrome hematopoietic stem and progenitor cells." 

Leukemia 29(5): 1092. 

Dominski, Z., X.-c. Yang, M. Purdy, E. J. Wagner and W. F. Marzluff (2005). "A CPSF-

73 homologue is required for cell cycle progression but not cell growth and interacts with 

a protein having features of CPSF-100." Molecular and cellular biology 25(4): 1489-

1500. 

Du, L. and R. A. Gatti (2011). "Potential therapeutic applications of antisense morpholino 

oligonucleotides in modulation of splicing in primary immunodeficiency diseases." J 

Immunol Methods 365(1-2): 1-7. 



 

202 

 

Du, L., J. M. Pollard and R. A. Gatti (2007). "Correction of prototypic ATM splicing 

mutations and aberrant ATM function with antisense morpholino oligonucleotides." 

Proceedings of the National Academy of Sciences 104(14): 6007-6012. 

Dubrovsky, G. and J. C. Y. Dunn (2018). "Mechanisms for intestinal regeneration." Curr 

Opin Pediatr 30(3): 424-429. 

Duhig, K., L. C. Chappell and A. H. Shennan (2016). "Oxidative stress in pregnancy and 

reproduction." Obstet Med 9(3): 113-116. 

Dungrawala, H., K. P. Bhat, R. Le Meur, W. J. Chazin, X. Ding, S. K. Sharan, S. R. 

Wessel, A. A. Sathe, R. Zhao and D. Cortez (2017). "RADX Promotes Genome Stability 

and Modulates Chemosensitivity by Regulating RAD51 at Replication Forks." Mol Cell 

67(3): 374-386 e375. 

Dupré, A., L. Boyer-Chatenet and J. Gautier (2006). "Two-step activation of ATM by 

DNA and the Mre11–Rad50–Nbs1 complex." Nature Structural and Molecular Biology 

13(5): 451. 

Durocher, D. and S. P. Jackson (2001). "DNA-PK, ATM and ATR as sensors of DNA 

damage: variations on a theme?" Current opinion in cell biology 13(2): 225-231. 

Dutertre, M., G. Sanchez, M. C. De Cian, J. Barbier, E. Dardenne, L. Gratadou, G. 

Dujardin, C. Le Jossic-Corcos, L. Corcos and D. Auboeuf (2010). "Cotranscriptional 

exon skipping in the genotoxic stress response." Nat Struct Mol Biol 17(11): 1358-1366. 

Dutertre, M. and S. Vagner (2017). "DNA-Damage Response RNA-Binding Proteins 

(DDRBPs): Perspectives from a New Class of Proteins and Their RNA Targets." J Mol 

Biol 429(21): 3139-3145. 

Dutta, A., J. M. Ruppert, J. C. Aster and E. Winchester (1993). "Inhibition of DNA 

replication factor RPA by p53." Nature 365(6441): 79. 

El Hage, A., S. L. French, A. L. Beyer and D. Tollervey (2010). "Loss of Topoisomerase 

I leads to R-loop-mediated transcriptional blocks during ribosomal RNA synthesis." 

Genes Dev 24(14): 1546-1558. 

el Marjou, F., K. P. Janssen, B. H. Chang, M. Li, V. Hindie, L. Chan, D. Louvard, P. 

Chambon, D. Metzger and S. Robine (2004). "Tissue-specific and inducible Cre-

mediated recombination in the gut epithelium." Genesis 39(3): 186-193. 

Erdal, E., S. Haider, J. Rehwinkel, A. L. Harris and P. J. McHugh (2017). "A prosurvival 

DNA damage-induced cytoplasmic interferon response is mediated by end resection 

factors and is limited by Trex1." Genes Dev 31(4): 353-369. 

Eshleman, J. R. and S. D. Markowitz (1996). "Mismatch repair defects in human 

carcinogenesis." Human molecular genetics 5(Supplement_1): 1489-1494. 

Espinosa, J. M., R. E. Verdun and B. M. Emerson (2003). "p53 functions through stress-

and promoter-specific recruitment of transcription initiation components before and after 

DNA damage." Molecular cell 12(4): 1015-1027. 

Evdokimov, A. N., A. Y. Tsidulko, A. V. Popov, Y. N. Vorobiev, A. A. Lomzov, L. S. 

Koroleva, V. N. Silnikov, I. O. Petruseva and O. I. Lavrik (2018). "Structural basis for 

the recognition and processing of DNA containing bulky lesions by the mammalian 

nucleotide excision repair system." DNA repair 61: 86-98. 

Ezzeddine, N., J. Chen, B. Waltenspiel, B. Burch, T. Albrecht, M. Zhuo, W. D. Warren, 

W. F. Marzluff and E. J. Wagner (2011). "A subset of Drosophila integrator proteins is 

essential for efficient U7 snRNA and spliceosomal snRNA 3'-end formation." Mol Cell 

Biol 31(2): 328-341. 

Fairman, M. P. and B. Stillman (1988). "Cellular factors required for multiple stages of 

SV40 DNA replication in vitro." The EMBO Journal 7(4): 1211-1218. 

Fasano, A. and C. Catassi (2012). "Celiac disease." New England Journal of Medicine 

367(25): 2419-2426. 



 

203 

 

Fattah, F. J., K. Hara, K. R. Fattah, C. Yang, N. Wu, R. Warrington, D. J. Chen, P. Zhou, 

D. A. Boothman and H. Yu (2014). "The transcription factor TFII-I promotes DNA 

translesion synthesis and genomic stability." PLoS genetics 10(6): e1004419. 

Federico, A., M. Rienzo, C. Abbondanza, V. Costa, A. Ciccodicola and A. Casamassimi 

(2017). "Pan-Cancer Mutational and Transcriptional Analysis of the Integrator 

Complex." Int J Mol Sci 18(5). 

Fedier, A., M. Schlamminger, V. Schwarz, U. Haller, S. Howell and D. Fink (2003). 

"Loss of atm sensitises p53-deficient cells to topoisomerase poisons and antimetabolites." 

Annals of oncology 14(6): 938-945. 

Feil, S., N. Valtcheva and R. Feil (2009). "Inducible Cre mice." Methods Mol Biol 530: 

343-363. 

Feldhahn, N., E. Ferretti, D. F. Robbiani, E. Callen, S. Deroubaix, L. Selleri, A. 

Nussenzweig and M. C. Nussenzweig (2012). "The hSSB1 orthologue Obfc2b is essential 

for skeletogenesis but dispensable for the DNA damage response in vivo." EMBO J 

31(20): 4045-4056. 

Fenech, M., M. Kirsch-Volders, A. T. Natarajan, J. Surralles, J. W. Crott, J. Parry, H. 

Norppa, D. A. Eastmond, J. D. Tucker and P. Thomas (2011). "Molecular mechanisms 

of micronucleus, nucleoplasmic bridge and nuclear bud formation in mammalian and 

human cells." Mutagenesis 26(1): 125-132. 

Fernandez-Vidal, A., J. Vignard and G. Mirey (2017). "Around and beyond 53BP1 

Nuclear Bodies." Int J Mol Sci 18(12). 

FitzGerald, Jennifer E., M. Grenon and Noel F. Lowndes (2009). "53BP1: function and 

mechanisms of focal recruitment." Biochemical Society Transactions 37(4): 897-904. 

Flynn, R. L., S. Chang and L. Zou (2012). "RPA and POT1: friends or foes at telomeres?" 

Cell Cycle 11(4): 652-657. 

Flynn, R. L. and L. Zou (2010). "Oligonucleotide/oligosaccharide-binding fold proteins: 

a growing family of genome guardians." Crit Rev Biochem Mol Biol 45(4): 266-275. 

Fragkos, M. and V. Naim (2017). "Rescue from replication stress during mitosis." Cell 

Cycle 16(7): 613-633. 

Francia, S. (2015). "Non-coding RNA: sequence-specific guide for chromatin 

modification and DNA damage signaling." Frontiers in genetics 6: 320. 

Francia, S., M. Cabrini, V. Matti, A. Oldani and F. d. A. di Fagagna (2016). "DICER, 

DROSHA and DNA damage response RNAs are necessary for the secondary recruitment 

of DNA damage response factors." J Cell Sci 129(7): 1468-1476. 

Frank, K. M., J. M. Sekiguchi, K. J. Seidl, W. Swat, G. A. Rathbun, H.-L. Cheng, L. 

Davidson, L. Kangaloo and F. W. Alt (1998). "Late embryonic lethality and impaired V 

(D) J recombination in mice lacking DNA ligase IV." Nature 396(6707): 173. 

Franzolin, E., G. Pontarin, C. Rampazzo, C. Miazzi, P. Ferraro, E. Palumbo, P. Reichard 

and V. Bianchi (2013). "The deoxynucleotide triphosphohydrolase SAMHD1 is a major 

regulator of DNA precursor pools in mammalian cells." Proceedings of the National 

Academy of Sciences 110(35): 14272-14277. 

Frey, M. R. and A. G. Matera (1995). "Coiled bodies contain U7 small nuclear RNA and 

associate with specific DNA sequences in interphase human cells." Proceedings of the 

National Academy of Sciences 92(13): 5915-5919. 

Fridman, J. S. and S. W. Lowe (2003). "Control of apoptosis by p53." Oncogene 22(56): 

9030-9040. 

Fu, D., J. A. Calvo and L. D. Samson (2012). "Balancing repair and tolerance of DNA 

damage caused by alkylating agents." Nat Rev Cancer 12(2): 104-120. 

Fuchs, G., Y. Voichek, S. Benjamin, S. Gilad, I. Amit and M. Oren (2014). "4sUDRB-

seq: measuring genomewide transcriptional elongation rates and initiation frequencies 

within cells." Genome biology 15(5): R69. 



 

204 

 

Fujiwara, Y., T. Higashikawa and M. Tatsumi (1977). "A retarded rate of DNA 

replication and normal level of DNA repair in Werner's syndrome fibroblasts in culture." 

Journal of cellular physiology 92(3): 365-374. 

Fukumura, K., K. Inoue and A. Mayeda (2018). "Splicing activator RNPS1 suppresses 

errors in pre-mRNA splicing: A key factor for mRNA quality control." Biochem Biophys 

Res Commun 496(3): 921-926. 

Fullgrabe, J., N. Hajji and B. Joseph (2010). "Cracking the death code: apoptosis-related 

histone modifications." Cell Death Differ 17(8): 1238-1243. 

Fumagalli, M., F. Rossiello, M. Clerici, S. Barozzi, D. Cittaro, J. M. Kaplunov, G. Bucci, 

M. Dobreva, V. Matti and C. M. Beausejour (2012). "Telomeric DNA damage is 

irreparable and causes persistent DNA-damage-response activation." Nature cell biology 

14(4): 355. 

Furuta, T., H. Takemura, Z.-Y. Liao, G. J. Aune, C. Redon, O. A. Sedelnikova, D. R. 

Pilch, E. P. Rogakou, A. Celeste and H. T. Chen (2003). "Phosphorylation of histone 

H2AX and activation of Mre11, Rad50, and Nbs1 in response to replication-dependent 

DNA double-strand breaks induced by mammalian DNA topoisomerase I cleavage 

complexes." Journal of Biological Chemistry 278(22): 20303-20312. 

Gabrielli, B., K. Brooks and S. Pavey (2012). "Defective cell cycle checkpoints as targets 

for anti-cancer therapies." Front Pharmacol 3: 9. 

Gagné, F. (2014). Chapter 6 - Oxidative Stress. Biochemical Ecotoxicology. F. Gagné. 

Oxford, Academic Press: 103-115. 

Gao, M., W. Wei, M.-M. Li, Y.-S. Wu, Z. Ba, K.-X. Jin, M.-M. Li, Y.-Q. Liao, S. 

Adhikari and Z. Chong (2014). "Ago2 facilitates Rad51 recruitment and DNA double-

strand break repair by homologous recombination." Cell research 24(5): 532. 

Garcia-Muse, T. and A. Aguilera (2016). "Transcription-replication conflicts: how they 

occur and how they are resolved." Nat Rev Mol Cell Biol 17(9): 553-563. 

García-Rubio, M. L., C. Pérez-Calero, S. I. Barroso, E. Tumini, E. Herrera-Moyano, I. V. 

Rosado and A. Aguilera (2015). "The Fanconi anemia pathway protects genome integrity 

from R-loops." PLoS genetics 11(11): e1005674. 

Gardini, A., D. Baillat, M. Cesaroni, D. Hu, J. M. Marinis, E. J. Wagner, M. A. Lazar, A. 

Shilatifard and R. Shiekhattar (2014). "Integrator regulates transcriptional initiation and 

pause release following activation." Mol Cell 56(1): 128-139. 

Gay, S., A. M. Lachages, G. A. Millot, S. Courbet, A. Letessier, M. Debatisse and O. 

Brison (2010). "Nucleotide supply, not local histone acetylation, sets replication origin 

usage in transcribed regions." EMBO reports 11(9): 698-704. 

Gelot, C., I. Magdalou and B. S. Lopez (2015). "Replication stress in Mammalian cells 

and its consequences for mitosis." Genes (Basel) 6(2): 267-298. 

Ghavidel, A. and M. C. Schultz (2001). "TATA binding protein-associated CK2 

transduces DNA damage signals to the RNA polymerase III transcriptional machinery." 

Cell 106(5): 575-584. 

Ghezraoui, H., C. Oliveira, J. R. Becker, K. Bilham, D. Moralli, C. Anzilotti, R. Fischer, 

M. Deobagkar-Lele, M. Sanchiz-Calvo and E. Fueyo-Marcos (2018). "53BP1 

cooperation with the REV7–shieldin complex underpins DNA structure-specific NHEJ." 

Nature 560(7716): 122. 

Ghosh, M., H. L. Aguila, J. Michaud, Y. Ai, M. T. Wu, A. Hemmes, A. Ristimaki, C. 

Guo, H. Furneaux and T. Hla (2009). "Essential role of the RNA-binding protein HuR in 

progenitor cell survival in mice." J Clin Invest 119(12): 3530-3543. 

Giaever, G. N. and J. C. Wang (1988). "Supercoiling of intracellular DNA can occur in 

eukaryotic cells." Cell 55(5): 849-856. 

Gibbs, P. E., W. G. McGregor, V. M. Maher, P. Nisson and C. W. Lawrence (1998). "A 

human homolog of the Saccharomyces cerevisiae REV3 gene, which encodes the 

catalytic subunit of DNA polymerase zeta." Proc Natl Acad Sci U S A 95(12): 6876-6880. 



 

205 

 

Gildemeister, O. S., J. M. Sage and K. L. Knight (2009). "Cellular redistribution of Rad51 

in response to DNA damage: novel role for Rad51C." J Biol Chem 284(46): 31945-

31952. 

Gillet, L. C. and O. D. Schärer (2006). "Molecular mechanisms of mammalian global 

genome nucleotide excision repair." Chemical reviews 106(2): 253-276. 

Ginno, P. A., P. L. Lott, H. C. Christensen, I. Korf and F. Chedin (2012). "R-loop 

formation is a distinctive characteristic of unmethylated human CpG island promoters." 

Mol Cell 45(6): 814-825. 

Glanzer, J. G., S. Liu, L. Wang, A. Mosel, A. Peng and G. G. Oakley (2014). "RPA 

Inhibition Increases Replication Stress and Suppresses Tumor Growth." Cancer Research 

74(18): 5165-5172. 

Goldberg, M., M. Stucki, J. Falck, D. D'amours, D. Rahman, D. Pappin, J. Bartek and S. 

P. Jackson (2003). "MDC1 is required for the intra-S-phase DNA damage checkpoint." 

Nature 421(6926): 952. 

Gomes, X. V., L. A. Henricksen and M. S. Wold (1996). "Proteolytic mapping of human 

replication protein A: evidence for multiple structural domains and a conformational 

change upon interaction with single-stranded DNA." Biochemistry 35(17): 5586-5595. 

Gontijo, A. (2003). "Repairing DNA damage in chromatin." Biochimie 85(11): 1133-

1147. 

Goodarzi, A. A., P. Jeggo and M. Lobrich (2010). "The influence of heterochromatin on 

DNA double strand break repair: Getting the strong, silent type to relax." DNA repair 

9(12): 1273-1282. 

Goodarzi, A. A., J. C. Jonnalagadda, P. Douglas, D. Young, R. Ye, G. B. Moorhead, S. 

P. Lees‐Miller and K. K. Khanna (2004). "Autophosphorylation of ataxia‐telangiectasia 

mutated is regulated by protein phosphatase 2A." The EMBO journal 23(22): 4451-4461. 

Goodarzi, A. A., A. T. Noon, D. Deckbar, Y. Ziv, Y. Shiloh, M. Lobrich and P. A. Jeggo 

(2008). "ATM signaling facilitates repair of DNA double-strand breaks associated with 

heterochromatin." Mol Cell 31(2): 167-177. 

Gracz, A. D. and S. T. Magness (2014). "Defining hierarchies of stemness in the intestine: 

evidence from biomarkers and regulatory pathways." American Journal of Physiology-

Gastrointestinal and Liver Physiology 307(3): G260-G273. 

Graubert, T. A., D. Shen, L. Ding, T. Okeyo-Owuor, C. L. Lunn, J. Shao, K. Krysiak, C. 

C. Harris, D. C. Koboldt and D. E. Larson (2012). "Recurrent mutations in the U2AF1 

splicing factor in myelodysplastic syndromes." Nature genetics 44(1): 53. 

Gray, M. D., J.-C. Shen, A. S. Kamath-Loeb, A. Blank, B. L. Sopher, G. M. Martin, J. 

Oshima and L. A. Loeb (1997). "The Werner syndrome protein is a DNA helicase." 

Nature genetics 17(1): 100. 

Grdina, D. J. and C. P. Sigdestad (1989). "Radiation protectors: the unexpected benefits." 

Drug metabolism reviews 20(1): 13-42. 

Green, C. M. and G. Almouzni (2002). "When repair meets chromatin." EMBO reports 

3(1): 28-33. 

Green, P. H. and C. Cellier (2007). "Celiac disease." New England Journal of Medicine 

357(17): 1731-1743. 

Griffith, M., J. R. Walker, N. C. Spies, B. J. Ainscough and O. L. Griffith (2015). 

"Informatics for RNA Sequencing: A Web Resource for Analysis on the Cloud." PLoS 

Comput Biol 11(8): e1004393. 

Groh, M. and N. Gromak (2014). "Out of balance: R-loops in human disease." PLoS 

Genet 10(9): e1004630. 

Groner, A. C., S. Meylan, A. Ciuffi, N. Zangger, G. Ambrosini, N. Dénervaud, P. Bucher 

and D. Trono (2010). "KRAB–zinc finger proteins and KAP1 can mediate long-range 

transcriptional repression through heterochromatin spreading." PLoS genetics 6(3): 

e1000869. 



 

206 

 

Gu, J., G. Shumyatsky, N. Makan and R. Reddy (1997). "Formation of 2′, 3′-Cyclic 

Phosphates at the 3′ End of Human U6 Small Nuclear RNA in Vitro IDENTIFICATION 

OF 2′, 3′-CYCLIC PHOSPHATES AT THE 3′ ENDS OF HUMAN SIGNAL 

RECOGNITION PARTICLE AND MITOCHONDRIAL RNA PROCESSING RNAs." 

Journal of Biological Chemistry 272(35): 21989-21993. 

Gu, L., Y. Hong, S. McCulloch, H. Watanabe and G.-M. Li (1998). "ATP-dependent 

interaction of human mismatch repair proteins and dual role of PCNA in mismatch 

repair." Nucleic acids research 26(5): 1173-1178. 

Gu, P., W. Deng, M. Lei and S. Chang (2013). "Single strand DNA binding proteins 1 

and 2 protect newly replicated telomeres." Cell Res 23(5): 705-719. 

Guiro, J. and S. Murphy (2017). "Regulation of expression of human RNA polymerase 

II-transcribed snRNA genes." Open Biol 7(6). 

Gupta, R., S. Sharma, J. A. Sommers, M. K. Kenny, S. B. Cantor and R. M. Brosh (2007). 

"FANCJ (BACH1) helicase forms DNA damage inducible foci with replication protein 

A and interacts physically and functionally with the single-stranded DNA-binding 

protein." Blood 110(7): 2390-2398. 

Gupta, R., K. Somyajit, T. Narita, E. Maskey, A. Stanlie, M. Kremer, D. Typas, M. 

Lammers, N. Mailand and A. Nussenzweig (2018). "DNA repair network analysis reveals 

shieldin as a key regulator of NHEJ and PARP inhibitor sensitivity." Cell 173(4): 972-

988. e923. 

Gurley, K. E. and C. J. Kemp (2001). "Synthetic lethality between mutation in Atm and 

DNA-PKcs during murine embryogenesis." Current Biology 11(3): 191-194. 

Haffner, M. C., M. J. Aryee, A. Toubaji, D. M. Esopi, R. Albadine, B. Gurel, W. B. Isaacs, 

G. S. Bova, W. Liu and J. Xu (2010). "Androgen-induced TOP2B-mediated double-

strand breaks and prostate cancer gene rearrangements." Nature genetics 42(8): 668. 

Halazonetis, T. D., V. G. Gorgoulis and J. Bartek (2008). "An oncogene-induced DNA 

damage model for cancer development." science 319(5868): 1352-1355. 

Hamperl, S., M. J. Bocek, J. C. Saldivar, T. Swigut and K. A. Cimprich (2017). 

"Transcription-replication conflict orientation modulates R-loop levels and activates 

distinct DNA damage responses." Cell 170(4): 774-786. e719. 

Han, S. M., T. H. Lee, J. Y. Mun, M. J. Kim, E. A. Kritikou, S.-J. Lee, S. S. Han, M. O. 

Hengartner and H.-S. Koo (2006). "Deleted in cancer 1 (DICE1) is an essential protein 

controlling the topology of the inner mitochondrial membrane in C. elegans." 

Development 133(18): 3597-3606. 

Hanawalt, P. C. (2000). "DNA repair: the bases for Cockayne syndrome." Nature 

405(6785): 415. 

Haring, S. J., A. C. Mason, S. K. Binz and M. S. Wold (2008). "Cellular functions of 

human RPA1: multiple roles of domains in replication, repair, and checkpoints." Journal 

of Biological Chemistry. 

Harris, M. O., L. Kallenberger, M. A. Borán, M. Enoiu, V. Costanzo and J. Jiricny (2015). 

"Mismatch repair-dependent metabolism of O 6-methylguanine-containing DNA in 

Xenopus laevis egg extracts." DNA repair 28: 1-7. 

Harris, S. L. and A. J. Levine (2005). "The p53 pathway: positive and negative feedback 

loops." Oncogene 24(17): 2899-2908. 

Hartlova, A., S. F. Erttmann, F. A. Raffi, A. M. Schmalz, U. Resch, S. Anugula, S. 

Lienenklaus, L. M. Nilsson, A. Kroger, J. A. Nilsson, T. Ek, S. Weiss and N. O. Gekara 

(2015). "DNA damage primes the type I interferon system via the cytosolic DNA sensor 

STING to promote anti-microbial innate immunity." Immunity 42(2): 332-343. 

Hartong, W. A., W. K. Gourley and C. Arvanitakis (1979). "Giardiasis: clinical spectrum 

and functional-structural abnormalities of the small intestinal mucosa." Gastroenterology 

77(1): 61-69. 



 

207 

 

Hata, T. and M. Nakayama (2007). "Targeted disruption of the murine large nuclear 

KIAA1440/Ints1 protein causes growth arrest in early blastocyst stage embryos and 

eventual apoptotic cell death." Biochim Biophys Acta 1773(7): 1039-1051. 

Hatchi, E., K. Skourti-Stathaki, S. Ventz, L. Pinello, A. Yen, K. Kamieniarz-Gdula, S. 

Dimitrov, S. Pathania, K. M. McKinney, M. L. Eaton, M. Kellis, S. J. Hill, G. Parmigiani, 

N. J. Proudfoot and D. M. Livingston (2015). "BRCA1 recruitment to transcriptional 

pause sites is required for R-loop-driven DNA damage repair." Mol Cell 57(4): 636-647. 

He, H., A. S. Multani, W. Cosme‐Blanco, H. Tahara, J. Ma, S. Pathak, Y. Deng and S. 

Chang (2006). "POT1b protects telomeres from end‐to‐end chromosomal fusions and 

aberrant homologous recombination." The EMBO journal 25(21): 5180-5190. 

He, W. and R. Parker (2000). "Functions of Lsm proteins in mRNA degradation and 

splicing." Current opinion in cell biology 12(3): 346-350. 

Hebert, M. D., P. W. Szymczyk, K. B. Shpargel and A. G. Matera (2001). "Coilin forms 

the bridge between Cajal bodies and SMN, the spinal muscular atrophy protein." Genes 

& development 15(20): 2720-2729. 

Helmrich, A., M. Ballarino and L. Tora (2011). "Collisions between replication and 

transcription complexes cause common fragile site instability at the longest human 

genes." Molecular cell 44(6): 966-977. 

Hendrickson, E. A., X.-Q. Qin, E. A. Bump, D. G. Schatz, M. Oettinger and D. T. Weaver 

(1991). "A link between double-strand break-related repair and V (D) J recombination: 

the scid mutation." Proceedings of the National Academy of Sciences 88(10): 4061-4065. 

Hernandez, N. (1985). "Formation of the 3′ end of U1 snRNA is directed by a conserved 

sequence located downstream of the coding region." The EMBO journal 4(7): 1827-1837. 

Hernandez, N. and A. M. Weiner (1986). "Formation of the 3′ end of U1 snRNA requires 

compatible snRNA promoter elements." Cell 47(2): 249-258. 

Hett, A. and S. West (2014). "Inhibition of U4 snRNA in human cells causes the stable 

retention of polyadenylated pre-mRNA in the nucleus." PLoS One 9(5): e96174. 

Hewitt, G., D. Jurk, F. D. Marques, C. Correia-Melo, T. Hardy, A. Gackowska, R. 

Anderson, M. Taschuk, J. Mann and J. F. Passos (2012). "Telomeres are favoured targets 

of a persistent DNA damage response in ageing and stress-induced senescence." Nature 

communications 3: 708. 

Higgins, N., K. Kato and B. Strauss (1976). "A model for replication repair in mammalian 

cells." Journal of molecular biology 101(3): 417-425. 

Hirao, A., A. Cheung, G. Duncan, P. M. Girard, A. J. Elia, A. Wakeham, H. Okada, T. 

Sarkissian, J. A. Wong, T. Sakai, E. de Stanchina, R. G. Bristow, T. Suda, S. W. Lowe, 

P. A. Jeggo, S. J. Elledge and T. W. Mak (2002). "Chk2 Is a Tumor Suppressor That 

Regulates Apoptosis in both an Ataxia Telangiectasia Mutated (ATM)-Dependent and an 

ATM-Independent Manner." Molecular and Cellular Biology 22(18): 6521-6532. 

Ho, C. C., W. Y. Siu, A. Lau, W. M. Chan, T. Arooz and R. Y. Poon (2006). "Stalled 

replication induces p53 accumulation through distinct mechanisms from DNA damage 

checkpoint pathways." Cancer Res 66(4): 2233-2241. 

Hockemeyer, D., J. P. Daniels, H. Takai and T. de Lange (2006). "Recent expansion of 

the telomeric complex in rodents: Two distinct POT1 proteins protect mouse telomeres." 

Cell 126(1): 63-77. 

Hoeijmakers, J. H. (2001). "Genome maintenance mechanisms for preventing cancer." 

nature 411(6835): 366-374. 

Horejsi, Z., J. Falck, C. J. Bakkenist, M. B. Kastan, J. Lukas and J. Bartek (2004). 

"Distinct functional domains of Nbs1 modulate the timing and magnitude of ATM 

activation after low doses of ionizing radiation." Oncogene 23(17): 3122-3127. 

Horowitz, J. M., S.-H. Park, E. Bogenmann, J.-C. Cheng, D. W. Yandell, F. J. Kaye, J. 

D. Minna, T. P. Dryja and R. A. Weinberg (1990). "Frequent inactivation of the 



 

208 

 

retinoblastoma anti-oncogene is restricted to a subset of human tumor cells." Proceedings 

of the National Academy of Sciences 87(7): 2775-2779. 

Hsieh, P. and Y. Zhang (2017). "The Devil is in the details for DNA mismatch repair." 

Proc Natl Acad Sci U S A 114(14): 3552-3554. 

Hu, L., H. Filippakis, H. Huang, T. J. Yen and O. V. Gjoerup (2013). "Replication stress 

and mitotic dysfunction in cells expressing simian virus 40 large T antigen." J Virol 

87(24): 13179-13192. 

Hua, G., T. H. Thin, R. Feldman, A. Haimovitz-Friedman, H. Clevers, Z. Fuks and R. 

Kolesnick (2012). "Crypt base columnar stem cells in small intestines of mice are 

radioresistant." Gastroenterology 143(5): 1266-1276. 

Hua, Y., T. A. Vickers, B. F. Baker, C. F. Bennett and A. R. Krainer (2007). 

"Enhancement of SMN2 exon 7 inclusion by antisense oligonucleotides targeting the 

exon." PLoS biology 5(4): e73. 

Hua, Y., T. A. Vickers, H. L. Okunola, C. F. Bennett and A. R. Krainer (2008). "Antisense 

masking of an hnRNP A1/A2 intronic splicing silencer corrects SMN2 splicing in 

transgenic mice." The American Journal of Human Genetics 82(4): 834-848. 

Huang, J., Z. Gong, G. Ghosal and J. Chen (2009). "SOSS complexes participate in the 

maintenance of genomic stability." Mol Cell 35(3): 384-393. 

Huang, S., N.-P. Wang, B. Tseng, W. Lee and E. Lee (1990). "Two distinct and frequently 

mutated regions of retinoblastoma protein are required for binding to SV40 T antigen." 

The EMBO journal 9(6): 1815-1822. 

Huang, T. H., H. C. Chen, S. M. Chou, Y. C. Yang, J. R. Fan and T. K. Li (2010). 

"Cellular processing determinants for the activation of damage signals in response to 

topoisomerase I-linked DNA breakage." Cell Res 20(9): 1060-1075. 

Huertas, P. and A. Aguilera (2003). "Cotranscriptionally formed DNA: RNA hybrids 

mediate transcription elongation impairment and transcription-associated 

recombination." Molecular cell 12(3): 711-721. 

Hutten, S., G. Chachami, U. Winter, F. Melchior and A. I. Lamond (2014). "A role for 

the Cajal-body-associated SUMO isopeptidase USPL1 in snRNA transcription mediated 

by RNA polymerase II." J Cell Sci 127(Pt 5): 1065-1078. 

Huynh, D., X. M. Dai, S. Nandi, S. Lightowler, M. Trivett, C. K. Chan, I. Bertoncello, R. 

G. Ramsay and E. R. Stanley (2009). "Colony stimulating factor-1 dependence of paneth 

cell development in the mouse small intestine." Gastroenterology 137(1): 136-144, 144 

e131-133. 

Iftode, C., Y. Daniely and J. A. Borowiec (1999). "Replication protein A (RPA): the 

eukaryotic SSB." Crit Rev Biochem Mol Biol 34(3): 141-180. 

Iijima, K., M. Ohara, R. Seki and H. Tauchi (2008). "Dancing on Damaged Chromatin: 

Functions of ATM and the RAD50/MRE11/NBS1 Complex in Cellular Responses to 

DNA Damage." Journal of Radiation Research 49(5): 451-464. 

Imayoshi, I., T. Ohtsuka, D. Metzger, P. Chambon and R. Kageyama (2006). "Temporal 

regulation of Cre recombinase activity in neural stem cells." Genesis 44(5): 233-238. 

Inagaki, Y., K. Yasui, M. Endo, T. Nakajima, K. Zen, K. Tsuji, M. Minami, S. Tanaka, 

M. Taniwaki, Y. Itoh, S. Arii and T. Okanoue (2008). "CREB3L4, INTS3, and SNAPAP 

are targets for the 1q21 amplicon frequently detected in hepatocellular carcinoma." 

Cancer Genet Cytogenet 180(1): 30-36. 

Incorvaia, R. and R. A. Padgett (1998). "Base pairing with U6atac snRNA is required for 

5′ splice site activation of U12-dependent introns in vivo." Rna 4(6): 709-718. 

Insinga, A., A. Cicalese, M. Faretta, B. Gallo, L. Albano, S. Ronzoni, L. Furia, A. Viale 

and P. G. Pelicci (2013). "DNA damage in stem cells activates p21, inhibits p53, and 

induces symmetric self-renewing divisions." Proc Natl Acad Sci U S A 110(10): 3931-

3936. 



 

209 

 

Iyama, T. and D. M. Wilson (2013). "DNA repair mechanisms in dividing and non-

dividing cells." DNA Repair 12(8): 620-636. 

Iyer, V. and W. Szybalski (1964). "Mitomycins and porfiromycin: chemical mechanism 

of activation and cross-linking of DNA." Science 145(3627): 55-58. 

Izhar, L., B. Adamson, A. Ciccia, J. Lewis, L. Pontano-Vaites, Y. Leng, A. C. Liang, T. 

F. Westbrook, J. W. Harper and S. J. Elledge (2015). "A systematic analysis of factors 

localized to damaged chromatin reveals PARP-dependent recruitment of transcription 

factors." Cell reports 11(9): 1486-1500. 

Jackson, S. P. and J. Bartek (2009). "The DNA-damage response in human biology and 

disease." Nature 461(7267): 1071-1078. 

Jackson, S. P. and P. A. Jeggo (1995). "DNA double-strand break repair and V (D) J 

recombination: involvement of DNA-PK." Trends in biochemical sciences 20(10): 412-

415. 

Jackson, S. P., J. J. MacDonald, S. Lees-Miller and R. Tjian (1990). "GC box binding 

induces phosphorylation of Sp1 by a DNA-dependent protein kinase." Cell 63(1): 155-

165. 

Jacobs, E. Y., M. R. Frey, W. Wu, T. C. Ingledue, T. C. Gebuhr, L. Gao, W. F. Marzluff 

and A. G. Matera (1999). "Coiled bodies preferentially associate with U4, U11, and U12 

small nuclear RNA genes in interphase HeLa cells but not with U6 and U7 genes." 

Molecular biology of the cell 10(5): 1653-1663. 

Jangi, M., C. Fleet, P. Cullen, S. V. Gupta, S. Mekhoubad, E. Chiao, N. Allaire, C. F. 

Bennett, F. Rigo, A. R. Krainer, J. A. Hurt, J. P. Carulli and J. F. Staropoli (2017). "SMN 

deficiency in severe models of spinal muscular atrophy causes widespread intron 

retention and DNA damage." Proc Natl Acad Sci U S A 114(12): E2347-E2356. 

Jansen, J. G., A. Tsaalbi-Shtylik and N. de Wind (2015). "Roles of mutagenic translesion 

synthesis in mammalian genome stability, health and disease." DNA Repair (Amst) 29: 

56-64. 

Jauniaux, E. and G. Burton (2016). "The role of oxidative stress in placental-related 

diseases of pregnancy." Journal de gynecologie, obstetrique et biologie de la reproduction 

45(8): 775-785. 

Jeppesen, D. K., V. A. Bohr and T. Stevnsner (2011). "DNA repair deficiency in 

neurodegeneration." Progress in neurobiology 94(2): 166-200. 

Jiang, G. and A. Sancar (2006). "Recruitment of DNA damage checkpoint proteins to 

damage in transcribed and nontranscribed sequences." Molecular and cellular biology 

26(1): 39-49. 

Jiang, X., Y. Sun, S. Chen, K. Roy and B. D. Price (2006). "The FATC domains of PIKK 

proteins are functionally equivalent and participate in the Tip60-dependent activation of 

DNA-PKcs and ATM." J Biol Chem 281(23): 15741-15746. 

Jiao, X., B. T. Sherman, D. W. Huang, R. Stephens, M. W. Baseler, H. C. Lane and R. A. 

Lempicki (2012). "DAVID-WS: a stateful web service to facilitate gene/protein list 

analysis." Bioinformatics 28(13): 1805-1806. 

Jimeno, S., A. Rondon, R. Luna and A. Aguilera (2002). "The yeast THO complex and 

mRNA export factors link RNA metabolism with transcription and genome instability." 

The EMBO Journal 21(13): 3526-3535. 

Jiricny, J. (2006). "The multifaceted mismatch-repair system." Nature reviews Molecular 

cell biology 7(5): 335. 

Johnson, R. E., G. K. Kovvali, S. N. Guzder, N. S. Amin, C. Holm, Y. Habraken, P. Sung, 

L. Prakash and S. Prakash (1996). "Evidence for involvement of yeast proliferating cell 

nuclear antigen in DNA mismatch repair." Journal of Biological Chemistry 271(45): 

27987-27990. 



 

210 

 

Johnson, R. E., M. T. Washington, L. Haracska, S. Prakash and L. Prakash (2000). 

"Eukaryotic polymerases iota and zeta act sequentially to bypass DNA lesions." Nature 

406(6799): 1015-1019. 

Jones, R., O. Mortusewicz, I. Afzal, M. Lorvellec, P. Garcia, T. Helleday and E. 

Petermann (2013). "Increased replication initiation and conflicts with transcription 

underlie Cyclin E-induced replication stress." Oncogene 32(32): 3744. 

Jonkers, I., H. Kwak and J. T. Lis (2014). "Genome-wide dynamics of Pol II elongation 

and its interplay with promoter proximal pausing, chromatin, and exons." Elife 3: e02407. 

Jonkers, I. and J. T. Lis (2015). "Getting up to speed with transcription elongation by 

RNA polymerase II." Nat Rev Mol Cell Biol 16(3): 167-177. 

Ju, B.-G., V. V. Lunyak, V. Perissi, I. Garcia-Bassets, D. W. Rose, C. K. Glass and M. 

G. Rosenfeld (2006). "A topoisomerase IIß-mediated dsDNA break required for regulated 

transcription." science 312(5781): 1798-1802. 

Jung, P., T. Sato, A. Merlos-Suárez, F. M. Barriga, M. Iglesias, D. Rossell, H. Auer, M. 

Gallardo, M. A. Blasco and E. Sancho (2011). "Isolation and in vitro expansion of human 

colonic stem cells." Nature medicine 17(10): 1225. 

Jungmichel, S. and M. Stucki (2010). "MDC1: The art of keeping things in focus." 

Chromosoma 119(4): 337-349. 

Kabbani, T. A., R. R. Vanga, D. A. Leffler, J. Villafuerte-Galvez, K. Pallav, J. Hansen, 

R. Mukherjee, M. Dennis and C. P. Kelly (2014). "Celiac disease or non-celiac gluten 

sensitivity? An approach to clinical differential diagnosis." The American journal of 

gastroenterology 109(5): 741. 

Kaidi, A. and S. P. Jackson (2013). "KAT5 tyrosine phosphorylation couples chromatin 

sensing to ATM signalling." Nature 498(7452): 70-74. 

Kakarougkas, A., A. Ismail, A. L. Chambers, E. Riballo, A. D. Herbert, J. Künzel, M. 

Löbrich, P. A. Jeggo and J. A. Downs (2014). "Requirement for PBAF in transcriptional 

repression and repair at DNA breaks in actively transcribed regions of chromatin." 

Molecular cell 55(5): 723-732. 

Kalha, I. and J. H. Sellin (2004). "Common variable immunodeficiency and the 

gastrointestinal tract." Current gastroenterology reports 6(5): 377-383. 

Kalimutho, M., A. L. Bain, B. Mukherjee, P. Nag, D. M. Nanayakkara, S. K. Harten, J. 

L. Harris, G. N. Subramanian, D. Sinha, S. Shirasawa, S. Srihari, S. Burma and K. K. 

Khanna (2017). "Enhanced dependency of KRAS-mutant colorectal cancer cells on 

RAD51-dependent homologous recombination repair identified from genetic interactions 

in Saccharomyces cerevisiae." Mol Oncol 11(5): 470-490. 

Kalsbeek, D. and R. M. Golsteyn (2017). "G2/M-Phase Checkpoint Adaptation and 

Micronuclei Formation as Mechanisms That Contribute to Genomic Instability in Human 

Cells." Int J Mol Sci 18(11). 

Kang, H. S., J. Y. Beak, Y. S. Kim, R. M. Petrovich, J. B. Collins, S. F. Grissom and A. 

M. Jetten (2006). "NABP1, a novel RORgamma-regulated gene encoding a single-

stranded nucleic-acid-binding protein." Biochem J 397(1): 89-99. 

Kar, A., M. Kaur, T. Ghosh, M. M. Khan, A. Sharma, R. Shekhar, A. Varshney and S. 

Saxena (2015). "RPA70 depletion induces hSSB1/2-INTS3 complex to initiate ATR 

signaling." Nucleic Acids Res 43(10): 4962-4974. 

Kargapolova, Y., M. Levin, K. Lackner and S. Danckwardt (2017). "sCLIP-an integrated 

platform to study RNA-protein interactomes in biomedical research: identification of 

CSTF2tau in alternative processing of small nuclear RNAs." Nucleic Acids Res 45(10): 

6074-6086. 

Karlsson, K. H. and B. Stenerlöw (2007). "Extensive ssDNA end formation at DNA 

double-strand breaks in non-homologous end-joining deficient cells during the S phase." 

BMC molecular biology 8(1): 97. 



 

211 

 

Katzenberger, R. J., M. S. Marengo and D. A. Wassarman (2006). "ATM and ATR 

pathways signal alternative splicing of Drosophila TAF1 pre-mRNA in response to DNA 

damage." Molecular and cellular biology 26(24): 9256-9267. 

Katzenberger, R. J., M. S. Marengo and D. A. Wassarman (2009). "Control of alternative 

splicing by signal-dependent degradation of splicing-regulatory proteins." Journal of 

Biological Chemistry 284(16): 10737-10746. 

Kemp, M. G., A. C. Mason, A. Carreira, J. T. Reardon, S. J. Haring, G. E. Borgstahl, S. 

C. Kowalczykowski, A. Sancar and M. S. Wold (2010). "An alternative form of 

replication protein a expressed in normal human tissues supports DNA repair." Journal 

of Biological Chemistry 285(7): 4788-4797. 

Kennedy, S. A., M. L. Frazier, M. Steiniger, A. M. Mast, W. F. Marzluff and M. R. 

Redinbo (2009). "Crystal structure of the HEAT domain from the pre-mRNA processing 

factor symplekin." Journal of molecular biology 392(1): 115-128. 

Keshav, K. F., C. Chen and A. Dutta (1995). "Rpa4, a homolog of the 34-kilodalton 

subunit of the replication protein A complex." Molecular and cellular biology 15(6): 

3119-3128. 

Khanna, K. K. and S. P. Jackson (2001). "DNA double-strand breaks: signaling, repair 

and the cancer connection." Nature genetics 27(3): 247-254. 

Kheirallah, A. K., C. H. de Moor, A. Faiz, I. Sayers and I. P. Hall (2017). "Lung function 

associated gene Integrator Complex subunit 12 regulates protein synthesis pathways." 

BMC Genomics 18(1): 248. 

Khoo, B., X. Roca, S. L. Chew and A. R. Krainer (2007). "Antisense oligonucleotide-

induced alternative splicing of the APOB mRNA generates a novel isoform of APOB." 

BMC molecular biology 8(1): 3. 

Khoronenkova, S. V. and G. L. Dianov (2015). "ATM prevents DSB formation by 

coordinating SSB repair and cell cycle progression." Proc Natl Acad Sci U S A 112(13): 

3997-4002. 

Kim, D.-K., E. Stigger and S.-H. Lee (1996). "Role of the 70-kDa Subunit of Human 

Replication Protein A (I) single-stranded DNA binding activity, but not polymerase 

stimulatory activity, is required for DNA replication." Journal of Biological Chemistry 

271(25): 15124-15129. 

Kim, H. S., C. Lee, W. H. Kim, Y. H. Maeng and B. G. Jang (2017). "Expression profile 

of intestinal stem cell markers in colitis-associated carcinogenesis." Sci Rep 7(1): 6533. 

Kim, J. S., T. B. Krasieva, H. Kurumizaka, D. J. Chen, A. M. Taylor and K. Yokomori 

(2005). "Independent and sequential recruitment of NHEJ and HR factors to DNA 

damage sites in mammalian cells." J Cell Biol 170(3): 341-347. 

Kim, N., S. V. Mudrak and S. Jinks-Robertson (2011). "The dCMP transferase activity 

of yeast Rev1 is biologically relevant during the bypass of endogenously generated AP 

sites." DNA Repair (Amst) 10(12): 1262-1271. 

Kim, N., N. H. Shar-yin, J. S. Williams, Y. C. Li, A. B. Clark, J.-E. Cho, T. A. Kunkel, 

Y. Pommier and S. Jinks-Robertson (2011). "Mutagenic processing of ribonucleotides in 

DNA by yeast topoisomerase I." Science 332(6037): 1561-1564. 

Kirkconnell, K. S., B. Magnuson, M. T. Paulsen, B. Lu, K. Bedi and M. Ljungman (2017). 

"Gene length as a biological timer to establish temporal transcriptional regulation." Cell 

Cycle 16(3): 259-270. 

Kirsch, D. G., P. M. Santiago, E. di Tomaso, J. M. Sullivan, W. S. Hou, T. Dayton, L. B. 

Jeffords, P. Sodha, K. L. Mercer, R. Cohen, O. Takeuchi, S. J. Korsmeyer, R. T. Bronson, 

C. F. Kim, K. M. Haigis, R. K. Jain and T. Jacks (2010). "p53 controls radiation-induced 

gastrointestinal syndrome in mice independent of apoptosis." Science 327(5965): 593-

596. 

Klaunig, J. E. and Z. Wang (2018). "Oxidative stress in carcinogenesis." Current Opinion 

in Toxicology 7: 116-121. 



 

212 

 

Kloosterman, W. P. and E. Cuppen (2013). "Chromothripsis in congenital disorders and 

cancer: similarities and differences." Curr Opin Cell Biol 25(3): 341-348. 

Klusmann, I., K. Wohlberedt, A. Magerhans, F. Teloni, J. O. Korbel, M. Altmeyer and 

M. Dobbelstein (2018). "Chromatin modifiers Mdm2 and RNF2 prevent RNA:DNA 

hybrids that impair DNA replication." Proc Natl Acad Sci U S A. 

Kobayashi, J. (2004). "Molecular mechanism of the recruitment of 

NBS1/hMRE11/hRAD50 complex to DNA double-strand breaks: NBS1 binds to γ-

H2AX through FHA/BRCT domain." Journal of radiation research 45(4): 473-478. 

Kolodner, R. D. and G. T. Marsischky (1999). "Eukaryotic DNA mismatch repair." 

Current opinion in genetics & development 9(1): 89-96. 

Koo, C. X. e., K. Kobiyama, Y. J. Shen, N. LeBert, S. Ahmad, M. Khatoo, T. Aoshi, S. 

Gasser and K. J. Ishii (2015). "RNA polymerase III regulates cytosolic RNA: DNA 

hybrids and intracellular microRNA expression." Journal of Biological Chemistry 

290(12): 7463-7473. 

Kouzine, F., D. Wojtowicz, L. Baranello, A. Yamane, S. Nelson, W. Resch, K.-R. 

Kieffer-Kwon, C. J. Benham, R. Casellas and T. M. Przytycka (2017). "Permanganate/S1 

nuclease footprinting reveals non-B DNA structures with regulatory potential across a 

mammalian genome." Cell systems 4(3): 344-356. e347. 

Kozlov, S. V., M. E. Graham, C. Peng, P. Chen, P. J. Robinson and M. F. Lavin (2006). 

"Involvement of novel autophosphorylation sites in ATM activation." The EMBO journal 

25(15): 3504-3514. 

Krasikova, Y. S., N. I. Rechkunova, E. A. Maltseva and O. I. Lavrik (2018). "RPA and 

XPA interaction with DNA structures mimicking intermediates of the late stages in 

nucleotide excision repair." PloS one 13(1): e0190782. 

Krausova, M. and V. Korinek (2014). "Wnt signaling in adult intestinal stem cells and 

cancer." Cell Signal 26(3): 570-579. 

Krejci, L. and P. Sung (2002). "RPA not that different from SSB." Structure 10(5): 601-

602. 

Kruhlak, M., E. E. Crouch, M. Orlov, C. Montano, S. A. Gorski, A. Nussenzweig, T. 

Misteli, R. D. Phair and R. Casellas (2007). "The ATM repair pathway inhibits RNA 

polymerase I transcription in response to chromosome breaks." Nature 447(7145): 730-

734. 

Kulikov, R., M. Winter and C. Blattner (2006). "Binding of p53 to the central domain of 

Mdm2 is regulated by phosphorylation." Journal of Biological Chemistry 281(39): 

28575-28583. 

Kuzminov, A. (2018). "When DNA Topology Turns Deadly - RNA Polymerases Dig in 

Their R-Loops to Stand Their Ground: New Positive and Negative (Super)Twists in the 

Replication-Transcription Conflict." Trends Genet 34(2): 111-120. 

Kwak, H., N. J. Fuda, L. J. Core and J. T. Lis (2013). "Precise maps of RNA polymerase 

reveal how promoters direct initiation and pausing." Science 339(6122): 950-953. 

Lane, D. P. (1992). "Cancer. p53, guardian of the genome." Nature 358(6381): 15-16. 

Lardelli, R. M., A. E. Schaffer, V. R. Eggens, M. S. Zaki, S. Grainger, S. Sathe, E. L. Van 

Nostrand, Z. Schlachetzki, B. Rosti, N. Akizu, E. Scott, J. L. Silhavy, L. D. Heckman, R. 

O. Rosti, E. Dikoglu, A. Gregor, A. Guemez-Gamboa, D. Musaev, R. Mande, A. Widjaja, 

T. L. Shaw, S. Markmiller, I. Marin-Valencia, J. H. Davies, L. de Meirleir, H. Kayserili, 

U. Altunoglu, M. L. Freckmann, L. Warwick, D. Chitayat, S. Blaser, A. O. Caglayan, K. 

Bilguvar, H. Per, C. Fagerberg, H. T. Christesen, M. Kibaek, K. A. Aldinger, D. 

Manchester, N. Matsumoto, K. Muramatsu, H. Saitsu, M. Shiina, K. Ogata, N. Foulds, 

W. B. Dobyns, N. C. Chi, D. Traver, L. Spaccini, S. M. Bova, S. B. Gabriel, M. Gunel, 

E. M. Valente, M. C. Nassogne, E. J. Bennett, G. W. Yeo, F. Baas, J. Lykke-Andersen 

and J. G. Gleeson (2017). "Biallelic mutations in the 3' exonuclease TOE1 cause 



 

213 

 

pontocerebellar hypoplasia and uncover a role in snRNA processing." Nat Genet 49(3): 

457-464. 

Larimer, F. W., J. R. Perry and A. A. Hardigree (1989). "The REV1 gene of 

Saccharomyces cerevisiae: isolation, sequence, and functional analysis." J Bacteriol 

171(1): 230-237. 

Larsen, D. H., F. Hari, J. A. Clapperton, M. Gwerder, K. Gutsche, M. Altmeyer, S. 

Jungmichel, L. I. Toledo, D. Fink and M.-B. Rask (2014). "The NBS1–Treacle complex 

controls ribosomal RNA transcription in response to DNA damage." Nature cell biology 

16(8): 792. 

Laughton, M. J., B. Halliwell, P. J. Evans, J. Robin and S. Hoult (1989). "Antioxidant 

and pro-oxidant actions of the plant phenolics quercetin, gossypol and myricetin: effects 

on lipid peroxidation, hydroxyl radical generation and bleomycin-dependent damage to 

DNA." Biochemical pharmacology 38(17): 2859-2865. 

Lavin, M. F. (2008). "Ataxia-telangiectasia: from a rare disorder to a paradigm for cell 

signalling and cancer." Nature reviews Molecular cell biology 9(10): 759-769. 

Lavin, M. F., S. Kozlov, M. Gatei and A. W. Kijas (2015). "ATM-Dependent 

Phosphorylation of All Three Members of the MRN Complex: From Sensor to Adaptor." 

Biomolecules 5(4): 2877-2902. 

Lavin, M. F., A. J. Yeo and O. J. Becherel (2013). "Senataxin protects the genome: 

Implications for neurodegeneration and other abnormalities." Rare Dis 1: e25230. 

Le Tallec, B., B. Dutrillaux, A.-M. Lachages, G. A. Millot, O. Brison and M. Debatisse 

(2011). "Molecular profiling of common fragile sites in human fibroblasts." Nature 

structural and molecular biology 18(12): 1421. 

Le Tallec, B., G. A. Millot, M. E. Blin, O. Brison, B. Dutrillaux and M. Debatisse (2013). 

"Common fragile site profiling in epithelial and erythroid cells reveals that most recurrent 

cancer deletions lie in fragile sites hosting large genes." Cell reports 4(3): 420-428. 

Leblond, C. and B. E. Walker (1956). "Renewal of cell populations." Physiological 

reviews 36(2): 255-276. 

Lee, J.-H. and T. T. Paull (2004). "Direct activation of the ATM protein kinase by the 

Mre11/Rad50/Nbs1 complex." Science 304(5667): 93-96. 

Lee, J.-H. and T. T. Paull (2005). "ATM activation by DNA double-strand breaks through 

the Mre11-Rad50-Nbs1 complex." Science 308(5721): 551-554. 

Lee, Y. S., M. T. Gregory and W. Yang (2014). "Human Pol zeta purified with accessory 

subunits is active in translesion DNA synthesis and complements Pol eta in cisplatin 

bypass." Proc Natl Acad Sci U S A 111(8): 2954-2959. 

Lees-Miller, S. P., Y. Chen and C. W. Anderson (1990). "Human cells contain a DNA-

activated protein kinase that phosphorylates simian virus 40 T antigen, mouse p53, and 

the human Ku autoantigen." Molecular and cellular biology 10(12): 6472-6481. 

Lehalle, D., D. Wieczorek, R. M. Zechi-Ceide, M. R. Passos-Bueno, S. Lyonnet, J. Amiel 

and C. T. Gordon (2015). "A review of craniofacial disorders caused by spliceosomal 

defects." Clin Genet 88(5): 405-415. 

Lempiainen, H. and T. D. Halazonetis (2009). "Emerging common themes in regulation 

of PIKKs and PI3Ks." EMBO J 28(20): 3067-3073. 

Letessier, A., G. A. Millot, S. Koundrioukoff, A.-M. Lachagès, N. Vogt, R. S. Hansen, 

B. Malfoy, O. Brison and M. Debatisse (2011). "Cell-type-specific replication initiation 

programs set fragility of the FRA3B fragile site." Nature 470(7332): 120. 

Li, G. M. (2008). "Mechanisms and functions of DNA mismatch repair." Cell Res 18(1): 

85-98. 

Li, H., W. Liu, W. Chen, J. Zhu, C. X. Deng and G. P. Rodgers (2015). "Olfactomedin 4 

deficiency promotes prostate neoplastic progression and is associated with upregulation 

of the hedgehog-signaling pathway." Sci Rep 5: 16974. 



 

214 

 

Li, J. and M. Kurokawa (2015). "Regulation of MDM2 stability after DNA damage." 

Journal of cellular physiology 230(10): 2318-2327. 

Li, W., D. Notani and M. G. Rosenfeld (2016). "Enhancers as non-coding RNA 

transcription units: recent insights and future perspectives." Nature Reviews Genetics 

17(4): 207. 

Li, X. and J. L. Manley (2005). "Inactivation of the SR protein splicing factor ASF/SF2 

results in genomic instability." Cell 122(3): 365-378. 

Li, Y., E. Bolderson, R. Kumar, P. A. Muniandy, Y. Xue, D. J. Richard, M. Seidman, T. 

K. Pandita, K. K. Khanna and W. Wang (2009). "HSSB1 and hSSB2 form similar 

multiprotein complexes that participate in DNA damage response." J Biol Chem 284(35): 

23525-23531. 

Li, Y., S. A. Roberts, U. Paulus, M. Loeffler and C. S. Potten (1994). "The crypt cycle in 

mouse small intestinal epithelium." Journal of Cell Science 107(12): 3271-3279. 

Lieber, M. R. (2010). "The mechanism of double-strand DNA break repair by the 

nonhomologous DNA end-joining pathway." Annu Rev Biochem 79: 181-211. 

Lieber, M. R., J. Gu, H. Lu, N. Shimazaki and A. G. Tsai (2010). "Nonhomologous DNA 

end joining (NHEJ) and chromosomal translocations in humans." Subcell Biochem 50: 

279-296. 

Lim, D.-S. and P. Hasty (1996). "A mutation in mouse rad51 results in an early embryonic 

lethal that is suppressed by a mutation in p53." Molecular and cellular biology 16(12): 

7133-7143. 

Lima, W. F., H. M. Murray, S. S. Damle, C. E. Hart, G. Hung, C. L. De Hoyos, X. H. 

Liang and S. T. Crooke (2016). "Viable RNaseH1 knockout mice show RNaseH1 is 

essential for R loop processing, mitochondrial and liver function." Nucleic Acids Res 

44(11): 5299-5312. 

Lin, C., L. Yang, B. Tanasa, K. Hutt, B.-g. Ju, K. A. Ohgi, J. Zhang, D. W. Rose, X.-D. 

Fu and C. K. Glass (2009). "Nuclear receptor-induced chromosomal proximity and DNA 

breaks underlie specific translocations in cancer." Cell 139(6): 1069-1083. 

Lin, M. T. and M. F. Beal (2006). "Mitochondrial dysfunction and oxidative stress in 

neurodegenerative diseases." Nature 443(7113): 787. 

Lindahl, T. and D. Barnes (2000). Repair of endogenous DNA damage. Cold Spring 

Harbor symposia on quantitative biology, Cold Spring Harbor Laboratory Press. 

Liu, L. F., S. D. Desai, T. K. LI, Y. Mao, M. Sun and S. P. SIM (2000). "Mechanism of 

action of camptothecin." Annals of the New York Academy of Sciences 922(1): 1-10. 

Liu, L. F. and J. C. Wang (1987). "Supercoiling of the DNA template during 

transcription." Proceedings of the National Academy of Sciences 84(20): 7024-7027. 

Liu, N. (2002). "XRCC2 is required for the formation of Rad51 foci induced by ionizing 

radiation and DNA cross-linking agent mitomycin C." BioMed Research International 

2(2): 106-113. 

Liu, P., C. M. Carvalho, P. Hastings and J. R. Lupski (2012). "Mechanisms for recurrent 

and complex human genomic rearrangements." Current opinion in genetics & 

development 22(3): 211-220. 

Liu, P., A. Erez, S. C. S. Nagamani, S. U. Dhar, K. E. Kołodziejska, A. V. Dharmadhikari, 

M. L. Cooper, J. Wiszniewska, F. Zhang and M. A. Withers (2011). "Chromosome 

catastrophes involve replication mechanisms generating complex genomic 

rearrangements." Cell 146(6): 889-903. 

Liu, Q., S. Guntuku, X.-S. Cui, S. Matsuoka, D. Cortez, K. Tamai, G. Luo, S. Carattini-

Rivera, F. DeMayo and A. Bradley (2000). "Chk1 is an essential kinase that is regulated 

by Atr and required for the G2/M DNA damage checkpoint." Genes & development 

14(12): 1448-1459. 

Liu, S., S. O. Opiyo, K. Manthey, J. G. Glanzer, A. K. Ashley, C. Amerin, K. Troksa, M. 

Shrivastav, J. A. Nickoloff and G. G. Oakley (2012). "Distinct roles for DNA-PK, ATM 



 

215 

 

and ATR in RPA phosphorylation and checkpoint activation in response to replication 

stress." Nucleic Acids Res 40(21): 10780-10794. 

Livneh, Z., O. Ziv and S. Shachar (2010). "Multiple two-polymerase mechanisms in 

mammalian translesion DNA synthesis." Cell Cycle 9(4): 729-735. 

Ljungman, M. (2009). "Targeting the DNA damage response in cancer." Chem Rev 

109(7): 2929-2950. 

Loffler, H., T. Bochtler, B. Fritz, B. Tews, A. D. Ho, J. Lukas, J. Bartek and A. Kramer 

(2007). "DNA damage-induced accumulation of centrosomal Chk1 contributes to its 

checkpoint function." Cell Cycle 6(20): 2541-2548. 

Lopes, M., M. Foiani and J. M. Sogo (2006). "Multiple mechanisms control chromosome 

integrity after replication fork uncoupling and restart at irreparable UV lesions." 

Molecular cell 21(1): 15-27. 

Lopez-Arribillaga, E., V. Rodilla, L. Pellegrinet, J. Guiu, M. Iglesias, A. C. Roman, S. 

Gutarra, S. Gonzalez, P. Munoz-Canoves, P. Fernandez-Salguero, F. Radtke, A. Bigas 

and L. Espinosa (2015). "Bmi1 regulates murine intestinal stem cell proliferation and self-

renewal downstream of Notch." Development 142(1): 41-50. 

Lorson, C. L., E. Hahnen, E. J. Androphy and B. Wirth (1999). "A single nucleotide in 

the SMN gene regulates splicing and is responsible for spinal muscular atrophy." 

Proceedings of the National Academy of Sciences 96(11): 6307-6311. 

Lou, Z., K. Minter-Dykhouse, S. Franco, M. Gostissa, M. A. Rivera, A. Celeste, J. P. 

Manis, J. van Deursen, A. Nussenzweig, T. T. Paull, F. W. Alt and J. Chen (2006). 

"MDC1 maintains genomic stability by participating in the amplification of ATM-

dependent DNA damage signals." Mol Cell 21(2): 187-200. 

Lovejoy, C. A. and D. Cortez (2009). "Common mechanisms of PIKK regulation." DNA 

Repair (Amst) 8(9): 1004-1008. 

Lukas, C., F. Melander, M. Stucki, J. Falck, S. Bekker‐Jensen, M. Goldberg, Y. Lerenthal, 

S. P. Jackson, J. Bartek and J. Lukas (2004). "Mdc1 couples DNA double‐strand break 

recognition by Nbs1 with its H2AX‐dependent chromatin retention." The EMBO journal 

23(13): 2674-2683. 

Lukas, C., V. Savic, S. Bekker-Jensen, C. Doil, B. Neumann, R. S. Pedersen, M. Grofte, 

K. L. Chan, I. D. Hickson, J. Bartek and J. Lukas (2011). "53BP1 nuclear bodies form 

around DNA lesions generated by mitotic transmission of chromosomes under replication 

stress." Nat Cell Biol 13(3): 243-253. 

Lynch, D. C., T. Revil, J. Schwartzentruber, E. J. Bhoj, A. M. Innes, R. E. Lamont, E. G. 

Lemire, B. N. Chodirker, J. P. Taylor and E. H. Zackai (2014). "Disrupted auto-regulation 

of the spliceosomal gene SNRPB causes cerebro–costo–mandibular syndrome." Nature 

communications 5: 4483. 

MacDonald, C. C., J. Wilusz and T. Shenk (1994). "The 64-kilodalton subunit of the CstF 

polyadenylation factor binds to pre-mRNAs downstream of the cleavage site and 

influences cleavage site location." Molecular and cellular biology 14(10): 6647-6654. 

MacDougall, C. A., T. S. Byun, C. Van, M.-c. Yee and K. A. Cimprich (2007). "The 

structural determinants of checkpoint activation." Genes & development 21(8): 898-903. 

Macia, I. G. M., A. Lucas Calduch and E. C. Lopez (2011). "Radiobiology of the acute 

radiation syndrome." Rep Pract Oncol Radiother 16(4): 123-130. 

Mackenzie, K. J., P. Carroll, C.-A. Martin, O. Murina, A. Fluteau, D. J. Simpson, N. 

Olova, H. Sutcliffe, J. K. Rainger and A. Leitch (2017). "cGAS surveillance of 

micronuclei links genome instability to innate immunity." Nature 548(7668): 461. 

Malovannaya, A., Y. Li, Y. Bulynko, S. Y. Jung, Y. Wang, R. B. Lanz, B. W. O'Malley 

and J. Qin (2010). "Streamlined analysis schema for high-throughput identification of 

endogenous protein complexes." Proc Natl Acad Sci U S A 107(6): 2431-2436. 

Mandel, C. R., Y. Bai and L. Tong (2008). "Protein factors in pre-mRNA 3′-end 

processing." Cellular and Molecular Life Sciences 65(7-8): 1099-1122. 



 

216 

 

Mansueto, P., A. Seidita, A. D’Alcamo and A. Carroccio (2014). "Non-celiac gluten 

sensitivity: literature review." Journal of the American College of Nutrition 33(1): 39-54. 

Maréchal, A., J.-M. Li, X. Y. Ji, C.-S. Wu, S. A. Yazinski, H. D. Nguyen, S. Liu, A. E. 

Jiménez, J. Jin and L. Zou (2014). "PRP19 transforms into a sensor of RPA-ssDNA after 

DNA damage and drives ATR activation via a ubiquitin-mediated circuitry." Molecular 

cell 53(2): 235-246. 

Marengo, M. S. and D. A. Wassarman (2008). "A DNA damage signal activates and 

derepresses exon inclusion in Drosophila TAF1 alternative splicing." RNA 14(8): 1681-

1695. 

Marinello, J., S. Bertoncini, I. Aloisi, A. Cristini, G. Malagoli Tagliazucchi, M. Forcato, 

O. Sordet and G. Capranico (2016). "Dynamic Effects of Topoisomerase I Inhibition on 

R-Loops and Short Transcripts at Active Promoters." PLoS One 11(1): e0147053. 

Marinello, J., G. Chillemi, S. Bueno, S. G. Manzo and G. Capranico (2013). "Antisense 

transcripts enhanced by camptothecin at divergent CpG-island promoters associated with 

bursts of topoisomerase I-DNA cleavage complex and R-loop formation." Nucleic Acids 

Res 41(22): 10110-10123. 

Marnef, A., S. Cohen and G. Legube (2017). "Transcription-Coupled DNA Double-

Strand Break Repair: Active Genes Need Special Care." J Mol Biol 429(9): 1277-1288. 

Mason, A. C., S. J. Haring, J. M. Pryor, C. A. Staloch, T. F. Gan and M. S. Wold (2009). 

"An alternative form of replication protein A prevents viral replication in vitro." Journal 

of Biological Chemistry 284(8): 5324-5331. 

Matei, I. R., R. A. Gladdy, L. M. Nutter, A. Canty, C. J. Guidos and J. S. Danska (2007). 

"ATM deficiency disrupts Tcra locus integrity and the maturation of CD4+ CD8+ 

thymocytes." Blood 109(5): 1887-1896. 

Matera, A. G., R. M. Terns and M. P. Terns (2007). "Non-coding RNAs: lessons from 

the small nuclear and small nucleolar RNAs." Nature reviews Molecular cell biology 

8(3): 209. 

Matera, A. G. and Z. Wang (2014). "A day in the life of the spliceosome." Nature reviews 

Molecular cell biology 15(2): 108. 

Matsuda, T., M. Saijo, I. Kuraoka, T. Kobayashi, Y. Nakatsu, A. Nagai, T. Enjoji, C. 

Masutani, K. Sugasawa and F. Hanaoka (1995). "DNA repair protein XPA binds 

replication protein A (RPA)." Journal of Biological Chemistry 270(8): 4152-4157. 

Matsuoka, S., B. A. Ballif, A. Smogorzewska, E. R. McDonald, K. E. Hurov, J. Luo, C. 

E. Bakalarski, Z. Zhao, N. Solimini and Y. Lerenthal (2007). "ATM and ATR substrate 

analysis reveals extensive protein networks responsive to DNA damage." science 

316(5828): 1160-1166. 

Mazouzi, A., G. Velimezi and J. I. Loizou (2014). "DNA replication stress: causes, 

resolution and disease." Exp Cell Res 329(1): 85-93. 

McBlane, J. F., D. C. van Gent, D. A. Ramsden, C. Romeo, C. A. Cuomo, M. Gellert and 

M. A. Oettinger (1995). "Cleavage at a V (D) J recombination signal requires only RAG1 

and RAG2 proteins and occurs in two steps." Cell 83(3): 387-395. 

McElhinny, S. A. N., D. A. Gordenin, C. M. Stith, P. M. Burgers and T. A. Kunkel (2008). 

"Division of labor at the eukaryotic replication fork." Molecular cell 30(2): 137-144. 

McJunkin, K., A. Mazurek, P. K. Premsrirut, J. Zuber, L. E. Dow, J. Simon, B. Stillman 

and S. W. Lowe (2011). "Reversible suppression of an essential gene in adult mice using 

transgenic RNA interference." Proc Natl Acad Sci U S A 108(17): 7113-7118. 

McKinnon, P. J. (2009). "DNA repair deficiency and neurological disease." Nature 

Reviews Neuroscience 10(2): 100. 

McManus, K. J. and M. J. Hendzel (2005). "ATM-dependent DNA damage-independent 

mitotic phosphorylation of H2AX in normally growing mammalian cells." Molecular 

biology of the cell 16(10): 5013-5025. 



 

217 

 

Meetei, A. R., S. Sechi, M. Wallisch, D. Yang, M. K. Young, H. Joenje, M. E. Hoatlin 

and W. Wang (2003). "A multiprotein nuclear complex connects Fanconi anemia and 

Bloom syndrome." Molecular and cellular biology 23(10): 3417-3426. 

Menck, C. F. M. and V. Munford (2014). "DNA repair diseases: what do they tell us about 

cancer and aging?" Genetics and Molecular Biology 37(1 suppl 1): 220-233. 

Messner, S. and M. O. Hottiger (2011). "Histone ADP-ribosylation in DNA repair, 

replication and transcription." Trends Cell Biol 21(9): 534-542. 

Miao, Z.-H., K. Agama, O. Sordet, L. Povirk, K. W. Kohn and Y. Pommier (2006). 

"Hereditary ataxia SCAN1 cells are defective for the repair of transcription-dependent 

topoisomerase I cleavage complexes." DNA repair 5(12): 1489-1494. 

Michalik, K. M., R. Böttcher and K. Förstemann (2012). "A small RNA response at DNA 

ends in Drosophila." Nucleic acids research 40(19): 9596-9603. 

Michelini, F., S. Pitchiaya, V. Vitelli, S. Sharma, U. Gioia, F. Pessina, M. Cabrini, Y. 

Wang, I. Capozzo, F. Iannelli, V. Matti, S. Francia, G. V. Shivashankar, N. G. Walter and 

F. d'Adda di Fagagna (2017). "Damage-induced lncRNAs control the DNA damage 

response through interaction with DDRNAs at individual double-strand breaks." Nat Cell 

Biol 19(12): 1400-1411. 

Mimitou, E. P. and L. S. Symington (2011). "DNA end resection--unraveling the tail." 

DNA Repair (Amst) 10(3): 344-348. 

Minocherhomji, S., S. Ying, V. A. Bjerregaard, S. Bursomanno, A. Aleliunaite, W. Wu, 

H. W. Mankouri, H. Shen, Y. Liu and I. D. Hickson (2015). "Replication stress activates 

DNA repair synthesis in mitosis." Nature 528(7581): 286. 

Mochan, T. A., M. Venere, R. A. DiTullio and T. D. Halazonetis (2003). "53BP1 and 

NFBD1/MDC1-Nbs1 function in parallel interacting pathways activating ataxia-

telangiectasia mutated (ATM) in response to DNA damage." Cancer research 63(24): 

8586-8591. 

Modrich, P. (2006). "Mechanisms in eukaryotic mismatch repair." Journal of Biological 

Chemistry. 

Modrich, P. and R. Lahue (1996). "Mismatch repair in replication fidelity, genetic 

recombination, and cancer biology." Annual review of biochemistry 65(1): 101-133. 

Mohan, W. S., E. Scheer, O. Wendling, D. Metzger and L. Tora (2003). "TAF10 

(TAFII30) is necessary for TFIID stability and early embryogenesis in mice." Molecular 

and cellular biology 23(12): 4307-4318. 

Moldovan, G.-L., B. Pfander and S. Jentsch (2007). "PCNA, the maestro of the replication 

fork." Cell 129(4): 665-679. 

Montgomery, R. K., D. L. Carlone, C. A. Richmond, L. Farilla, M. E. Kranendonk, D. E. 

Henderson, N. Y. Baffour-Awuah, D. M. Ambruzs, L. K. Fogli and S. Algra (2011). 

"Mouse telomerase reverse transcriptase (mTert) expression marks slowly cycling 

intestinal stem cells." Proceedings of the National Academy of Sciences 108(1): 179-184. 

Morales, J. C., P. Richard, P. L. Patidar, E. A. Motea, T. T. Dang, J. L. Manley and D. A. 

Boothman (2016). "XRN2 Links Transcription Termination to DNA Damage and 

Replication Stress." PLoS Genet 12(7): e1006107. 

Moreira, M.-C., C. Barbot, N. Tachi, N. Kozuka, E. Uchida, T. Gibson, P. Mendonça, M. 

Costa, J. Barros and T. Yanagisawa (2001). "The gene mutated in ataxia-ocular apraxia 

1 encodes the new HIT/Zn-finger protein aprataxin." Nature genetics 29(2): 189. 

Moskwa, P., F. M. Buffa, Y. Pan, R. Panchakshari, P. Gottipati, R. J. Muschel, J. Beech, 

R. Kulshrestha, K. Abdelmohsen and D. M. Weinstock (2011). "miR-182-mediated 

downregulation of BRCA1 impacts DNA repair and sensitivity to PARP inhibitors." 

Molecular cell 41(2): 210-220. 

Moumen, A., C. Magill, K. Dry and S. P. Jackson (2013). "ATM-dependent 

phosphorylation of heterogeneous nuclear ribonucleoprotein K promotes p53 

transcriptional activation in response to DNA damage." Cell Cycle 12(4): 698-704. 



 

218 

 

Moumen, A., P. Masterson, M. J. O'Connor and S. P. Jackson (2005). "hnRNP K: an 

HDM2 target and transcriptional coactivator of p53 in response to DNA damage." Cell 

123(6): 1065-1078. 

Mowry, K. L. and J. A. Steitz (1987). "Identification of the human U7 snRNP as one of 

several factors involved in the 3'end maturation of histone premessenger RNA's." Science 

238(4834): 1682-1687. 

Muñoz, J., D. E. Stange, A. G. Schepers, M. Van De Wetering, B. K. Koo, S. Itzkovitz, 

R. Volckmann, K. S. Kung, J. Koster and S. Radulescu (2012). "The Lgr5 intestinal stem 

cell signature: robust expression of proposed quiescent ‘+ 4’cell markers." The EMBO 

journal 31(14): 3079-3091. 

Muñoz, M. J., M. S. P. Santangelo, M. P. Paronetto, M. de la Mata, F. Pelisch, S. Boireau, 

K. Glover-Cutter, C. Ben-Dov, M. Blaustein and J. J. Lozano (2009). "DNA damage 

regulates alternative splicing through inhibition of RNA polymerase II elongation." Cell 

137(4): 708-720. 

Munoz, S. and J. Mendez (2017). "DNA replication stress: from molecular mechanisms 

to human disease." Chromosoma 126(1): 1-15. 

Mupo, A., M. Seiler, V. Sathiaseelan, A. Pance, Y. Yang, A. A. Agrawal, F. Iorio, R. 

Bautista, S. Pacharne, K. Tzelepis, N. Manes, P. Wright, E. Papaemmanuil, D. G. Kent, 

P. C. Campbell, S. Buonamici, N. Bolli and G. S. Vassiliou (2017). "Hemopoietic-

specific Sf3b1-K700E knock-in mice display the splicing defect seen in human MDS but 

develop anemia without ring sideroblasts." Leukemia 31(3): 720-727. 

Murthy, K. and J. L. Manley (1995). "The 160-kD subunit of human cleavage-

polyadenylation specificity factor coordinates pre-mRNA 3'-end formation." Genes & 

development 9(21): 2672-2683. 

Murthy, S. and G. P. V. Reddy (2006). "Replitase: complete machinery for DNA 

synthesis." Journal of cellular physiology 209(3): 711-717. 

Murzin, A. G. (1993). "OB (oligonucleotide/oligosaccharide binding)‐fold: common 

structural and functional solution for non‐homologous sequences." The EMBO journal 

12(3): 861-867. 

Naim, V. and F. Rosselli (2009). "The FANC pathway and BLM collaborate during 

mitosis to prevent micro-nucleation and chromosome abnormalities." Nature cell biology 

11(6): 761. 

Nakamura, A. J., V. A. Rao, Y. Pommier and W. M. Bonner (2010). "The complexity of 

phosphorylated H2AX foci formation and DNA repair assembly at DNA double-strand 

breaks." Cell cycle 9(2): 389-397. 

Nam, E. A. and D. Cortez (2009). "SOSS1/2: Sensors of single-stranded DNA at a break." 

Mol Cell 35(3): 258-259. 

Nam, E. A. and D. Cortez (2011). "ATR signalling: more than meeting at the fork." 

Biochemical Journal 436(3): 527-536. 

Nava, P., S. Koch, M. G. Laukoetter, W. Y. Lee, K. Kolegraff, C. T. Capaldo, N. Beeman, 

C. Addis, K. Gerner-Smidt, I. Neumaier, A. Skerra, L. Li, C. A. Parkos and A. Nusrat 

(2010). "Interferon-gamma regulates intestinal epithelial homeostasis through converging 

beta-catenin signaling pathways." Immunity 32(3): 392-402. 

Neelsen, K. J. and M. Lopes (2015). "Replication fork reversal in eukaryotes: from dead 

end to dynamic response." Nature Reviews Molecular Cell Biology 16(4): 207. 

Neelsen, K. J., I. M. Zanini, R. Herrador and M. Lopes (2013). "Oncogenes induce 

genotoxic stress by mitotic processing of unusual replication intermediates." J Cell Biol 

200(6): 699-708. 

Nefzger, C. M., T. Jarde, F. J. Rossello, K. Horvay, A. S. Knaupp, D. R. Powell, J. Chen, 

H. E. Abud and J. M. Polo (2016). "A Versatile Strategy for Isolating a Highly Enriched 

Population of Intestinal Stem Cells." Stem Cell Reports 6(3): 321-329. 



 

219 

 

Nelson, J. R., C. W. Lawrence and D. C. Hinkle (1996). "Deoxycytidyl transferase 

activity of yeast REV1 protein." Nature 382(6593): 729-731. 

Nelson, J. R., C. W. Lawrence and D. C. Hinkle (1996). "Thymine-thymine dimer bypass 

by yeast DNA polymerase zeta." Science 272(5268): 1646-1649. 

Nguyen, H. D., T. Yadav, S. Giri, B. Saez, T. A. Graubert and L. Zou (2017). "Functions 

of Replication Protein A as a Sensor of R Loops and a Regulator of RNaseH1." Mol Cell 

65(5): 832-847 e834. 

Nicholson, J. M., J. C. Macedo, A. J. Mattingly, D. Wangsa, J. Camps, V. Lima, A. M. 

Gomes, S. Doria, T. Ried and E. Logarinho (2015). "Chromosome mis-segregation and 

cytokinesis failure in trisomic human cells." Elife 4: e05068. 

Nieminuszczy, J., R. A. Schwab and W. Niedzwiedz (2016). "The DNA fibre technique 

- tracking helicases at work." Methods 108: 92-98. 

Nimonkar, A. V., J. Genschel, E. Kinoshita, P. Polaczek, J. L. Campbell, C. Wyman, P. 

Modrich and S. C. Kowalczykowski (2011). "BLM–DNA2–RPA–MRN and EXO1–

BLM–RPA–MRN constitute two DNA end resection machineries for human DNA break 

repair." Genes & development 25(4): 350-362. 

Noah, T. K., B. Donahue and N. F. Shroyer (2011). "Intestinal development and 

differentiation." Exp Cell Res 317(19): 2702-2710. 

Nojima, T., T. Gomes, A. R. F. Grosso, H. Kimura, M. J. Dye, S. Dhir, M. Carmo-Fonseca 

and N. J. Proudfoot (2015). "Mammalian NET-seq reveals genome-wide nascent 

transcription coupled to RNA processing." Cell 161(3): 526-540. 

Noon, A. T., A. Shibata, N. Rief, M. Löbrich, G. S. Stewart, P. A. Jeggo and A. A. 

Goodarzi (2010). "53BP1-dependent robust localized KAP-1 phosphorylation is essential 

for heterochromatic DNA double-strand break repair." Nature cell biology 12(2): 177. 

Noordermeer, S. M., S. Adam, D. Setiaputra, M. Barazas, S. J. Pettitt, A. K. Ling, M. 

Olivieri, A. Álvarez-Quilón, N. Moatti and M. Zimmermann (2018). "The shieldin 

complex mediates 53BP1-dependent DNA repair." Nature 560(7716): 117. 

Nordman, J. and A. Wright (2008). "The relationship between dNTP pool levels and 

mutagenesis in an Escherichia coli NDP kinase mutant." Proceedings of the National 

Academy of Sciences. 

Novotny, I., A. Malinova, E. Stejskalova, D. Mateju, K. Klimesova, A. Roithova, M. 

Sveda, Z. Knejzlik and D. Stanek (2015). "SART3-Dependent Accumulation of 

Incomplete Spliceosomal snRNPs in Cajal Bodies." Cell Rep. 

O'Connor, M. J. (2015). "Targeting the DNA Damage Response in Cancer." Mol Cell 

60(4): 547-560. 

O'Driscoll, M., V. L. Ruiz-Perez, C. G. Woods, P. A. Jeggo and J. A. Goodship (2003). 

"A splicing mutation affecting expression of ataxia–telangiectasia and Rad3–related 

protein (ATR) results in Seckel syndrome." Nature genetics 33(4): 497. 

Oegema, R., D. Baillat, R. Schot, L. M. van Unen, A. Brooks, S. K. Kia, A. J. M. 

Hoogeboom, Z. Xia, W. Li, M. Cesaroni, M. H. Lequin, M. van Slegtenhorst, W. B. 

Dobyns, I. F. M. de Coo, F. W. Verheijen, A. Kremer, P. J. van der Spek, D. Heijsman, 

E. J. Wagner, M. Fornerod and G. M. S. Mancini (2017). "Human mutations in integrator 

complex subunits link transcriptome integrity to brain development." PLoS Genet 13(5): 

e1006809. 

Ogg, S. C. and A. I. Lamond (2002). "Cajal bodies and coilin--moving towards function." 

J Cell Biol 159(1): 17-21. 

Olson, E., C. J. Nievera, E. Liu, A. Y.-L. Lee, L. Chen and X. Wu (2007). "The Mre11 

complex mediates the S-phase checkpoint through an interaction with replication protein 

A." Molecular and cellular biology 27(17): 6053-6067. 

Pagès, V. and R. P. Fuchs (2003). "Uncoupling of leading-and lagging-strand DNA 

replication during lesion bypass in vivo." Science 300(5623): 1300-1303. 



 

220 

 

Painter, R. and B. Young (1980). "Radiosensitivity in ataxia-telangiectasia: a new 

explanation." Proceedings of the National Academy of Sciences 77(12): 7315-7317. 

Pang, D., S. Yoo, W. S. Dynan, M. Jung and A. Dritschilo (1997). "Ku proteins join DNA 

fragments as shown by atomic force microscopy." Cancer Research 57(8): 1412-1415. 

Paquet, N., M. N. Adams, N. W. Ashton, C. Touma, R. Gamsjaeger, L. Cubeddu, V. 

Leong, S. Beard, E. Bolderson, C. H. Botting, K. J. O'Byrne and D. J. Richard (2016). 

"hSSB1 (NABP2/OBFC2B) is regulated by oxidative stress." Sci Rep 6: 27446. 

Paquet, N., M. N. Adams, V. Leong, N. W. Ashton, C. Touma, R. Gamsjaeger, L. 

Cubeddu, S. Beard, J. T. Burgess and E. Bolderson (2015). "hSSB1 (NABP2/OBFC2B) 

is required for the repair of 8-oxo-guanine by the hOGG1-mediated base excision repair 

pathway." Nucleic acids research 43(18): 8817-8829. 

Paronetto, M. P., B. Miñana and J. Valcárcel (2011). "The Ewing sarcoma protein 

regulates DNA damage-induced alternative splicing." Molecular cell 43(3): 353-368. 

Patel, A. A. and J. A. Steitz (2003). "Splicing double: insights from the second 

spliceosome." Nature reviews Molecular cell biology 4(12): 960. 

Paull, T. T., E. P. Rogakou, V. Yamazaki, C. U. Kirchgessner, M. Gellert and W. M. 

Bonner (2000). "A critical role for histone H2AX in recruitment of repair factors to 

nuclear foci after DNA damage." Current Biology 10(15): 886-895. 

Pellegrini, M., A. Celeste, S. Difilippantonio, R. Guo, W. Wang, L. Feigenbaum and A. 

Nussenzweig (2006). "Autophosphorylation at serine 1987 is dispensable for murine Atm 

activation in vivo." Nature 443(7108): 222. 

Perkins, E. J., A. Nair, D. O. Cowley, T. Van Dyke, Y. Chang and D. A. Ramsden (2002). 

"Sensing of intermediates in V (D) J recombination by ATM." Genes & development 

16(2): 159-164. 

Perry, J. and N. Kleckner (2003). "The ATRs, ATMs, and TORs are giant HEAT repeat 

proteins." Cell 112(2): 151-155. 

Perumal, K. and R. Reddy (2002). "The 3′ end formation in small RNAs." Gene 

expression 10(1-2): 59-78. 

Petermann, E. and K. W. Caldecott (2006). "Evidence that the ATR/Chk1 pathway 

maintains normal replication fork progression during unperturbed S phase." Cell cycle 

5(19): 2203-2209. 

Peters, U., S. Jiao, F. R. Schumacher, C. M. Hutter, A. K. Aragaki, J. A. Baron, S. I. 

Berndt, S. Bézieau, H. Brenner and K. Butterbach (2013). "Identification of genetic 

susceptibility loci for colorectal tumors in a genome-wide meta-analysis." 

Gastroenterology 144(4): 799-807. e724. 

Phillips, D. D., D. N. Garboczi, K. Singh, Z. Hu, S. H. Leppla and C. E. Leysath (2013). 

"The sub‐nanomolar binding of DNA–RNA hybrids by the single‐chain Fv fragment of 

antibody S9. 6." Journal of Molecular Recognition 26(8): 376-381. 

Phull, P. S., C. J. Green and M. R. Jacyna (1995). "A radical view of the stomach: the 

role of oxygen-derived free radicals and anti-oxidants in gastroduodenal disease." 

European journal of gastroenterology & hepatology 7(3): 265-274. 

Pietsch, E. C., S. M. Sykes, S. B. McMahon and M. E. Murphy (2008). "The p53 family 

and programmed cell death." Oncogene 27(50): 6507-6521. 

Piskounova, E., M. Agathocleous, M. M. Murphy, Z. Hu, S. E. Huddlestun, Z. Zhao, A. 

M. Leitch, T. M. Johnson, R. J. DeBerardinis and S. J. Morrison (2015). "Oxidative stress 

inhibits distant metastasis by human melanoma cells." Nature 527(7577): 186. 

Poli, J., O. Tsaponina, L. Crabbé, A. Keszthelyi, V. Pantesco, A. Chabes, A. Lengronne 

and P. Pasero (2012). "dNTP pools determine fork progression and origin usage under 

replication stress." The EMBO journal 31(4): 883-894. 

Polo, S. E., A. N. Blackford, J. R. Chapman, L. Baskcomb, S. Gravel, A. Rusch, A. 

Thomas, R. Blundred, P. Smith and J. Kzhyshkowska (2012). "Regulation of DNA-end 



 

221 

 

resection by hnRNPU-like proteins promotes DNA double-strand break signaling and 

repair." Molecular cell 45(4): 505-516. 

Polo, S. E. and S. P. Jackson (2011). "Dynamics of DNA damage response proteins at 

DNA breaks: a focus on protein modifications." Genes Dev 25(5): 409-433. 

Pommier, Y. (2006). "Topoisomerase I inhibitors: camptothecins and beyond." Nature 

Reviews Cancer 6(10): 789. 

Povirk, L. F. and M. F. Austin (1991). "Genotoxicity of bleomycin." Mutation 

Research/Reviews in Genetic Toxicology 257(2): 127-143. 

Powell, A. E., Y. Wang, Y. Li, E. J. Poulin, A. L. Means, M. K. Washington, J. N. 

Higginbotham, A. Juchheim, N. Prasad and S. E. Levy (2012). "The pan-ErbB negative 

regulator Lrig1 is an intestinal stem cell marker that functions as a tumor suppressor." 

Cell 149(1): 146-158. 

Powley, I. R., A. Kondrashov, L. A. Young, H. C. Dobbyn, K. Hill, I. G. Cannell, M. 

Stoneley, Y.-W. Kong, J. A. Cotes and G. C. Smith (2009). "Translational reprogramming 

following UVB irradiation is mediated by DNA-PKcs and allows selective recruitment to 

the polysomes of mRNAs encoding DNA repair enzymes." Genes & development 23(10): 

1207-1220. 

Prasanth, S. G., K. V. Prasanth and B. Stillman (2002). "Orc6 involved in DNA 

replication, chromosome segregation, and cytokinesis." Science 297(5583): 1026-1031. 

Proietti‐De‐Santis, L., P. Drané and J. M. Egly (2006). "Cockayne syndrome B protein 

regulates the transcriptional program after UV irradiation." The EMBO journal 25(9): 

1915-1923. 

R, S. P., G. Karemore, T. Gudjonsson, M. B. Rask, B. Neumann, J. K. Heriche, R. 

Pepperkok, J. Ellenberg, D. W. Gerlich, J. Lukas and C. Lukas (2016). "Profiling DNA 

damage response following mitotic perturbations." Nat Commun 7: 13887. 

Radtke, F. and H. Clevers (2005). "Self-renewal and cancer of the gut: two sides of a 

coin." Science 307(5717): 1904-1909. 

Ramaswamy, P., S. Negus, T. Homfray and L. De Rooy (2015). "Severe micrognathia 

with rib dysplasia: cerebro-costo-mandibular syndrome." Archives of Disease in 

Childhood-Fetal and Neonatal Edition: fetalneonatal-2014-307855. 

Rashi-Elkeles, S., H.-J. Warnatz, R. Elkon, A. Kupershtein, Y. Chobod, A. Paz, V. 

Amstislavskiy, M. Sultan, H. Safer and W. Nietfeld (2014). "Parallel profiling of the 

transcriptome, cistrome, and epigenome in the cellular response to ionizing radiation." 

Sci. Signal. 7(325): rs3-rs3. 

Ravnik-Glavač, M., U. Potočnik and D. Glavač (2000). "Incidence of germline hMLH1 

andhMSH2 mutations (HNPCC patients) among newly diagnosed colorectal cancers in a 

Slovenian population." Journal of medical genetics 37(7): 533-536. 

Rebbeck, T. R., T. M. Friebel, E. Friedman, U. Hamann, D. Huo, A. Kwong, E. Olah, O. 

I. Olopade, A. R. Solano and S. H. Teo (2018). "Mutational spectrum in a worldwide 

study of 29,700 families with BRCA1 or BRCA2 mutations." Human mutation 39(5): 

593-620. 

Redon, C., D. Pilch, E. Rogakou, O. Sedelnikova, K. Newrock and W. Bonner (2002). 

"Histone H2A variants h2ax and h2az." Current opinion in genetics & development 12(2): 

162-169. 

Remus, D. and J. F. Diffley (2009). "Eukaryotic DNA replication control: lock and load, 

then fire." Current opinion in cell biology 21(6): 771-777. 

Ren, W., H. Chen, Q. Sun, X. Tang, S. C. Lim, J. Huang and H. Song (2014). "Structural 

basis of SOSS1 complex assembly and recognition of ssDNA." Cell Rep 6(6): 982-991. 

Reya, T. and H. Clevers (2005). "Wnt signalling in stem cells and cancer." Nature 

434(7035): 843. 



 

222 

 

Rich, T. A. and A. V. Kirichenko (1998). "Camptothecin radiation sensitization: 

mechanisms, schedules, and timing." Oncology (Williston Park, NY) 12(8 Suppl 6): 114-

120. 

Richard, D., E. Bolderson and K. K. Khanna (2009). "Multiple human single-stranded 

DNA binding proteins function in genome maintenance: structural, biochemical and 

functional analysis." Critical Reviews in Biochemistry and Molecular Biology: 1-19. 

Richard, D. J., E. Bolderson, L. Cubeddu, R. I. Wadsworth, K. Savage, G. G. Sharma, M. 

L. Nicolette, S. Tsvetanov, M. J. McIlwraith, R. K. Pandita, S. Takeda, R. T. Hay, J. 

Gautier, S. C. West, T. T. Paull, T. K. Pandita, M. F. White and K. K. Khanna (2008). 

"Single-stranded DNA-binding protein hSSB1 is critical for genomic stability." Nature 

453(7195): 677-681. 

Richard, D. J., L. Cubeddu, A. J. Urquhart, A. Bain, E. Bolderson, D. Menon, M. F. White 

and K. K. Khanna (2011). "hSSB1 interacts directly with the MRN complex stimulating 

its recruitment to DNA double-strand breaks and its endo-nuclease activity." Nucleic 

Acids Research 39(9): 3643-3651. 

Richard, D. J., K. Savage, E. Bolderson, L. Cubeddu, S. So, M. Ghita, D. J. Chen, M. F. 

White, K. Richard, K. M. Prise, G. Schettino and K. K. Khanna (2011). "hSSB1 rapidly 

binds at the sites of DNA double-strand breaks and is required for the efficient recruitment 

of the MRN complex." Nucleic Acids Res 39(5): 1692-1702. 

Rieger, K. E. and G. Chu (2004). "Portrait of transcriptional responses to ultraviolet and 

ionizing radiation in human cells." Nucleic acids research 32(16): 4786-4803. 

Rienzo, M. and A. Casamassimi (2016). "Integrator complex and transcription regulation: 

Recent findings and pathophysiology." Biochim Biophys Acta 1859(10): 1269-1280. 

Riley, T., E. Sontag, P. Chen and A. Levine (2008). "Transcriptional control of human 

p53-regulated genes." Nature reviews Molecular cell biology 9(5): 402. 

Robinson, M. D., D. J. McCarthy and G. K. Smyth (2010). "edgeR: a Bioconductor 

package for differential expression analysis of digital gene expression data." 

Bioinformatics 26(1): 139-140. 

Robinson, M. D. and A. Oshlack (2010). "A scaling normalization method for differential 

expression analysis of RNA-seq data." Genome biology 11(3): R25. 

Robison, J. G., J. Elliott, K. Dixon and G. G. Oakley (2004). "Replication protein A and 

the Mre11/Rad50/Nbs1 complex co-localize and interact at sites of stalled replication 

forks." Journal of Biological Chemistry. 

Rodansky, E. S., L. A. Johnson, S. Huang, J. R. Spence and P. D. Higgins (2015). 

"Intestinal organoids: a model of intestinal fibrosis for evaluating anti-fibrotic drugs." 

Exp Mol Pathol 98(3): 346-351. 

Rode, A., K. K. Maass, K. V. Willmund, P. Lichter and A. Ernst (2016). "Chromothripsis 

in cancer cells: an update." International journal of cancer 138(10): 2322-2333. 

Rodriguez-Acebes, S., S. Mouron and J. Mendez (2018). "Uncoupling fork speed and 

origin activity to identify the primary cause of replicative stress phenotypes." J Biol Chem 

293(33): 12855-12861. 

Rogakou, E. P., C. Boon, C. Redon and W. M. Bonner (1999). "Megabase chromatin 

domains involved in DNA double-strand breaks in vivo." The Journal of cell biology 

146(5): 905-916. 

Rogakou, E. P., D. R. Pilch, A. H. Orr, V. S. Ivanova and W. M. Bonner (1998). "DNA 

double-stranded breaks induce histone H2AX phosphorylation on serine 139." Journal of 

biological chemistry 273(10): 5858-5868. 

Roithova, A., K. Klimesova, J. Panek, C. L. Will, R. Luhrmann, D. Stanek and C. Girard 

(2018). "The Sm-core mediates the retention of partially-assembled spliceosomal snRNPs 

in Cajal bodies until their full maturation." Nucleic Acids Res. 

Rossiello, F., U. Herbig, M. P. Longhese, M. Fumagalli and F. d. A. di Fagagna (2014). 

"Irreparable telomeric DNA damage and persistent DDR signalling as a shared causative 



 

223 

 

mechanism of cellular senescence and ageing." Current opinion in genetics & 

development 26: 89-95. 

Roy, B., L. M Haupt and L. R Griffiths (2013). "Alternative splicing (AS) of genes as an 

approach for generating protein complexity." Current genomics 14(3): 182-194. 

Roy, D., Z. Zhang, Z. Lu, C.-L. Hsieh and M. R. Lieber (2010). "Competition between 

the RNA transcript and the nontemplate DNA strand during R-loop formation in vitro: a 

nick can serve as a strong R-loop initiation site." Molecular and cellular biology 30(1): 

146-159. 

Rutkowski, R. J. and W. D. Warren (2009). "Phenotypic analysis of deflated/Ints7 

function in Drosophila development." Developmental dynamics: an official publication 

of the American Association of Anatomists 238(5): 1131-1139. 

Ruzankina, Y., C. Pinzon-Guzman, A. Asare, T. Ong, L. Pontano, G. Cotsarelis, V. P. 

Zediak, M. Velez, A. Bhandoola and E. J. Brown (2007). "Deletion of the 

developmentally essential gene ATR in adult mice leads to age-related phenotypes and 

stem cell loss." Cell Stem Cell 1(1): 113-126. 

Ryan, E. L., R. Hollingworth and R. J. Grand (2016). "Activation of the DNA Damage 

Response by RNA Viruses." Biomolecules 6(1): 2. 

Saadatzadeh, M. R., A. N. Elmi, P. H. Pandya, K. Bijangi-Vishehsaraei, J. Ding, C. W. 

Stamatkin, A. A. Cohen-Gadol and K. E. Pollok (2017). "The Role of MDM2 in 

Promoting Genome Stability versus Instability." International journal of molecular 

sciences 18(10): 2216. 

Saito-Diaz, K., T. W. Chen, X. Wang, C. A. Thorne, H. A. Wallace, A. Page-McCaw and 

E. Lee (2013). "The way Wnt works: Components and mechanism." Growth Factors 

31(1): 1-31. 

Sambrook, J. (2001). Russell DW. Molecular Clonning. A laboratory Mannual, New 

York: Cold Spring Harbor Laboratory Press. Cold Spring Halbor. 

San Filippo, J., P. Sung and H. Klein (2008). "Mechanism of eukaryotic homologous 

recombination." Annu Rev Biochem 77: 229-257. 

Sangiorgi, E. and M. R. Capecchi (2008). "Bmi1 is expressed in vivo in intestinal stem 

cells." Nature genetics 40(7): 915. 

Sansam, C. G., D. Goins, J. C. Siefert, E. A. Clowdus and C. L. Sansam (2015). "Cyclin-

dependent kinase regulates the length of S phase through TICRR/TRESLIN 

phosphorylation." Genes & development 29(5): 555-566. 

Santos-Pereira, J. M. and A. Aguilera (2015). "R loops: new modulators of genome 

dynamics and function." Nat Rev Genet 16(10): 583-597. 

Sartori, A. A., C. Lukas, J. Coates, M. Mistrik, S. Fu, J. Bartek, R. Baer, J. Lukas and S. 

P. Jackson (2007). "Human CtIP promotes DNA end resection." Nature 450(7169): 509. 

Sato, T. and H. Clevers (2015). "SnapShot: Growing Organoids from Stem Cells." Cell 

161(7): 1700-1700 e1701. 

Sato, T., J. H. van Es, H. J. Snippert, D. E. Stange, R. G. Vries, M. van den Born, N. 

Barker, N. F. Shroyer, M. van de Wetering and H. Clevers (2011). "Paneth cells constitute 

the niche for Lgr5 stem cells in intestinal crypts." Nature 469(7330): 415-418. 

Savage, K. I., J. J. Gorski, E. M. Barros, G. W. Irwin, L. Manti, A. J. Powell, A. Pellagatti, 

N. Lukashchuk, D. J. McCance and W. G. McCluggage (2014). "Identification of a 

BRCA1-mRNA splicing complex required for efficient DNA repair and maintenance of 

genomic stability." Molecular cell 54(3): 445-459. 

Scaffidi, P. and T. Misteli (2005). "Reversal of the cellular phenotype in the premature 

aging disease Hutchinson-Gilford progeria syndrome." Nat Med 11(4): 440-445. 

Schlacher, K., N. Christ, N. Siaud, A. Egashira, H. Wu and M. Jasin (2011). "Double-

strand break repair-independent role for BRCA2 in blocking stalled replication fork 

degradation by MRE11." Cell 145(4): 529-542. 



 

224 

 

Schmidt, D., H. Reuter, K. Huttner, L. Ruhe, F. Rabert, F. Seebeck, M. Irimia, J. Solana 

and K. Bartscherer (2018). "The Integrator complex regulates differential snRNA 

processing and fate of adult stem cells in the highly regenerative planarian Schmidtea 

mediterranea." PLoS Genet 14(12): e1007828. 

Schoenberg, D. R. and L. E. Maquat (2012). "Regulation of cytoplasmic mRNA decay." 

Nature Reviews Genetics 13(4): 246. 

Schubert, L., T. Ho, S. Hoffmann, P. Haahr, C. Guerillon and N. Mailand (2017). "RADX 

interacts with single-stranded DNA to promote replication fork stability." EMBO Rep 

18(11): 1991-2003. 

Schuijers, J. and H. Clevers (2012). "Adult mammalian stem cells: the role of Wnt, Lgr5 

and R-spondins." The EMBO Journal 31(13): 3031-3032. 

Schuijers, J., J. P. Junker, M. Mokry, P. Hatzis, B. K. Koo, V. Sasselli, L. G. van der 

Flier, E. Cuppen, A. van Oudenaarden and H. Clevers (2015). "Ascl2 acts as an R-

spondin/Wnt-responsive switch to control stemness in intestinal crypts." Cell Stem Cell 

16(2): 158-170. 

Schulz, S., G. Chachami, L. Kozaczkiewicz, U. Winter, N. Stankovic-Valentin, P. Haas, 

K. Hofmann, H. Urlaub, H. Ovaa, J. Wittbrodt, E. Meulmeester and F. Melchior (2012). 

"Ubiquitin-specific protease-like 1 (USPL1) is a SUMO isopeptidase with essential, non-

catalytic functions." EMBO Rep 13(10): 930-938. 

Schurman, S. H., C. A. Dunn, R. Greaves, B. Yu, L. Ferrucci, D. L. Croteau, M. M. 

Seidman and V. A. Bohr (2012). "Age-related disease association of endogenous γ-H2AX 

foci in mononuclear cells derived from leukapheresis." PLoS One 7(9): e45728. 

Schwab, R. A. and W. Niedzwiedz (2011). "Visualization of DNA replication in the 

vertebrate model system DT40 using the DNA fiber technique." J Vis Exp(56): e3255. 

Schwab, R. A., J. Nieminuszczy, F. Shah, J. Langton, D. Lopez Martinez, C. C. Liang, 

M. A. Cohn, R. J. Gibbons, A. J. Deans and W. Niedzwiedz (2015). "The Fanconi Anemia 

Pathway Maintains Genome Stability by Coordinating Replication and Transcription." 

Mol Cell 60(3): 351-361. 

Sedelnikova, O. A., I. Horikawa, C. Redon, A. Nakamura, D. B. Zimonjic, N. C. Popescu 

and W. M. Bonner (2008). "Delayed kinetics of DNA double‐strand break processing in 

normal and pathological aging." Aging cell 7(1): 89-100. 

Sedelnikova, O. A., C. E. Redon, J. S. Dickey, A. J. Nakamura, A. G. Georgakilas and 

W. M. Bonner (2010). "Role of oxidatively induced DNA lesions in human 

pathogenesis." Mutation Research/Reviews in Mutation Research 704(1-3): 152-159. 

Seibler, J., B. Zevnik, B. Küter‐Luks, S. Andreas, H. Kern, T. Hennek, A. Rode, C. 

Heimann, N. Faust and G. Kauselmann (2003). "Rapid generation of inducible mouse 

mutants." Nucleic acids research 31(4): e12-e12. 

Sekiguchi, J., D. O. Ferguson, H. T. Chen, E. M. Yang, J. Earle, K. Frank, S. Whitlow, 

Y. Gu, Y. Xu, A. Nussenzweig and F. W. Alt (2001). "Genetic interactions between ATM 

and the nonhomologous end-joining factors in genomic stability and development." Proc 

Natl Acad Sci U S A 98(6): 3243-3248. 

Semple, J. W., L. F. Da‐Silva, E. J. Jervis, J. Ah‐Kee, H. Al‐Attar, L. Kummer, J. J. 

Heikkila, P. Pasero and B. P. Duncker (2006). "An essential role for Orc6 in DNA 

replication through maintenance of pre‐replicative complexes." The EMBO journal 

25(21): 5150-5158. 

Shanske, A., D. G. Caride, L. Menasse‐Palmer, A. Bogdanow and R. W. Marion (1997). 

"Central nervous system anomalies in Seckel syndrome: report of a new family and 

review of the literature." American journal of medical genetics 70(2): 155-158. 

Sharan, S. K., M. Morimatsu, U. Albrecht, D.-S. Lim, E. Regel, C. Dinh, A. Sands, G. 

Eichele, P. Hasty and A. Bradley (1997). "Embryonic lethality and radiation 

hypersensitivity mediated by Rad51 in mice lacking Brca2." Nature 386(6627): 804. 



 

225 

 

Shechter, D., V. Costanzo and J. Gautier (2004). "Regulation of DNA replication by 

ATR: signaling in response to DNA intermediates." DNA Repair (Amst) 3(8-9): 901-908. 

Sheltzer, J. M., H. M. Blank, S. J. Pfau, Y. Tange, B. M. George, T. J. Humpton, I. L. 

Brito, Y. Hiraoka, O. Niwa and A. Amon (2011). "Aneuploidy drives genomic instability 

in yeast." Science 333(6045): 1026-1030. 

Shen, S., J. W. Park, Z. X. Lu, L. Lin, M. D. Henry, Y. N. Wu, Q. Zhou and Y. Xing 

(2014). "rMATS: robust and flexible detection of differential alternative splicing from 

replicate RNA-Seq data." Proc Natl Acad Sci U S A 111(51): E5593-5601. 

Shen, Y. J., N. Le Bert, A. A. Chitre, C. X. Koo, X. H. Nga, S. S. Ho, M. Khatoo, N. Y. 

Tan, K. J. Ishii and S. Gasser (2015). "Genome-derived cytosolic DNA mediates type I 

interferon-dependent rejection of B cell lymphoma cells." Cell Rep 11(3): 460-473. 

Shi, W., A. L. Bain, B. Schwer, F. Al-Ejeh, C. Smith, L. Wong, H. Chai, M. S. Miranda, 

U. Ho, M. Kawaguchi, Y. Miura, J. W. Finnie, M. Wall, J. Heierhorst, C. Wicking, K. J. 

Spring, F. W. Alt and K. K. Khanna (2013). "Essential developmental, genomic stability, 

and tumour suppressor functions of the mouse orthologue of hSSB1/NABP2." PLoS 

Genet 9(2): e1003298. 

Shi, W., Z. Feng, J. Zhang, I. Gonzalez-Suarez, R. P. Vanderwaal, X. Wu, S. N. Powell, 

J. L. Roti Roti, S. Gonzalo and J. Zhang (2010). "The role of RPA2 phosphorylation in 

homologous recombination in response to replication arrest." Carcinogenesis 31(6): 994-

1002. 

Shi, W., T. Vu, D. Boucher, A. Biernacka, J. Nde, R. K. Pandita, J. Straube, G. M. Boyle, 

F. Al-Ejeh, P. Nag, J. Jeffery, J. L. Harris, A. L. Bain, M. Grzelak, M. Skrzypczak, A. 

Mitra, N. Dojer, N. Crosetto, N. Cloonan, O. J. Becherel, J. Finnie, J. R. Skaar, C. R. 

Walkley, T. K. Pandita, M. Rowicka, K. Ginalski, S. W. Lane and K. K. Khanna (2017). 

"Ssb1 and Ssb2 cooperate to regulate mouse hematopoietic stem and progenitor cells by 

resolving replicative stress." Blood 129(18): 2479-2492. 

Shi, Y. and J. L. Manley (2015). "The end of the message: multiple protein–RNA 

interactions define the mRNA polyadenylation site." Genes & development 29(9): 889-

897. 

Shiloh, Y. (1997). "Ataxia-telangiectasia and the Nijmegen breakage syndrome: related 

disorders but genes apart." Annual review of genetics 31(1): 635-662. 

Shiloh, Y. (2003). "ATM and related protein kinases: safeguarding genome integrity." 

Nature Reviews Cancer 3(3): 155-168. 

Shirai, C. L., J. N. Ley, B. S. White, S. Kim, J. Tibbitts, J. Shao, M. Ndonwi, B. Wadugu, 

E. J. Duncavage, T. Okeyo-Owuor, T. Liu, M. Griffith, S. McGrath, V. Magrini, R. S. 

Fulton, C. Fronick, M. O'Laughlin, T. A. Graubert and M. J. Walter (2015). "Mutant 

U2AF1 Expression Alters Hematopoiesis and Pre-mRNA Splicing In Vivo." Cancer Cell 

27(5): 631-643. 

Shirazi, P. T., W. R. Leifert, M. F. Fenech and M. François (2018). "Folate modulates 

guanine-quadruplex frequency and DNA damage in Werner syndrome." Mutation 

Research/Genetic Toxicology and Environmental Mutagenesis 826: 47-52. 

Shivji, M. K. K., X. Renaudin, C. H. Williams and A. R. Venkitaraman (2018). "BRCA2 

Regulates Transcription Elongation by RNA Polymerase II to Prevent R-Loop 

Accumulation." Cell Rep 22(4): 1031-1039. 

Shkreta, L., L. Michelle, J. Toutant, M. L. Tremblay and B. Chabot (2011). "The DNA 

damage response pathway regulates the alternative splicing of the apoptotic mediator Bcl-

x." J Biol Chem 286(1): 331-340. 

Shouse, G. P., Y. Nobumori, M. J. Panowicz and X. Liu (2011). "ATM-mediated 

phosphorylation activates the tumor-suppressive function of B56gamma-PP2A." 

Oncogene 30(35): 3755-3765. 

Shreeram, S., O. N. Demidov, W. K. Hee, H. Yamaguchi, N. Onishi, C. Kek, O. N. 

Timofeev, C. Dudgeon, A. J. Fornace, C. W. Anderson, Y. Minami, E. Appella and D. V. 



 

226 

 

Bulavin (2006). "Wip1 phosphatase modulates ATM-dependent signaling pathways." 

Mol Cell 23(5): 757-764. 

Shukla, G. C., A. J. Cole, R. C. Dietrich and R. A. Padgett (2002). "Domains of human 

U4atac snRNA required for U12‐dependent splicing in vivo." Nucleic acids research 

30(21): 4650-4657. 

Siddiqui, M. S., M. Francois, M. F. Fenech and W. R. Leifert (2015). "Persistent 

gammaH2AX: A promising molecular marker of DNA damage and aging." Mutat Res 

Rev Mutat Res 766: 1-19. 

Sies, H. (2018). "On the History of Oxidative Stress: Concept and Some Aspects of 

Current Development." Current Opinion in Toxicology. 

Signal, B., B. S. Gloss, M. E. Dinger and T. R. Mercer (2016). "Machine-learning 

annotation of human splicing branchpoints." BioRxiv: 094003. 

Sigova, A. A., B. J. Abraham, X. Ji, B. Molinie, N. M. Hannett, Y. E. Guo, M. Jangi, C. 

C. Giallourakis, P. A. Sharp and R. A. Young (2015). "Transcription factor trapping by 

RNA in gene regulatory elements." Science 350(6263): 978-981. 

Simons, B. D. and H. Clevers (2011). "Stem cell self-renewal in intestinal crypt." Exp 

Cell Res 317(19): 2719-2724. 

Singh, D. K., R. K. Pandita, M. Singh, S. Chakraborty, S. Hambarde, D. Ramnarain, V. 

Charaka, K. M. Ahmed, C. R. Hunt and T. K. Pandita (2018). "MOF suppresses 

replication stress and contribute to resolution of stalled replication forks." Molecular and 

cellular biology: MCB. 00484-00417. 

Singh, J. and R. A. Padgett (2009). "Rates of in situ transcription and splicing in large 

human genes." Nature structural & molecular biology 16(11): 1128. 

Sinha, D., M. Kalimutho, J. Bowles, A.-L. Chan, D. J. Merriner, A. L. Bain, J. L. 

Simmons, R. Freire, J. A. Lopez and R. M. Hobbs (2018). "Cep55 overexpression causes 

male-specific sterility in mice by suppressing Foxo1 nuclear retention through sustained 

activation of PI3K/Akt signaling." The FASEB Journal: fj. 201701096RR. 

Skaar, J. R., A. L. Ferris, X. Wu, A. Saraf, K. K. Khanna, L. Florens, M. P. Washburn, S. 

H. Hughes and M. Pagano (2015). "The Integrator complex controls the termination of 

transcription at diverse classes of gene targets." Cell Res 25(3): 288-305. 

Skaar, J. R., D. J. Richard, A. Saraf, A. Toschi, E. Bolderson, L. Florens, M. P. Washburn, 

K. K. Khanna and M. Pagano (2009). "INTS3 controls the hSSB1-mediated DNA damage 

response." J Cell Biol 187(1): 25-32. 

Skourti-Stathaki, K., N. J. Proudfoot and N. Gromak (2011). "Human senataxin resolves 

RNA/DNA hybrids formed at transcriptional pause sites to promote Xrn2-dependent 

termination." Mol Cell 42(6): 794-805. 

Smigiel, R., G. Landsberg, M. Schilling, M. Rydzanicz, A. Pollak, A. Walczak, A. 

Stodolak, P. Stawinski, H. Mierzewska, M. M. Sasiadek, O. J. Gruss and R. Ploski (2018). 

"Developmental epileptic encephalopathy with hypomyelination and brain atrophy 

associated with PTPN23 variants affecting the assembly of UsnRNPs." Eur J Hum Genet. 

Smith, K. P., K. C. Carter, C. V. Johnson and J. B. Lawrence (1995). "U2 and U1 snRNA 

gene loci associate with coiled bodies." Journal of cellular biochemistry 59(4): 473-485. 

Sollier, J. and K. A. Cimprich (2015). "Breaking bad: R-loops and genome integrity." 

Trends Cell Biol 25(9): 514-522. 

Sollier, J., C. T. Stork, M. L. Garcia-Rubio, R. D. Paulsen, A. Aguilera and K. A. 

Cimprich (2014). "Transcription-coupled nucleotide excision repair factors promote R-

loop-induced genome instability." Mol Cell 56(6): 777-785. 

Son, A., J. E. Park and V. N. Kim (2018). "PARN and TOE1 Constitute a 3' End 

Maturation Module for Nuclear Non-coding RNAs." Cell Rep 23(3): 888-898. 

Sordet, O., C. E. Redon, J. Guirouilh-Barbat, S. Smith, S. Solier, C. Douarre, C. Conti, 

A. J. Nakamura, B. B. Das, E. Nicolas, K. W. Kohn, W. M. Bonner and Y. Pommier 



 

227 

 

(2009). "Ataxia telangiectasia mutated activation by transcription- and topoisomerase I-

induced DNA double-strand breaks." EMBO Rep 10(8): 887-893. 

Sorrells, S., S. Nik, M. Casey, R. C. Cameron, H. Truong, C. Toruno, M. Gulfo, A. Lowe, 

C. Jette, R. A. Stewart and T. V. Bowman (2018). "Spliceosomal components protect 

embryonic neurons from R-loop-mediated DNA damage and apoptosis." Dis Model 

Mech 11(2). 

Srinivasan, S. V., D. Dominguez-Sola, L. C. Wang, O. Hyrien and J. Gautier (2013). 

"Cdc45 is a critical effector of myc-dependent DNA replication stress." Cell reports 3(5): 

1629-1639. 

Stadelmayer, B., G. Micas, A. Gamot, P. Martin, N. Malirat, S. Koval, R. Raffel, B. 

Sobhian, D. Severac, S. Rialle, H. Parrinello, O. Cuvier and M. Benkirane (2014). 

"Integrator complex regulates NELF-mediated RNA polymerase II pause/release and 

processivity at coding genes." Nat Commun 5: 5531. 

Stanek, D. (2017). "Cajal bodies and snRNPs - friends with benefits." RNA Biol 14(6): 

671-679. 

Staněk, D., J. Přidalová-Hnilicová, I. Novotný, M. Huranová, M. Blažíková, X. Wen, A. 

K. Sapra and K. M. Neugebauer (2008). "Spliceosomal small nuclear ribonucleoprotein 

particles repeatedly cycle through Cajal bodies." Molecular biology of the cell 19(6): 

2534-2543. 

Stange, D. E. and H. Clevers (2013). "Concise review: the yin and yang of intestinal 

(cancer) stem cells and their progenitors." Stem Cells 31(11): 2287-2295. 

Stirling, P. C. and P. Hieter (2017). "Canonical DNA Repair Pathways Influence R-Loop-

Driven Genome Instability." J Mol Biol 429(21): 3132-3138. 

Storici, F. and A. E. Tichon (2017). "RNA takes over control of DNA break repair." 

Nature cell biology 19(12): 1382. 

Stork, C. T., M. Bocek, M. P. Crossley, J. Sollier, L. A. Sanz, F. Chédin, T. Swigut and 

K. A. Cimprich (2016). "Co-transcriptional R-loops are the main cause of estrogen-

induced DNA damage." Elife 5: e17548. 

Stucki, M., J. A. Clapperton, D. Mohammad, M. B. Yaffe, S. J. Smerdon and S. P. Jackson 

(2005). "MDC1 directly binds phosphorylated histone H2AX to regulate cellular 

responses to DNA double-strand breaks." Cell 123(7): 1213-1226. 

Sulli, G., R. Di Micco and F. d. A. di Fagagna (2012). "Crosstalk between chromatin state 

and DNA damage response in cellular senescence and cancer." Nature Reviews Cancer 

12(10): 709. 

Sullivan, K. D., M. Steiniger and W. F. Marzluff (2009). "A core complex of CPSF73, 

CPSF100, and Symplekin may form two different cleavage factors for processing of poly 

(A) and histone mRNAs." Molecular cell 34(3): 322-332. 

Sun, Y., X. Jiang, S. Chen, N. Fernandes and B. D. Price (2005). "A role for the Tip60 

histone acetyltransferase in the acetylation and activation of ATM." Proc Natl Acad Sci 

U S A 102(37): 13182-13187. 

Sun, Y., Y. Xu, K. Roy and B. D. Price (2007). "DNA damage-induced acetylation of 

lysine 3016 of ATM activates ATM kinase activity." Mol Cell Biol 27(24): 8502-8509. 

Sundaramoorthy, S., M. D. Vázquez‐Novelle, S. Lekomtsev, M. Howell and M. 

Petronczki (2014). "Functional genomics identifies a requirement of pre‐mRNA splicing 

factors for sister chromatid cohesion." The EMBO journal: e201488244. 

Swift, M., D. Morrell, R. B. Massey and C. L. Chase (1991). "Incidence of cancer in 161 

families affected by ataxia–telangiectasia." New England Journal of Medicine 325(26): 

1831-1836. 

Symington, L. S. and J. Gautier (2011). "Double-strand break end resection and repair 

pathway choice." Annu Rev Genet 45: 247-271. 

Takai, H., K. Naka, Y. Okada, M. Watanabe, N. Harada, S. i. Saito, C. W. Anderson, E. 

Appella, M. Nakanishi and H. Suzuki (2002). "Chk2‐deficient mice exhibit 



 

228 

 

radioresistance and defective p53‐mediated transcription." The EMBO journal 21(19): 

5195-5205. 

Takata, H., H. Nishijima, K. Maeshima and K. Shibahara (2012). "The integrator complex 

is required for integrity of Cajal bodies." J Cell Sci 125(Pt 1): 166-175. 

Takeda, K., I. Kinoshita, Y. Shimizu, Y. Matsuno, T. Shichinohe and H. Dosaka-Akita 

(2011). "Expression of LGR5, an intestinal stem cell marker, during each stage of 

colorectal tumorigenesis." Anticancer research 31(1): 263-270. 

Takeda, N., R. Jain, M. R. LeBoeuf, Q. Wang, M. M. Lu and J. A. Epstein (2011). 

"Interconversion between intestinal stem cell populations in distinct niches." Science 

334(6061): 1420-1424. 

Takeda, S., K. Nakamura, Y. Taniguchi and T. T. Paull (2007). "Ctp1/CtIP and the MRN 

complex collaborate in the initial steps of homologous recombination." Mol Cell 28(3): 

351-352. 

Tanikawa, M., K. Sanjiv, T. Helleday, P. Herr and O. Mortusewicz (2016). "The 

spliceosome U2 snRNP factors promote genome stability through distinct mechanisms; 

transcription of repair factors and R-loop processing." Oncogenesis 5(12): e280. 

Tao, S., Y. Cai and K. Sampath (2009). "The Integrator subunits function in 

hematopoiesis by modulating Smad/BMP signaling." Development 136(16): 2757-2765. 

Tarn, W.-Y. and J. A. Steitz (1996). "A novel spliceosome containing U11, U12, and U5 

snRNPs excises a minor class (AT–AC) intron in vitro." Cell 84(5): 801-811. 

Tarsounas, M., D. Davies and S. C. West (2003). "BRCA2-dependent and independent 

formation of RAD51 nuclear foci." Oncogene 22(8): 1115-1123. 

Tay, Y. L. (2015). "Mutations within the spliceosomal gene SNRPB affect its auto‐
regulation and are causative for classic cerebro‐costo‐mandibular syndrome." Clinical 

genetics 87(1): 32-33. 

Taylor, A., D. Harnden, C. Arlett, S. Harcourt, A. Lehmann, S. u. Stevens and B. Bridges 

(1975). "Ataxia telangiectasia: a human mutation with abnormal radiation sensitivity." 

Nature 258(5534): 427. 

Taylor, A. M., A. Groom and P. J. Byrd (2004). "Ataxia-telangiectasia-like disorder 

(ATLD)-its clinical presentation and molecular basis." DNA Repair (Amst) 3(8-9): 1219-

1225. 

Técher, H., S. Koundrioukoff, S. Carignon, T. Wilhelm, G. A. Millot, B. S. Lopez, O. 

Brison and M. Debatisse (2016). "Signaling from Mus81-Eme2-dependent DNA damage 

elicited by Chk1 deficiency modulates replication fork speed and origin usage." Cell 

reports 14(5): 1114-1127. 

Techer, H., S. Koundrioukoff, A. Nicolas and M. Debatisse (2017). "The impact of 

replication stress on replication dynamics and DNA damage in vertebrate cells." Nat Rev 

Genet 18(9): 535-550. 

Teves, S. S. and S. Henikoff (2014). "Transcription-generated torsional stress destabilizes 

nucleosomes." Nat Struct Mol Biol 21(1): 88-94. 

Thangavel, S., M. Berti, M. Levikova, C. Pinto, S. Gomathinayagam, M. Vujanovic, R. 

Zellweger, H. Moore, E. H. Lee and E. A. Hendrickson (2015). "DNA2 drives processing 

and restart of reversed replication forks in human cells." J Cell Biol 208(5): 545-562. 

Theobald, D. L., R. M. Mitton-Fry and D. S. Wuttke (2003). "Nucleic acid recognition 

by OB-fold proteins." Annual review of biophysics and biomolecular structure 32(1): 

115-133. 

Theobald, D. L. and D. S. Wuttke (2004). "Prediction of multiple tandem OB-fold 

domains in telomere end-binding proteins Pot1 and Cdc13." Structure 12(10): 1877-1879. 

Thomae, A. W., J. Baltin, D. Pich, M. J. Deutsch, M. Ravasz, K. Zeller, M. Gossen, W. 

Hammerschmidt and A. Schepers (2011). "Different roles of the human Orc6 protein in 

the replication initiation process." Cellular and Molecular Life Sciences 68(22): 3741-

3756. 



 

229 

 

Tian, H., B. Biehs, S. Warming, K. G. Leong, L. Rangell, O. D. Klein and F. J. de Sauvage 

(2011). "A reserve stem cell population in small intestine renders Lgr5-positive cells 

dispensable." Nature 478(7368): 255-259. 

Toledo, L., K. J. Neelsen and J. Lukas (2017). "Replication Catastrophe: When a 

Checkpoint Fails because of Exhaustion." Mol Cell 66(6): 735-749. 

Toledo, L. I., M. Altmeyer, M. B. Rask, C. Lukas, D. H. Larsen, L. K. Povlsen, S. Bekker-

Jensen, N. Mailand, J. Bartek and J. Lukas (2013). "ATR prohibits replication catastrophe 

by preventing global exhaustion of RPA." Cell 155(5): 1088-1103. 

Tollini, L. A., A. Jin, J. Park and Y. Zhang (2014). "Regulation of p53 by Mdm2 E3 ligase 

function is dispensable in embryogenesis and development, but essential in response to 

DNA damage." Cancer cell 26(2): 235-247. 

Tomimatsu, N., B. Mukherjee, M. Catherine Hardebeck, M. Ilcheva, C. Vanessa 

Camacho, J. Louise Harris, M. Porteus, B. Llorente, K. K. Khanna and S. Burma (2014). 

"Phosphorylation of EXO1 by CDKs 1 and 2 regulates DNA end resection and repair 

pathway choice." Nat Commun 5: 3561. 

Tooley, M., D. Lynch, F. Bernier, J. Parboosingh, E. Bhoj, E. Zackai, A. Calder, N. 

Itasaki, E. Wakeling and R. Scott (2016). "Cerebro–costo–mandibular syndrome: 

Clinical, radiological, and genetic findings." American Journal of Medical Genetics Part 

A 170(5): 1115-1126. 

Torudd, J., M. Protopopova, R. Sarimov, J. Nygren, S. Eriksson, E. Markova, M. 

Chovanec, G. Selivanova and I. Belyaev (2005). "Dose–response for radiation-induced 

apoptosis, residual 53BP1 foci and DNA-loop relaxation in human lymphocytes." 

International journal of radiation biology 81(2): 125-138. 

Touma, C., M. N. Adams, N. W. Ashton, M. Mizzi, S. El-Kamand, D. J. Richard, L. 

Cubeddu and R. Gamsjaeger (2017). "A data-driven structural model of hSSB1 

(NABP2/OBFC2B) self-oligomerization." Nucleic Acids Res. 

Tresini, M., D. O. Warmerdam, P. Kolovos, L. Snijder, M. G. Vrouwe, J. A. Demmers, 

W. F. van IJcken, F. G. Grosveld, R. H. Medema and J. H. Hoeijmakers (2015). "The 

core spliceosome as target and effector of non-canonical ATM signalling." Nature 

523(7558): 53. 

Tsuiji, H., Y. Iguchi, A. Furuya, A. Kataoka, H. Hatsuta, N. Atsuta, F. Tanaka, Y. 

Hashizume, H. Akatsu, S. Murayama, G. Sobue and K. Yamanaka (2013). "Spliceosome 

integrity is defective in the motor neuron diseases ALS and SMA." EMBO Mol Med 5(2): 

221-234. 

Tucker, K. E., M. T. Berciano, E. Y. Jacobs, D. F. LePage, K. B. Shpargel, J. J. Rossire, 

E. K. L. Chan, M. Lafarga, R. A. Conlon and A. G. Matera (2001). "Residual Cajal bodies 

in coilin knockout mice fail to recruit Sm snRNPs and SMN, the spinal muscular atrophy 

gene product." The Journal of Cell Biology 154(2): 293-308. 

Tuduri, S., L. Crabbé, C. Conti, H. Tourrière, H. Holtgreve-Grez, A. Jauch, V. Pantesco, 

J. De Vos, A. Thomas and C. Theillet (2009). "Topoisomerase I suppresses genomic 

instability by preventing interference between replication and transcription." Nature cell 

biology 11(11): 1315. 

Umar, A., A. B. Buermeyer, J. A. Simon, D. C. Thomas, A. B. Clark, R. M. Liskay and 

T. A. Kunkel (1996). "Requirement for PCNA in DNA mismatch repair at a step 

preceding DNA resynthesis." Cell 87(1): 65-73. 

Urbanski, L. M., N. Leclair and O. Anczuków (2018). "Alternative‐splicing defects in 

cancer: Splicing regulators and their downstream targets, guiding the way to novel cancer 

therapeutics." Wiley Interdisciplinary Reviews: RNA: e1476. 

Van Alstyne, M., C. M. Simon, S. P. Sardi, L. S. Shihabuddin, G. Z. Mentis and L. 

Pellizzoni (2018). "Dysregulation of Mdm2 and Mdm4 alternative splicing underlies 

motor neuron death in spinal muscular atrophy." Genes Dev 32(15-16): 1045-1059. 



 

230 

 

Van der Flier, L. G. and H. Clevers (2009). "Stem cells, self-renewal, and differentiation 

in the intestinal epithelium." Annual review of physiology 71: 241-260. 

Van der Flier, L. G., J. Sabates–Bellver, I. Oving, A. Haegebarth, M. De Palo, M. Anti, 

M. E. Van Gijn, S. Suijkerbuijk, M. Van de Wetering and G. Marra (2007). "The intestinal 

Wnt/TCF signature." Gastroenterology 132(2): 628-632. 

van der Lelij, P., R. R. Stocsits, R. Ladurner, G. Petzold, E. Kreidl, B. Koch, J. Schmitz, 

B. Neumann, J. Ellenberg and J. M. Peters (2014). "SNW1 enables sister chromatid 

cohesion by mediating the splicing of sororin and APC2 pre‐mRNAs." The EMBO 

journal 33(22): 2643-2658. 

Van Deutekom, J. C., A. A. Janson, I. B. Ginjaar, W. S. Frankhuizen, A. Aartsma-Rus, 

M. Bremmer-Bout, J. T. den Dunnen, K. Koop, A. J. van der Kooi and N. M. Goemans 

(2007). "Local dystrophin restoration with antisense oligonucleotide PRO051." New 

England Journal of Medicine 357(26): 2677-2686. 

Van Es, J. H., T. Sato, M. Van De Wetering, A. Lyubimova, A. N. Y. Nee, A. Gregorieff, 

N. Sasaki, L. Zeinstra, M. Van Den Born and J. Korving (2012). "Dll1+ secretory 

progenitor cells revert to stem cells upon crypt damage." Nature cell biology 14(10): 

1099. 

van Gool, A. J., E. Citterio, S. Rademakers, R. van Os, W. Vermeulen, A. Constantinou, 

J. M. Egly, D. Bootsma and J. H. Hoeijmakers (1997). "The Cockayne syndrome B 

protein, involved in transcription‐coupled DNA repair, resides in an RNA polymerase II‐
containing complex." The EMBO journal 16(19): 5955-5965. 

Vandewiele, D., A. Borden, P. I. O'Grady, R. Woodgate and C. W. Lawrence (1998). 

"Efficient translesion replication in the absence of Escherichia coli Umu proteins and 3'-

5' exonuclease proofreading function." Proc Natl Acad Sci U S A 95(26): 15519-15524. 

VanDussen, K. L., A. J. Carulli, T. M. Keeley, S. R. Patel, B. J. Puthoff, S. T. Magness, 

I. T. Tran, I. Maillard, C. Siebel, A. Kolterud, A. S. Grosse, D. L. Gumucio, S. A. Ernst, 

Y. H. Tsai, P. J. Dempsey and L. C. Samuelson (2012). "Notch signaling modulates 

proliferation and differentiation of intestinal crypt base columnar stem cells." 

Development 139(3): 488-497. 

Vanoosthuyse, V. (2018). "Strengths and Weaknesses of the Current Strategies to Map 

and Characterize R-Loops." Noncoding RNA 4(2). 

Veloso, A., K. S. Kirkconnell, B. Magnuson, B. Biewen, M. T. Paulsen, T. E. Wilson and 

M. Ljungman (2014). "Rate of elongation by RNA polymerase II is associated with 

specific gene features and epigenetic modifications." Genome research. 

Vidhyasagar, V., Y. He, M. Guo, H. Ding, T. Talwar, V. Nguyen, J. Nwosu, G. Katselis 

and Y. Wu (2016). "C-termini are essential and distinct for nucleic acid binding of human 

NABP1 and NABP2." Biochim Biophys Acta 1860(2): 371-383. 

Vidhyasagar, V., Y. He, M. Guo, T. Talwar, R. S. Singh, M. Yadav, G. Katselis, F. J. 

Vizeacoumar, E. Lukong and Y. Wu (2017). "Biochemical characterization of INTS3 and 

C9ORF80, two subunits of hNABP1/2 heterotrimeric complex in nucleic acid binding." 

Biochemical Journal: BCJ20170351. 

Visvader, J. E. and H. Clevers (2016). "Tissue-specific designs of stem cell hierarchies." 

Nat Cell Biol 18(4): 349-355. 

Wahba, L. and D. Koshland (2013). "The Rs of biology: R-loops and the regulation of 

regulators." Mol Cell 50(5): 611-612. 

Wan, Y. and D. R. Larson (2018). "Splicing heterogeneity: separating signal from noise." 

Genome Biol 19(1): 86. 

Wang, F., E. R. Podell, A. J. Zaug, Y. Yang, P. Baciu, T. R. Cech and M. Lei (2007). 

"The POT1–TPP1 telomere complex is a telomerase processivity factor." Nature 

445(7127): 506. 

Wang, H., L. Z. Shi, C. C. Wong, X. Han, P. Y. Hwang, L. N. Truong, Q. Zhu, Z. Shao, 

D. J. Chen, M. W. Berns, J. R. Yates, 3rd, L. Chen and X. Wu (2013). "The interaction 



 

231 

 

of CtIP and Nbs1 connects CDK and ATM to regulate HR-mediated double-strand break 

repair." PLoS Genet 9(2): e1003277. 

Wang, I. X., C. Grunseich, J. Fox, J. Burdick, Z. Zhu, N. Ravazian, M. Hafner and V. G. 

Cheung (2018). "Human proteins that interact with RNA/DNA hybrids." Genome 

research 28(9): 1405-1414. 

Wang, Q. and M. Goldstein (2016). "Small RNAs recruit chromatin-modifying enzymes 

MMSET and Tip60 to reconfigure damaged DNA upon double-strand break and facilitate 

repair." Cancer research. 

Wang, Q., I. A. Sawyer, M. H. Sung, D. Sturgill, S. P. Shevtsov, G. Pegoraro, O. Hakim, 

S. Baek, G. L. Hager and M. Dundr (2016). "Cajal bodies are linked to genome 

conformation." Nat Commun 7: 10966. 

Wang, X., W. Wang, L. Li, G. Perry, H.-g. Lee and X. Zhu (2014). "Oxidative stress and 

mitochondrial dysfunction in Alzheimer's disease." Biochimica et Biophysica Acta 

(BBA)-Molecular Basis of Disease 1842(8): 1240-1247. 

Wang, Y., M. Giel-Moloney, G. Rindi and A. B. Leiter (2007). "Enteroendocrine 

precursors differentiate independently of Wnt and form serotonin expressing adenomas 

in response to active β-catenin." Proceedings of the National Academy of Sciences 

104(27): 11328-11333. 

Wang, Y., C. D. Putnam, M. F. Kane, W. Zhang, L. Edelmann, R. Russell, D. V. Carrion, 

L. Chin, R. Kucherlapati, R. D. Kolodner and W. Edelmann (2005). "Mutation in Rpa1 

results in defective DNA double-strand break repair, chromosomal instability and cancer 

in mice." Nat Genet 37(7): 750-755. 

Wang, Z.-F., M. L. Whitfield, T. C. Ingledue, Z. Dominski and W. F. Marzluff (1996). 

"The protein that binds the 3'end of histone mRNA: a novel RNA-binding protein 

required for histone pre-mRNA processing." Genes & development 10(23): 3028-3040. 

Ward, I. M. and J. Chen (2001). "Histone H2AX is phosphorylated in an ATR-dependent 

manner in response to replicational stress." Journal of Biological Chemistry 276(51): 

47759-47762. 

Wei, W., Z. Ba, M. Gao, Y. Wu, Y. Ma, S. Amiard, C. I. White, J. M. R. Danielsen, Y.-

G. Yang and Y. Qi (2012). "A role for small RNAs in DNA double-strand break repair." 

Cell 149(1): 101-112. 

Weiner, A. M. (2005). "E Pluribus Unum: 3′ end formation of polyadenylated mRNAs, 

histone mRNAs, and U snRNAs." Molecular cell 20(2): 168-170. 

White, D., I. U. Rafalska-Metcalf, A. V. Ivanov, A. Corsinotti, H. Peng, S. C. Lee, D. 

Trono, S. M. Janicki and F. J. Rauscher, 3rd (2012). "The ATM substrate KAP1 controls 

DNA repair in heterochromatin: regulation by HP1 proteins and serine 473/824 

phosphorylation." Mol Cancer Res 10(3): 401-414. 

Wickramasinghe, V. O., M. Gonzalez-Porta, D. Perera, A. R. Bartolozzi, C. R. Sibley, 

M. Hallegger, J. Ule, J. C. Marioni and A. R. Venkitaraman (2015). "Regulation of 

constitutive and alternative mRNA splicing across the human transcriptome by PRPF8 is 

determined by 5' splice site strength." Genome Biol 16: 201. 

Wickramasinghe, V. O., J. M. Savill, S. Chavali, A. B. Jonsdottir, E. Rajendra, T. Grüner, 

R. A. Laskey, M. M. Babu and A. R. Venkitaraman (2013). "Human inositol 

polyphosphate multikinase regulates transcript-selective nuclear mRNA export to 

preserve genome integrity." Molecular cell 51(6): 737-750. 

Wickramasinghe, V. O. and A. R. Venkitaraman (2016). "RNA Processing and Genome 

Stability: Cause and Consequence." Mol Cell 61(4): 496-505. 

Wilhelm, T., S. Ragu, C. Machon, E. Dardillac, H. Técher, J. Guitton, M. Debatisse and 

B. S. Lopez (2016). "Slow replication fork velocity of homologous recombination-

defective cells results from endogenous oxidative stress." PLoS genetics 12(5): 

e1006007. 



 

232 

 

Will, C. L. and R. Luhrmann (2011). "Spliceosome structure and function." Cold Spring 

Harb Perspect Biol 3(7). 

Williams, J. S., D. J. Smith, L. Marjavaara, S. A. Lujan, A. Chabes and T. A. Kunkel 

(2013). "Topoisomerase 1-mediated removal of ribonucleotides from nascent leading-

strand DNA." Molecular cell 49(5): 1010-1015. 

Williams, R. S., G. Moncalian, J. S. Williams, Y. Yamada, O. Limbo, D. S. Shin, L. M. 

Groocock, D. Cahill, C. Hitomi, G. Guenther, D. Moiani, J. P. Carney, P. Russell and J. 

A. Tainer (2008). "Mre11 dimers coordinate DNA end bridging and nuclease processing 

in double-strand-break repair." Cell 135(1): 97-109. 

Williamson, L. M. and S. P. Lees-Miller (2010). "Estrogen receptor α-mediated 

transcription induces cell cycle-dependent DNA double-strand breaks." Carcinogenesis 

32(3): 279-285. 

Wiseman, H. and B. Halliwell (1996). "Damage to DNA by reactive oxygen and nitrogen 

species: role in inflammatory disease and progression to cancer." Biochemical Journal 

313(Pt 1): 17. 

Wold, M. S. (1997). "Replication protein A: a heterotrimeric, single-stranded DNA-

binding protein required for eukaryotic DNA metabolism." Annual review of 

biochemistry 66(1): 61-92. 

Wold, M. S. and T. Kelly (1988). "Purification and characterization of replication protein 

A, a cellular protein required for in vitro replication of simian virus 40 DNA." 

Proceedings of the National Academy of Sciences 85(8): 2523-2527. 

Wolf, C., A. Rapp, N. Berndt, W. Staroske, M. Schuster, M. Dobrick-Mattheuer, S. 

Kretschmer, N. Konig, T. Kurth, D. Wieczorek, K. Kast, M. C. Cardoso, C. Gunther and 

M. A. Lee-Kirsch (2016). "RPA and Rad51 constitute a cell intrinsic mechanism to 

protect the cytosol from self DNA." Nat Commun 7: 11752. 

Wong, V. W., D. E. Stange, M. E. Page, S. Buczacki, A. Wabik, S. Itami, M. Van De 

Wetering, R. Poulsom, N. A. Wright and M. W. Trotter (2012). "Lrig1 controls intestinal 

stem-cell homeostasis by negative regulation of ErbB signalling." Nature cell biology 

14(4): 401. 

Wongsurawat, T., P. Jenjaroenpun, C. K. Kwoh and V. Kuznetsov (2012). "Quantitative 

model of R-loop forming structures reveals a novel level of RNA-DNA interactome 

complexity." Nucleic Acids Res 40(2): e16. 

Wu, L., A. S. Multani, H. He, W. Cosme-Blanco, Y. Deng, J. M. Deng, O. Bachilo, S. 

Pathak, H. Tahara and S. M. Bailey (2006). "Pot1 deficiency initiates DNA damage 

checkpoint activation and aberrant homologous recombination at telomeres." Cell 126(1): 

49-62. 

Wu, X., S. M. Shell and Y. Zou (2005). "Interaction and colocalization of 

Rad9/Rad1/Hus1 checkpoint complex with replication protein A in human cells." 

Oncogene 24(29): 4728. 

Wu, Y., T. R. Albrecht, D. Baillat, E. J. Wagner and L. Tong (2017). "Molecular basis 

for the interaction between Integrator subunits IntS9 and IntS11 and its functional 

importance." Proceedings of the National Academy of Sciences 114(17): 4394-4399. 

Wu, Y., J. Lu and T. Kang (2016). "Human single-stranded DNA binding proteins: 

guardians of genome stability." Acta Biochim Biophys Sin (Shanghai) 48(7): 671-677. 

Wyman, C. and R. Kanaar (2006). "DNA double-strand break repair: all's well that ends 

well." Annu Rev Genet 40: 363-383. 

Xin, H., D. Liu, M. Wan, A. Safari, H. Kim, W. Sun, M. S. O’Connor and Z. Songyang 

(2007). "TPP1 is a homologue of ciliate TEBP-β and interacts with POT1 to recruit 

telomerase." nature 445(7127): 559. 

Xu, B., S. Kim and M. B. Kastan (2001). "Involvement of Brca1 in S-phase and G(2)-

phase checkpoints after ionizing irradiation." Mol Cell Biol 21(10): 3445-3450. 



 

233 

 

Xu, Y., T. Ashley, E. E. Brainerd, R. T. Bronson, M. S. Meyn and D. Baltimore (1996). 

"Targeted disruption of ATM leads to growth retardation, chromosomal fragmentation 

during meiosis, immune defects, and thymic lymphoma." Genes & development 10(19): 

2411-2422. 

Xu, Y. and D. Baltimore (1996). "Dual roles of ATM in the cellular response to radiation 

and in cell growth control." Genes & development 10(19): 2401-2410. 

Yamamoto, J., Y. Hagiwara, K. Chiba, T. Isobe, T. Narita, H. Handa and Y. Yamaguchi 

(2014). "DSIF and NELF interact with Integrator to specify the correct post-

transcriptional fate of snRNA genes." Nat Commun 5: 4263. 

Yamazaki, T., L. Liu, D. Lazarev, A. Al-Zain, V. Fomin, P. L. Yeung, S. M. Chambers, 

C. W. Lu, L. Studer and J. L. Manley (2018). "TCF3 alternative splicing controlled by 

hnRNP H/F regulates E-cadherin expression and hESC pluripotency." Genes Dev 32(17-

18): 1161-1174. 

Yan, K. S., L. A. Chia, X. Li, A. Ootani, J. Su, J. Y. Lee, N. Su, Y. Luo, S. C. Heilshorn 

and M. R. Amieva (2012). "The intestinal stem cell markers Bmi1 and Lgr5 identify two 

functionally distinct populations." Proceedings of the National Academy of Sciences 

109(2): 466-471. 

Yan, K. S. and C. J. Kuo (2015). "Ascl2 reinforces intestinal stem cell identity." Cell 

Stem Cell 16(2): 105-106. 

Yang, H., P. D. Jeffrey, J. Miller, E. Kinnucan, Y. Sun, N. H. Thomä, N. Zheng, P.-L. 

Chen, W.-H. Lee and N. P. Pavletich (2002). "BRCA2 function in DNA binding and 

recombination from a BRCA2-DSS1-ssDNA structure." Science 297(5588): 1837-1848. 

Yang, J. and Y. Zeng (2015). "Identification of miRNA-mRNA crosstalk in pancreatic 

cancer by integrating transcriptome analysis." Eur Rev Med Pharmacol Sci 19(5): 825-

834. 

Yang, W. and Y. Gao (2018). "Translesion and Repair DNA Polymerases: Diverse 

Structure and Mechanism." Annu Rev Biochem 87: 239-261. 

Ye, Q., Y. F. Hu, H. Zhong, A. C. Nye, A. S. Belmont and R. Li (2001). "BRCA1-induced 

large-scale chromatin unfolding and allele-specific effects of cancer-predisposing 

mutations." J Cell Biol 155(6): 911-921. 

Yeo, A. J., O. J. Becherel, J. E. Luff, J. K. Cullen, T. Wongsurawat, P. Jenjaroenpun, V. 

A. Kuznetsov, P. J. McKinnon and M. F. Lavin (2014). "R-loops in proliferating cells but 

not in the brain: implications for AOA2 and other autosomal recessive ataxias." PLoS 

One 9(3): e90219. 

Yeo, A. J., O. J. Becherel, J. E. Luff, M. E. Graham, D. Richard and M. F. Lavin (2015). 

"Senataxin controls meiotic silencing through ATR activation and chromatin 

remodeling." Cell Discovery 1: 15025. 

Yong, W., S. Bao, H. Chen, D. Li, E. R. Sanchez and W. Shou (2007). "Mice lacking 

protein phosphatase 5 are defective in ataxia telangiectasia mutated (ATM)-mediated cell 

cycle arrest." J Biol Chem 282(20): 14690-14694. 

Yoon, J.-H. and R. Parker (2010). "Coil-in-to snRNP assembly and Cajal bodies." Nature 

Structural and Molecular Biology 17(4): 391. 

You, Z. and J. M. Bailis (2010). "DNA damage and decisions: CtIP coordinates DNA 

repair and cell cycle checkpoints." Trends Cell Biol 20(7): 402-409. 

You, Z., C. Chahwan, J. Bailis, T. Hunter and P. Russell (2005). "ATM activation and its 

recruitment to damaged DNA require binding to the C terminus of Nbs1." Molecular and 

cellular biology 25(13): 5363-5379. 

Yu, L., M. Rege, C. L. Peterson and M. R. Volkert (2016). "RNA polymerase II depletion 

promotes transcription of alternative mRNA species." BMC Mol Biol 17(1): 20. 

Yu, L. and M. R. Volkert (2013). "UV damage regulates alternative polyadenylation of 

the RPB2 gene in yeast." Nucleic acids research 41(5): 3104-3114. 



 

234 

 

Yu, Q., Y. V. Katlinskaya, C. J. Carbone, B. Zhao, K. V. Katlinski, H. Zheng, M. Guha, 

N. Li, Q. Chen, T. Yang, C. J. Lengner, R. A. Greenberg, F. B. Johnson and S. Y. Fuchs 

(2015). "DNA-damage-induced type I interferon promotes senescence and inhibits stem 

cell function." Cell Rep 11(5): 785-797. 

Yuan, J. and J. Chen (2010). "MRE11-RAD50-NBS1 complex dictates DNA repair 

independent of H2AX." J Biol Chem 285(2): 1097-1104. 

Zellweger, R., D. Dalcher, K. Mutreja, M. Berti, J. A. Schmid, R. Herrador, A. Vindigni 

and M. Lopes (2015). "Rad51-mediated replication fork reversal is a global response to 

genotoxic treatments in human cells." J Cell Biol 208(5): 563-579. 

Zeman, M. K. and K. A. Cimprich (2014). "Causes and consequences of replication 

stress." Nature cell biology 16(1): 2. 

Zhang, C.-Z., A. Spektor, H. Cornils, J. M. Francis, E. K. Jackson, S. Liu, M. Meyerson 

and D. Pellman (2015). "Chromothripsis from DNA damage in micronuclei." Nature 

522(7555): 179. 

Zhang, F., T. Ma and X. Yu (2013). "A core hSSB1-INTS complex participates in the 

DNA damage response." J Cell Sci 126(Pt 21): 4850-4855. 

Zhang, F., J. Wu and X. Yu (2009). "Integrator3, a partner of single-stranded DNA-

binding protein 1, participates in the DNA damage response." J Biol Chem 284(44): 

30408-30415. 

Zhang, H., K. J. Davies and H. J. Forman (2015). "Oxidative stress response and Nrf2 

signaling in aging." Free Radical Biology and Medicine 88: 314-336. 

Zhang, X., H. C. Chiang, Y. Wang, C. Zhang, S. Smith, X. Zhao, S. J. Nair, J. Michalek, 

I. Jatoi, M. Lautner, B. Oliver, H. Wang, A. Petit, T. Soler, J. Brunet, F. Mateo, M. Angel 

Pujana, E. Poggi, K. Chaldekas, C. Isaacs, B. N. Peshkin, O. Ochoa, F. Chedin, C. 

Theoharis, L. Z. Sun, T. J. Curiel, R. Elledge, V. X. Jin, Y. Hu and R. Li (2017). 

"Attenuation of RNA polymerase II pausing mitigates BRCA1-associated R-loop 

accumulation and tumorigenesis." Nat Commun 8: 15908. 

Zhao, Y., M. Tan, X. Liu, X. Xiong and Y. Sun (2018). "Inactivation of ribosomal protein 

S27-like confers radiosensitivity via the Mdm2-p53 and Mdm2–MRN–ATM axes." Cell 

death & disease 9(2): 145. 

Zhou, R., A. G. Kozlov, R. Roy, J. Zhang, S. Korolev, T. M. Lohman and T. Ha (2011). 

"SSB functions as a sliding platform that migrates on DNA via reptation." Cell 146(2): 

222-232. 

Zhou, Y., J. H. Lee, W. Jiang, J. L. Crowe, S. Zha and T. T. Paull (2017). "Regulation of 

the DNA Damage Response by DNA-PKcs Inhibitory Phosphorylation of ATM." Mol 

Cell 65(1): 91-104. 

Zhu, J., S. Petersen, L. Tessarollo and A. Nussenzweig (2001). "Targeted disruption of 

the Nijmegen breakage syndrome gene NBS1 leads to early embryonic lethality in mice." 

Current Biology 11(2): 105-109. 

Zou, L. and S. J. Elledge (2003). "Sensing DNA damage through ATRIP recognition of 

RPA-ssDNA complexes." Science 300(5625): 1542-1548. 

Zou, Y., Y. Liu, X. Wu and S. M. Shell (2006). "Functions of human replication protein 

A (RPA): from DNA replication to DNA damage and stress responses." J Cell Physiol 

208(2): 267-273. 

 




