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Abstract 

Functional Characterisation of a RECQL4 Mutation in Rothmund-Thomson 
Syndrome 
 
Tianyi Wu 
 

Germline mutations affecting the RECQL4 DNA helicase cause Type II Rothmund-

Thomson syndrome (RTS), a human disease characterised by defects in skeletal development 

and predisposition to specific types of cancer, including osteosarcoma (OS). RECQL4 has been 

implicated in multiple cellular functions that mediate accurate DNA replication and repair. 

How germline RECQL4 mutations associated with Type II RTS affect these functions to cause 

disease remains unclear, in part due to the paucity of appropriate cellular models. 

In this work, CRISPR/Cas9 gene editing was used to generate cell lines containing a 

prevalent RTS patient RECQL4 mutation, the “Mut-2” c.2269C>T. The resulting Mut-2 clones 

exhibited greatly reduced RECQL4 protein levels, similar to decreases observed in RTS patient 

cells. Unexpectedly, the major effect of this predicted nonsense mutation was the 

upregulation of the use of an alternative splice site in exon 14 which skipped the premature 

stop codon and resulted in the deletion of 66 amino acids in the RECQL4 ATPase domain.  

Despite the lower overall RECQL4 expression, single cell clones bearing the Mut-2 

mutation showed mostly normal cell cycle distribution with a slight increase in population 

doubling times. When challenged with various DNA damaging agents, these Mut-2 clones 

exhibited increased sensitivities to DNA alkylators and topoisomerase inhibitors, and mild 

sensitivities to DNA crosslinkers and PARP inhibitors, a sensitivity profile suggestive of defects 

in DNA double-strand break (DSB) repair.  
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When further assayed using flow cytometric GFP reporters, the Mut-2 clones showed 

decreased DNA DSB repair capacities in the homologous recombination (HR) and 

microhomology mediated end joining (MMEJ) pathways, providing evidence that RECQL4 

disruption impacted replication-specific DNA DSB repair in particular. Additional RECQL4 

reconstitution studies confirmed that the decreased HR repair was a result of structural 

changes to RECQL4 due to the Mut-2 mutation.  

Finally, the formation of RAD51 foci—a commonly used marker of HR function—in the 

Mut-2 clones post-DNA DSB induction was investigated. Surprisingly, upon DNA DSB challenge, 

all Mut-2 clones were as proficient at forming RAD51 foci as parental HEK293. This suggested 

that the RECQL4 Mut-2 mutation disrupted its function further downstream in the HR pathway 

than had been previously reported. 

The work presented in this dissertation is a novel approach to studying the effects of 

clinical RTS RECQL4 mutations. These studies have illuminated mechanisms of RECQL4 

disruption in Type II RTS as well as the roles of the RECQL4 helicase in cellular DNA damage 

repair. Because about 30% of Type II RTS patients are diagnosed with osteosarcoma, a 

common and deadly primary malignancy of the bone, the results presented here could shed 

new light on potential mechanisms underlying osteosarcoma tumour development and 

ultimately suggest new avenues and strategies for targeted clinical intervention.  
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Chapter 1 Introduction 

1.1 Overview of RecQ family helicases and RECQL4 

RECQL4 is a member of the RecQ family of helicases in humans that also includes 

RECQL1, BLM, WRN, and RECQL5 (Kitao et al., 1998). Part of the SF2 helicase superfamily, 

human RecQ helicases are homologous to RecQ in E. coli and Sgs1 in S. cerevisiae and play 

important roles in the maintenance of genome stability (Fairman-Williams et al., 2010; 

Gorbalenya et al., 1989; Kitao et al., 1998). In particular, mutations in BLM and WRN lead to 

inherited cancer predisposition syndromes Bloom Syndrome and Werner Syndrome 

respectively (Ellis et al., 1995; Yu et al., 1996). 

In humans, RecQ family helicases are characterised by the presence of seven shared 

conserved core helicase motifs that function in ATP-driven DNA unwinding as well as the zinc-

binding RecQ conserved (RQC) domain (Ellis et al., 1995; Kitao et al., 1998; Puranam and 

Blackshear, 1994; Seki et al., 1994; Yu et al., 1996). In addition, both BLM and WRN also share 

the helicase and RNase D like C-terminal (HRDC) domain which functions in recruitment to 

sites of DNA damage (Samanta and Karmakar, 2012). However, unique among the RecQ family 

helicases, RECQL4 possesses neither the RQC nor the HRDC domains (Kaiser et al., 2017). 

Instead, RECQL4 is the sole member of the RecQ family of helicases and indeed the only 

protein thus far identified in humans to possess, on the N-terminus, a domain bearing 

homology to the yeast protein Sld2 which is essential in the initiation of DNA replication (Abe 

et al., 2011; Kamimura et al., 1998; Matsuno et al., 2006; Ohlenschläger et al., 2012; Sangrithi 

et al., 2005). Therefore, evolutionarily, RECQL4 can be thought of as a chimeric combination 

of two different protein domains, each performing distinct functions within the cell (Figure 

1.1).   
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Figure 1.1 Comparison of RecQ family helicases 
A. Protein sequence alignment of the helicase domains of the RecQ family helicases in humans. 
The seven conserved helicase motifs are denoted in black. RecA-like folds are denoted by grey 
boxes.  
B. Structural comparison of RecQ family helicases in humans.  
 
(Figure adapted from Kitao et al., 1998 and from Croteau et al., 2014. Amino acid sequence 
alignment done using MacVector)  
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1.2 RECQL4 structure and function – N-terminal region 

 RECQL4 is an approximately 150kDa protein composed of 1208 amino acids in a 

chimeric combination of two distinct protein domains (Kaiser et al., 2017; Kitao et al., 1998; 

Ohlenschläger et al., 2012). The N-terminal portion of RECQL4 comprises exons 1-8 (aa 1-494) 

and contains an Sld2-homology domain found only in RECQL4 in humans (Ohlenschläger et al., 

2012). In S. cerevisiae, Sld2 and its interaction with Dpb11 is essential for the initiation of DNA 

replication (Kamimura et al., 1998). Similarly, the N-terminal domains of respective RECQL4 

homologs are also required for DNA replication in X. laevis egg extracts and DT40 chicken cells. 

Furthermore, defects in DNA replication arising from depletion of homologs of RECQL4 in 

these systems can be rescued by expression of the N-terminal portion of the human RECQL4 

protein (Abe et al., 2011; Matsuno et al., 2006; Sangrithi et al., 2005). In human cells, RECQL4’s 

functions in the initiation of DNA replication has been demonstrated by studies showing its 

requirement in the recruitment of MCM10 and CTF4 to origins of replication (Im et al., 2015). 

In addition, RECQL4 has also been shown to interact with and play a role in the assembly of 

the CDC45-MCM2-7-GINS complex at replication origins (Im et al., 2009; Xu et al., 2009a). 

Similar to Sld2 and its interaction with Dpb11 in budding yeast, human RECQL4 also interacts 

with TOPBP1, the Dpb11 homolog in humans, through the region comprising the first 54aa of 

the N-terminal region (Ohlenschläger et al., 2012). Unlike in yeast, this interaction has been 

reported to be dispensable for DNA replication in human cells (Im et al., 2009). As the 

aforementioned repletion studies in X. laevis egg extracts and DT40 have speculated, the 

essential DNA replication functions of RECQL4 can be entirely assigned to its N-terminal region 

(exons 1-8, aa 1-494) (Abe et al., 2011; Matsuno et al., 2006; Sangrithi et al., 2005). Indeed, 

endeavours at generating mouse and human cell line models of RECQL4 mutants have shown 
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that the N-terminal portion of RECQL4 is both necessary and sufficient for viability thus 

providing a natural delineation of RECQL4 structure-function (Ichikawa et al., 2002; Kohzaki et 

al., 2012). 

 In addition to its functions in the initiation of DNA replication, the N-terminal region of 

RECQL4 also serves important roles in directing RECQL4 protein localisation and protein-

protein interactions (Croteau et al., 2012a). Uniquely among RecQ family helicases, RECQL4 

contains a mitochondrial localisation signal in the first 84aa that facilitates translocation of 

RECQL4-p53 complex to the mitochondria where it plays a critical role in maintaining of 

mitochondrial genome stability (De et al., 2012; Gupta et al., 2014). Equally important, the 

RECQL4 N-terminal region also contains two nuclear targeting sequences (NTS), NTS1 (aa 37-

66) and NTS2 (aa 363-492), the latter of which functions as the main driver of RECQL4 nuclear 

import and retention (Burks et al., 2007).  

 Aside from its functions in organising the cellular compartmentalisation of RECQL4, the 

N-terminal region of RECQL4 also mediates a variety of protein recruitment and interactions 

many of which are critical to its role in DNA damage repair and genome stability. The nuclear 

targeting signal NTS2 promotes localisation of RECQL4 to sites of DNA double-strand breaks 

(DSBs) (Singh et al., 2010). Once there, RECQL4’s N-terminal region has been shown to play 

roles in both of the major DNA DSB repair pathways—HR and NHEJ. RECQL4 N-terminal region 

interacts with the MRE11-RAD50-NBS1 (MRN) complex and mediates recruitment of CtIP, 

both early steps in HR (Lu et al., 2016). In addition, RECQL4’s N-terminal region also interacts 

with the Ku70/80 complex which caps DNA break ends in NHEJ (Shamanna et al., 2014).  

 Alongside RECQL4’s interactions with components of the DNA DSB repair pathways, 

RECQL4 has also been reported to play roles in other types of DNA damage repair and genome 

stability maintenance pathways. The N-terminal region has been shown to interact with 
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nucleotide excision repair (NER) factor XPA (Fan and Luo, 2008). Furthermore, RECQL4 also 

colocalises with APE1, FEN1, and Pol b in modulating activity of the base excision repair 

pathway (BER) (Schurman et al., 2009). Finally, RECQL4 has been reported to interact with 

fellow RecQ family member WRN and components of the shelterin complex TRF1, TRF2, and 

POT1 in the resolution of D-loop structures at telomeric ends (Ferrarelli et al., 2013; Ghosh et 

al., 2012). It should be noted however that further studies are needed to identify the region 

of the RECQL4 protein that participates in BER and telomeric maintenance. Elsewhere in the 

cell, RECQL4 has been reported to form complexes with p53 and Pol γ in an N-terminal region 

dependent manner to maintain mitochondrial genome stability (De et al., 2012; Gupta et al., 

2014). 

 Besides serving as a site for various protein-protein interactions, reports indicate that 

RECQL4’s N-terminal region also possesses various DNA substrate binding functions. 

Structurally, aside from a small homeodomain-like structure at the beginning of the protein, 

the N-terminal region is largely an intrinsically disordered domain. Studies report this region 

to have the ability to bind ssDNA, dsDNA, Y-shaped DNA substrates, and G4 quadruplexes in 

vitro, with particular affinity for the latter substrate. Functionally, RECQL4’s N-terminal region 

appears to mediate DNA strand annealing and ATP-independent strand exchange in vitro 

though the cellular contexts for these activities remain unknown (Keller et al., 2014; 

Ohlenschläger et al., 2012).  

 In summary, RECQL4’s N-terminal region serves two primary known functions. First, 

the Sld2-homology domain plays an essential role, through interactions with various 

replication factors and potentially DNA substrates, in the initiation of DNA replication and 

consequently cellular proliferation. Second, RECQL4’s N-terminal region serves as an 

important site and signal for its targeting cellular localisation and protein-protein interactions 
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which are critical for its functions in DNA damage repair and the maintenance of genome 

integrity.  

1.3 RECQL4 C-terminal region – is it a helicase? 

 Despite the fact that RECQL4 was first discovered and cloned in humans more than 

two decades ago, until recently, the structure of the helicase domain and C-terminal region of 

the RECQL4 protein remained mostly uncharacterised. Initially, the identification of RECQL4 

as encoding a member of the RecQ family helicase was based on the presence of the seven 

conserved motifs of the core helicase domain that is a hallmark of the RecQ helicase family 

(Figure 1.1A) (Kitao et al., 1998). These seven motifs constituted two tandem RecA-like folds 

which are known to possess ATPase and ssDNA-binding functions and are variously termed 

the “motor” core of the helicase catalytic domain (Bernstein et al., 2003; Harmon and 

Kowalczykowski, 2001; Kaiser et al., 2017).  

Aside from the core helicase domain however, RECQL4 was thought to lack other 

conserved features shared among members of the RecQ helicase family such as the RecQ 

conserved (RQC) and helicase and RNase-D C-terminal (HRDC) domains—features thought to 

be important for RecQ helicase function (Figure 1.1B) (Bernstein et al., 2003; Croteau et al., 

2012a; Lu et al., 2014b; Mojumdar et al., 2017; Pike et al., 2009). In particular, based on studies 

of the structure of RECQL1, the RecA-like folds and the RQC domain together was thought to 

constitute the “catalytic core” of the helicase with the former providing the ssDNA-binding 

and ATPase functions and the latter containing a winged-helix domain that separates the DNA 

duplex through a b-hairpin mediated mechanism (Bernstein et al., 2003; Pike et al., 2009). The 

failure to identify a region with sequence homology to the RQC domain in RECQL4, when 

coupled with subsequent failure to experimentally detect RECQL4 DNA unwinding activity in 
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vitro (see below), initially raised doubts as to its predicted helicase function (Macris et al., 

2006). 

1.3.1 Unwinding the mystery of RECQL4’s missing helicase activity 

Despite RECQL4’s initial identification as a member of the RecQ helicase family and the 

known functions of the other RecQ family helicases in DNA metabolism and genomic stability, 

RECQL4’s biochemical functions were not immediately apparent when first discovered (Macris 

et al., 2006; Opresko et al., 2004; Sharma et al., 2006; Yin et al., 2004). Early biochemical 

characterisations of RECQL4 reported DNA-dependent ATPase activity, which was to be 

expected of the putative helicase (Yin et al., 2004). However, despite the ability to hydrolyse 

ATP, these studies found no evidence of DNA duplex unwinding by RECQL4 and only reported 

evidence of strand annealing activity on DNA substrates (Macris et al., 2006; Yin et al., 2004).  

Xu and colleagues were the first to report helicase activity in RECQL4. By postulating 

that the known strand annealing activity of RECQL4 might act to mask helicase function, they 

reported finding RECQL4 to possess 3’ -> 5’ duplex unwinding activity when excess ssDNA was 

added to prevent re-annealing of the labelled duplex substrates (Xu and Liu, 2009). These 

findings were confirmed by subsequent studies which further characterised RECQL4 as a low 

processivity helicase that can unwind a 17mer duplex but not a 35mer substrate (Capp et al., 

2009; Suzuki et al., 2009). Unexpectedly, Xu and colleagues reported that both the N-terminal 

region as well as the C-terminal helicase domains of RECQL4 possessed independent duplex 

unwinding activity and in fact found the former region to be a stronger helicase than the latter 

(Xu and Liu, 2009).  

Based on the finding that RECQL4 was a low processivity helicase, Rossi and colleagues 

found that the excess ssDNA “sponge” was no longer required for helicase activity if short 

duplex substrates such as a 22mer forked duplex are used instead of the longer 30mer duplex 



 
 

8 

used by Xu et al. (Rossi et al., 2010; Suzuki et al., 2009; Xu and Liu, 2009). In fact, Rossi and 

colleagues reported RECQL4’s DNA unwinding activity disappeared when using duplex 

substrates as short as 26bp in the absence of excess ssDNA. Further data suggested that 

RECQL4’s competing annealing activity strengthens as substrate length increases, leading the 

authors to propose a model of RECQL4 function wherein duplex unwinding and strand 

annealing activities are in substrate length-dependent equilibrium (Rossi et al., 2010). This 

was proposed to explain the requirement for excess ssDNA in previous studies to prevent the 

masking of duplex unwinding by strand annealing when using longer duplex substrates (Rossi 

et al., 2010; Xu and Liu, 2009).  

From there, Rossi and colleagues also tested RECQL4 helicase activity on a variety of 

DNA substrates and reported observable duplex unwinding only in the presence of forked (Y-

shaped) DNA duplex substrates of varying lengths. No helicase activity was detected for DNA 

substrates resembling G4-quadruplexes, Holliday junction-like crosses, or straight duplexes. 

This led the authors to conclude that RECQL4 is a low processivity helicase with a preferred 

substrate of short, forked DNA duplexes (Rossi et al., 2010).  

To address the unexpected results seen by Xu and colleagues of apparent duplex 

unwinding by both RECQL4 N-terminal region and the helicase domain fragments, Rossi and 

colleagues tested for helicase function with a RECQL4 K508M mutant containing a catalytically 

dead core helicase domain. This mutant not only failed to show any duplex unwinding activity 

but also showed strand annealing activity comparable to wild-type RECQL4. This 

demonstrated that RECQL4’s helicase activity required the helicase domain and furthermore, 

that RECQL4 helicase and strand annealing activities are independent and separate (Rossi et 

al., 2010; Xu and Liu, 2009). It was possible that the RECQL4 N-terminal region duplex 

unwinding activity reported by Xu and colleagues was due to duplex destabilisation by protein 
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binding followed by strand exchange driven by RECQL4’s strand annealing activity. 

Subsequent biochemical studies have shown that RECQL4’s N-terminal region is sufficient for 

strand annealing and ATP-independent strand exchange activities providing further evidence 

for this explanation for the observations reported by Xu  et al. (Keller et al., 2014; Rossi et al., 

2010; Xu and Liu, 2009). 

1.3.2 Recent insights into RECQL4 C-terminal structure and helicase mechanism 

Recently, a new study of the RECQL4 C-terminal region has yielded insights into the 

constituent components of that portion of the protein, including the question of the missing 

RQC domain. Kaiser and colleagues elucidated the first ever detailed crystal structure of the 

RECQL4 helicase domain and C-terminal region and identified a previously unknown RecQ4 

Zn2+-binding domain (R4ZBD) downstream of the RecA-like folds of the helicase core. This new 

domain seemed to contain similar structures to those found in the canonical RQC domains of 

RecQ helicases such as a zinc-coordinating site (R4ZBD-Zn2+) as well as portions with homology 

to winged-helix like structures in bacterial proteins (R4ZBD-WH) (Kaiser et al., 2017). The 

R4BZD connects to the helicase core via a series of bridging a-helices that constitutes part of 

a “backbone” for the protein domain. A C-terminal domain (CTD) comprising the final 92aa of 

RECQL4 was also functionally delineated at the end of the protein (Figure 1.2) (Kaiser et al., 

2017). 
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Figure 1.2 RECQL4 C-terminal domains  
Figure depicts the structure of the C-terminal portion of RECQL4 from aa 449-1111 and 
highlights the different domains present. The tandem RecA-like folds 1 and 2 of the helicase 
ATPase domain are shown in cyan (RecA-like fold 1, aa 449-668) and blue (RecA-like fold 2, aa 
669-819). The R4ZBD is shown in red (aa 837-1044). The ⍺-helices comprising the “backbone” 
of the C-terminal region of RECQL4 are shown in yellow (aa 820-836 and aa 1045-1111).	The 
grey sphere represents a Zn2+ ion.  
 
(Figure was adapted from Kaiser et al., 2017 and made using PyMOL, PDB: 5LST) 
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Contrary to expectation, it does not appear that the R4ZBD-WH in RECQL4 contains 

the b-hairpin structure that is necessary for strand separation in RECQL1 (Kaiser et al., 2017; 

Pike et al., 2009). In addition, the spatial position of the R4ZBD-WH within the tertiary 

structure of the RECQL4 helicase domain also appears to argue against a strand-separation 

catalytic function based on comparisons to the structures of other RecQ helicases. Instead, 

mutational studies indicate that R4ZBD-WH is required for neither DNA binding nor helicase 

activity, leading to speculation that it may serve as a platform for substrate-specific DNA 

interaction or protein-protein interaction (Kaiser et al., 2017). 

Downstream from the R4ZBD, Kaiser and colleagues identified a series of bridging a-

helices that double back towards the second of the core helicase RecA-like folds and form a 

“backbone-like” structure for the protein (Figure 1.2). More importantly, their tertiary 

arrangement bears strong resemblance to the RQC Zn2+ binding domains found in other RecQ 

helicases. Fragment analysis of the region indicates that portions of these helices are critical 

for promoting protein stability. Lastly, Kaiser and colleagues demonstrated that the final 92aa 

C-terminal domain (CTD) at the end of the RECQL4 protein plays an important role in 

promoting helicase activity by increasing DNA binding affinity (Kaiser et al., 2017).  

Altogether, these new insights into RECQL4 structure-function suggest a model for the 

mechanism of DNA unwinding by RECQL4 that is different from that of other RecQ helicases 

in humans. Rather, the newly proposed model is similar to one which has been proposed for 

bacterial RecQ helicase. The binding of ssDNA by the RecA-like folds, together with its ATPase-

driven translocation along the DNA strand, is coupled to binding of dsDNA by the C-terminal 

domain (CTD). This induces a critical bending angle in the DNA substrate leading to melting of 

the duplex (Kaiser et al., 2017; Manthei et al., 2015). This model of RECQL4’s helicase action 

and its predicted requirement for substrates containing both ssDNA and dsDNA could explain 
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the preference for forked substrates previously observed in biochemical studies of RECQL4 

(Rossi et al., 2010; Xu and Liu, 2009). Further work is needed to assess the validity of this 

model.  

1.4 RECQL4 in DNA Damage Repair 

 RecQ helicases are important for maintaining genomic stability, as evidenced by the 

premature aging and cancer predisposition phenotypes of the diseases to which they are 

linked (Bernstein et al., 2010; Croteau et al., 2014; Ellis et al., 1995; Kitao et al., 1999a; Lu et 

al., 2014b; Yu et al., 1996). However, as RECQL4’s biochemical activity as a helicase has only 

recently been established, studies of its functions in DNA damage repair are just beginning to 

shed new insights into its roles in the cellular responses to DNA damage. Below, the current 

models and reports of RECQL4’s DNA damage repair functions are briefly summarised (Figure 

1.3).   
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Figure 1.3 The role of RECQL4 in DNA damage repair 
The reported roles of RECQL4 in DNA damage repair pathways. RECQL4 is represented by red 
diamonds at points of reported protein interactions alongside its interaction partners. See 
detailed discussions of each pathway in Section 1.4.  
 
(Figure adapted from Croteau et al., 2014; Schärer, 2013; Sfeir and Symington, 2017. Data on 
RECQL4’s roles are from Fan and Luo, 2008; Lu et al., 2016; Schurman et al., 2009; Sedlackova 
et al., 2015; Shamanna et al., 2014) 
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1.4.1 RECQL4 in ssDNA damage repair 

RECQL4 is involved in two major pathways in ssDNA damage repair – nucleotide 

excision repair (NER) and base excision repair (BER) (Figure 1.3) (Fan and Luo, 2008; Schurman 

et al., 2009). Their mechanisms are briefly discussed below along with the current 

understanding of RECQL4’s functions in those pathways.  

1.4.1a Nucleotide Excision Repair (NER) 

NER removes bulky DNA adducts such as nucleotide dimers that result from insults 

such as UV irradiation or 4-nitroquinoline 1-oxide (4NQO) and DNA intrastrand crosslinks 

produced by compounds such as cisplatin, all of which can distort and weaken DNA structure 

and inhibit DNA metabolism (reviewed in Ikenaga et al., 1975 and Setlow and Setlow, 1972; 

Fichtinger-Schepman et al., 1985). Briefly, DNA lesions are recognised by either stalled RNA 

polymerase (transcription-coupled NER) or by XPC-RAD23B complex (globally) which recruits 

TFIIH to unwind a bubble around the lesion. The ssDNA in the newly formed bubble is 

stabilised by RPA and XPA, the latter of which recruits ERCC1-XPF to make a nick at the 5’ end 

of the bubble upstream of the lesion. Repair synthesis is then carried out by pol e (dividing 

cells) or pol d/k (non-dividing cells). The lesion-containing strand is finally nicked again at the 

3’ end of the bubble downstream of the lesion by XPG before the newly synthesised patch is 

ligated to the existing DNA by DNA Ligase I (dividing cells) or ligase IIIa and XRCC1 (non-

dividing cells) to complete the repair process (reviewed in Schärer, 2013 and Spivak, 2015).  

RECQL4 has been reported to interact with XPA to promote NER (Figure 1.3). However, 

though RECQL4 overexpression appears to increase NER-mediated removal of cyclobutane 

pyrimidine dimer—a UV radiation induced DNA adduct—it is unclear whether RECQL4 is 

required for NER (Fan and Luo, 2008). Additionally, the precise role and function of RECQL4 in 

NER remain to be elucidated. 
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Equally unclear are the effects of RECQL4 disruption on DNA damage repair via NER. 

RECQL4 deficiency and depletion have been shown to impair S-phase arrest after UV 

irradiation (Park et al., 2006). However, the viability of RECQL4-deficient cells—both RTS 

patient cells and Recql4-deficient mouse cells—after induction of NER-activating DNA damage 

is variable (Hoki et al., 2003; Jin et al., 2008; Shinya et al., 1993; Smith and Paterson, 1981). 

Furthermore, studies of NER activity in RTS patient cells--as measured by unscheduled DNA 

synthesis post-challenge—report no changes compared to normal controls to intermediate 

levels of repair between NER-competent and deficient controls (Grant et al., 2000; Shinya et 

al., 1993; Vasseur et al., 1999). It is likely that such variability arises from the specific 

mechanisms of RECQL4 disruption or deficiency studied as well as the assays used. Diverse 

and sometimes essential functions have been attributed to different regions of the RECQL4 

protein (discussed above in Sections 1.2 and 1.3). Disruptions such as the varying RTS patient 

mutations, exon-specific deletions in Recql4-deficient mouse models, and RNAi-mediated 

RECQL4 knockdown should be expected to have differing effects on RECQL4 protein structure 

and/or abundance and therefore result in a spectrum of residual RECQL4 function.  

1.4.1b Base Excision Repair (BER)  

Base excision repair is responsible for the removal from DNA of damaged bases that 

result from challenges such as alkylation, oxidation, or deamination (Krokan and Bjørås, 2013). 

In addition, steps in BER have also been shown to function in the repair of DNA single-strand 

breaks (SSBs) (Caldecott, 2008). The major steps of BER include recognition and cleavage of 

damaged bases by DNA glycosylases to generate apurinic/apyrimidinic (AP) sites. The strand 

5’ of the AP site is then nicked by AP Endonuclease 1 (APE1) to allow for the binding of pol b 

and synthesis of new DNA to displace the damaged portions. Finally, the flap of displaced 

damaged strand is nicked by Flap Endonuclease 1 (FEN1) 3’ of the lesion site allowing for 
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ligation of the newly synthesised DNA with existing DNA by DNA Ligase I or Ligase IIIa-XRCC1 

(Figure 1.3) (reviewed in Krokan and Bjørås, 2013).  

In BER, RECQL4 has been reported to localise with and stimulate the activities of APE1, 

pol b, and FEN1 (Figure 1.3) (Schurman et al., 2009). In support of these findings, oxidative 

stress has been shown to modulate RECQL4 nuclear localisation (Woo et al., 2006). In addition, 

some RTS patient cells accumulate more damage and show decreased viability compared to 

normal controls when exposed to oxidative challenge (Schurman et al., 2009; Werner et al., 

2006). However, more studies are needed to determine whether RECQL4 is required for BER 

and what its precise functions are.  

1.4.2 RECQL4 in double-strand break repair 

 DNA double-strand breaks (DSBs) are extremely detrimental to cells. Therefore, 

efficient mechanisms are in place to rapidly detect and repair DNA DSBs. The two major 

pathways for DNA DSB repair in cells are non-homologous end joining (NHEJ) and homologous 

recombination (HR) (reviewed in Jasin and Rothstein, 2013; Lieber, 2010). NHEJ joins break 

ends without requiring long stretches of sequence complementarity for templated repair 

synthesis while HR uses the presence of a homologous repair template such as a sister 

chromatid to faithfully reconstruct damaged sections of DNA. This gives rise to the model of 

NHEJ being the dominant DNA DSB repair pathway during G1 and early-S phases while HR 

takes over during late-S and G2 phases of the cell cycle when sister chromatid repair templates 

become available (Chapman et al., 2012; Jasin and Rothstein, 2013; Johnson and Jasin, 2000; 

Karanam et al., 2012; Lieber, 2010; Lieber et al., 2003; Saleh-Gohari and Helleday, 2004; 

Symington and Gautier, 2011). In addition to the two major pathways above, microhomology 

mediated end joining (MMEJ), in which break ends are joined through annealing of short 

homology regions near the break ends, is considered to be a backup DNA DSB repair 
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mechanism that complements the activities of HR and NHEJ (reviewed in Sfeir and Symington, 

2017).  

 RECQL4 is known to have multiple roles in the cellular responses to DNA DSBs. Its N-

terminal region, in particular the nuclear targeting signal NTS2, has been shown to be 

sufficient to localise RECQL4 to DNA DSBs at sites of laser micro-irradiation (Singh et al., 2010). 

In addition, engineered cells expressing only helicase-truncated RECQL4 show increased 

sensitivity to ionising radiation as well as delayed DNA DSB resolution and S-phase progression 

compared to isogenic controls expressing wild-type RECQL4 (Kohzaki et al., 2012). Below, the 

mechanisms of each of the DNA DSB repair pathways mentioned above are briefly discussed 

along with the reported functions of RECQL4 in each (Figure 1.3). 

1.4.2a Non-homologous End Joining (NHEJ) 

NHEJ is a non-template driven DNA DSB repair pathway generally thought to be active 

and dominant during G1 and early-S phases of the cell cycle (Karanam et al., 2012; Lieber et 

al., 2003). To briefly summarise, DNA DSB ends are recognised and bound by Ku70/80 

heterodimers which act to bridge and align the ends with the help of the XRCC4-XLF complex 

and short sequence homologies present at the ends. The Ku-complex also serves as a scaffold 

for the recruitment of downstream NHEJ pathway components for end processing and ligation. 

Processing of break ends is not essential to NHEJ and depends on end structure. It can involve 

a variety of factors and steps such as resection of ssDNA overhands by DNA-PK/Artemis or 

filling in of gaps by polymerases such as Pol µ or Pol l.  Finally, the ends are re-ligated by 

XRCC4-Ligase IV complex which is recruited by the Ku-complex (Figure 1.3) (reviewed in 

Cannan and Pederson, 2016; Lieber, 2010; Lieber et al., 2003).  

Given RECQL4’s known recruitment to sites of DNA DSBs, several recent studies have 

reported association of RECQL4 with the Ku complex—a component of NHEJ—after DNA DSB 
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induction (Figure 1.3) (Shamanna et al., 2014; Singh et al., 2010). While RNAi-mediated 

depletion of RECQL4 appeared to result in decreased NHEJ activity in vitro and in vivo, the 

effect seemed mild and substantial NHEJ activity remained, suggesting that RECQL4 is not 

essential for NHEJ. In addition, observations by Shamanna and colleagues implicated the N-

terminal portion (aa 1-447) of RECQL4 in interactions with the Ku complex—a region which is 

generally spared by RTS RECQL4 mutations (discussed in Section 1.5.4, Figure 1.4) (Shamanna 

et al., 2014; Siitonen et al., 2008). This finding further raises the question of whether NHEJ 

function is expected to be impacted by RECQL4 disruption in clinically relevant contexts.  

1.4.2b Homologous Recombination (HR) 

The other major DNA DSB repair pathway in cells is HR, a templated repair pathway 

that uses sequence homology between break ends and a repair template such as a sister 

chromatid to repair DNA DSBs in an error-free manner (Cannan and Pederson, 2016; Johnson 

and Jasin, 2000). Given its template requirement, HR is generally thought to be the dominant 

DNA DSB repair pathway during the late-S and G2 phases of the cell cycle (Cannan and 

Pederson, 2016; Johnson and Jasin, 2000; Karanam et al., 2012; Lieber et al., 2003; Saleh-

Gohari and Helleday, 2004). Briefly, HR repair of DNA DSBs begin with the assembly of the 

MRE11/RAD50/NBS1 (MRN) complex on the break ends. The MRN complex mediates 

recruitment of CtIP and BRCA1 which begins resection of the break ends to generate 3’ ssDNA 

overhangs. Initial resection is then superseded by more extensive resection through the 

actions of EXO1 or BLM/DNA2 which generates long stretches of ssDNA that are bound and 

stabilised by RPA, the ssDNA-binding protein. RPA is eventually replaced by Rad51 with help 

from BRCA2 to form a strand invasion-competent nucleoprotein filament which invades the 

nearby repair template duplex to form a D-loop at the site of sequence homology. Once the 

D-loop is established, templated repair synthesis can begin on the first strand while the second 
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strand also anneals to the D-loop to complete the double Holliday junction structure. Finally, 

the double Holliday junction structure is resolved through single strand nicking to separate 

the two DNA molecules and the breaks are sealed by DNA ligase (Figure 1.3) (Cannan and 

Pederson, 2016; Jasin and Rothstein, 2013; San Filippo et al., 2008).  

Recent studies have shed light on RECQL4’s participation in HR, starting with 

observations of RECQL4 localisation after DNA DSB induction (Petkovic et al., 2005; Singh et 

al., 2010). A study by Petkovic and colleagues first suggested that RECQL4 may play a role in 

HR when they reported that RECQL4 colocalises with Rad51 foci and ssDNA when DNA DSBs 

were induced with ionising radiation (Petkovic et al., 2005). Subsequent studies into the 

kinetics of RECQL4 recruitment to DNA DSBs seem to point to a role for RECQL4 early in the 

DNA DSB repair process as data showed RECQL4’s presence at DNA DSBs peaked and declined 

within the first hour after damage induction in contrast to the recruitment kinetics of other 

RecQ helicases such as BLM and WRN (Singh et al., 2010).  

In parallel with the above localisation studies, mutational studies and fragment 

analysis of RECQL4 demonstrated that, while the RECQL4 N-terminal region is sufficient for 

RECQL4 localisation to DNA DSB sites, the helicase and C-terminal regions are also necessary 

for RECQL4 function in DNA DSB repair (Kohzaki et al., 2012; Singh et al., 2010). Human pre-B 

lymphocytic NALM-6 cells expressing only RECQL4 truncated before the helicase domain are 

more sensitive to ionising radiation (IR) than isogenic controls expressing wild-type RECQL4. 

Additionally, synchronised NALM-6 RECQL4 truncation mutant cells show impaired S-phase 

progression post-IR treatment. These findings suggest that RECQL4 helicase function is 

important for HR, the dominant DNA DSB repair pathway active during S-phase (Karanam et 

al., 2012; Kohzaki et al., 2012; Saleh-Gohari and Helleday, 2004; Singh et al., 2010).   
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Most recently, Lu and colleagues uncovered a role of RECQL4 in the break end 

resection step of HR and found multiple independent functions for different regions of the 

protein. In their model, RECQL4 N-terminal region interacts with MRE11 of the MRN complex 

at break ends to stimulate MRE11 endonuclease activity and to recruit CtIP for the initiation 

of 5’->3’ resection and the generation of the necessary 3’ ssDNA overhang. They report that 

while the RECQL4 N-terminal region is sufficient to stimulate MRE11-mediated strand 

cleavage and for the recruitment of CtIP, RECQL4 helicase function is also required for DNA 

resection as the catalytically dead helicase K508M mutant fails to rescue DNA resection in 

RECQL4 depleted cells. The role and mechanism of helicase function in this context remain to 

be elucidated. Finally, Lu and colleagues show RECQL4 interacts with downstream resection 

factors EXO1 and BLM to stimulate extended DNA resection (Lu et al., 2016). Taken together, 

they suggest that these data show RECQL4 playing a critical role in the early stages of HR by 

promoting end resection of the DNA DSB break ends (Figure 1.3).  

1.4.2c Microhomology-mediated End Joining (MMEJ) 

While NHEJ and HR are the major pathways for DNA DSB repair in the cell, other 

alternative pathways exist as backup to complement them. One such pathway is 

microhomology-mediated end joining (MMEJ), also called alternative NHEJ (alt-NHEJ) to 

differentiate it from the canonical NHEJ (c-NHEJ) previously described (Cannan and Pederson, 

2016; Sfeir and Symington, 2015). Similar to c-NHEJ, MMEJ is also a non-templated error-

prone DNA DSB repair mechanism. However, unlike c-NHEJ, MMEJ is both Ku- and DNA-PK 

independent and relies on longer microhomology regions at the break ends for end alignment 

and strand annealing. To briefly summarise, MMEJ shares the initial DNA DSB end resection 

step with HR involving the MRE11/RAD50/NBS1 (MRN) complex along with CtIP and possibly 

BRCA1 (Truong et al., 2013). This exposes short regions of homology on the two ends which 
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may be internal to the ends. These regions of microhomology anneal, bringing the two ends 

together and generating non-homologous flaps. The non-annealed flaps are excised by 

endonucleases such as ERCC1-XPF to expose extension-competent ends. DNA polymerase pol 

q is then recruited to fill in the gaps in the break region before the newly synthesised strands 

are sealed by DNA ligase I/III (Bennardo et al., 2008; Cannan and Pederson, 2016; Truong et 

al., 2013; Wang and Xu, 2017). It can be seen therefore, that the role played by RECQL4 in the 

initial stages of HR should also be present in the initial stages of MMEJ, namely interaction 

with MRE11 and recruitment of CtIP (Lu et al., 2016; Truong et al., 2013). At this time however, 

no direct evidence has implicated any other MMEJ-specific roles for RECQL4.  

1.4.3 RECQL4, replication, and DNA damage repair 

 Having reviewed RECQL4’s dual but hitherto separate roles in DNA replication and DNA 

damage repair, a natural question is to consider the extent to which these two functions are 

linked and the importance of such a relationship. Do RECQL4’s repair functions favour 

replication-specific DNA damage? Previous data has shown that RECQL4 is preferentially 

expressed in proliferating cells, unsurprising considering its essential role in the initiation of 

DNA replication (Abe et al., 2011; Im et al., 2009, 2015; Kawabe et al., 2000; Kitao et al., 1998; 

Matsuno et al., 2006; Sangrithi et al., 2005; Xu et al., 2009b). A recent study further reports 

that RECQL4 function is regulated in a cell cycle dependent manner—phosphorylation at 

serines 89 and 251 of RECQL4 by CDK1/2 promotes its interaction with MRE11 and thus 

recruitment to DNA DSBs during S-phase. Additionally, phosphorylation of RECQL4 also 

stimulates its helicase activity and promotes the initiation of DNA resection and thus the HR 

pathway (Lu et al., 2017). Finally, from the above discussion of RECQL4’s roles in DNA damage 

repair, replication associated DNA DSB repair (HR) is the only pathway which has been 

definitively shown to require RECQL4 helicase activity (Kohzaki et al., 2012; Lu et al., 2016). 
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Given that the helicase portion of RECQL4 is preferentially targeted in Type II RTS (discussed 

below), it is conceivable that the role of RECQL4 in cellular response to replication-associated 

DNA damage is particularly clinically relevant.  

1.5 RECQL4 in human disease 

 The major human disease to which RECQL4 mutations are linked is Type II Rothmund-

Thomson Syndrome (discussed below) (Kitao et al., 1999a; Siitonen et al., 2008; Wang et al., 

2003). However, Type II RTS is not the only disease associated with RECQL4 mutations. 

Mutations in RECQL4 have also been linked to RAPADILINO Syndrome and Baller-Gerold 

Syndrome (BGS), which will be briefly covered first (Van Maldergem et al., 2006; Mo et al., 

2018; Siitonen et al., 2003, 2008).  

1.5.1 RAPADILINO Syndrome 

RAPADILINO Syndrome is an autosomal recessive disorder characterised by Radial 

aplasia/hypoplasia, patellar aplasia/hypoplasia and cleft or highly arched palate, diarrhoea 

and dislocated joints, little size and limb malformation, and slender nose and normal 

intelligence (Kääriäinen et al., 1989; Sharma et al., 2006; Siitonen et al., 2003). While 

RAPADILINO Syndrome shares some phenotypic overlap with RTS, poikiloderma and 

significantly increased risk of cancer is not found in the former (Siitonen et al., 2003). 

Genetically, the majority of RAPADILINO patients have the c.1390+2delT founder mutation 

with many being homozygotes (Siitonen et al., 2003, 2008). This mutation leads to an in-frame 

skipping of RECQL4 exon 7 (aa 420-463) which should disrupt the nuclear targeting signal NTS2 

and thus RECQL4 nuclear localisation (Burks et al., 2007). However, biochemical 

characterisation of this variant appears to point to a defect in helicase and ATPase activity 

despite the skipped region being outside the helicase domain (Croteau et al., 2012b). Other 
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mutations found in RAPADILINO patients appear to mostly target the helicase domain similar 

to those found in Type II RTS patients. 

1.5.2 Baller-Gerold Syndrome 

Baller-Gerold Syndrome (BGS) is an extremely rare autosomal recessive condition 

characterised by radial aplasia/hypoplasia and craniosynostosis (Baller, 1950; Gerold, 1959; 

Van Maldergem et al., 2006; Mo et al., 2018). Causal mutations in RECQL4 were found in a 

subset of (BGS) patients, however the mutational spectrum is heterogeneous (Van Maldergem 

et al., 2006; Siitonen et al., 2008). BGS patients do not appear to have an increased risk of 

cancer though very few BGS patients have been diagnosed to date (Siitonen et al., 2008). 

1.5.3 Overview of Rothmund-Thomson Syndrome  

Rothmund-Thomson Syndrome (RTS) is an autosomal recessive inherited cancer 

predisposition syndrome characterised by a range of symptoms including poikiloderma, 

juvenile cataracts, skeletal abnormalities, short stature, premature aging, and increased 

incidence of mesenchymal malignancies such as lymphoma and osteosarcoma (Kitao et al., 

1999b; Larizza et al., 2010; Mo et al., 2018; Vennos and James, 1995; Vennos et al., 1992). The 

disease is subdivided into two subtypes—Type I RTS, comprising around one third of RTS 

patients, manifests with poikiloderma and juvenile cataracts with no increased risk of 

osteosarcoma while Type II RTS, diagnosed in around two thirds of RTS patients, is 

characterised by poikiloderma, skeletal abnormalities, and increased risk of osteosarcoma 

(Larizza et al., 2010; Wang et al., 2003). In particular, the incidence rate of osteosarcoma in 

Type II RTS patients has been estimated to be roughly 30%, a much higher rate than that of 

sporadic osteosarcoma in the general population (Wang et al., 2001, 2003). 

Genetically, sequencing studies of RTS patient cohorts have suggested a link between 

Type I RTS and germline mutations in the gene ANAPC1, which encodes a component of the 
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anaphase-promoting complex/cyclosome (APC/C) complex (Ajeawung et al., 2019). Type II 

RTS, on the other hand, has been linked to germline mutations in the RECQL4 gene (Kitao et 

al., 1998, 1999a, 1999b; Lindor et al., 2000).  

1.5.4 RECQL4 mutations in Type II RTS 

The majority of disease-causing RECQL4 mutations in humans are associated with Type 

II RTS (Kitao et al., 1999a; Lindor et al., 2000; Siitonen et al., 2008; Wang et al., 2003). As a 

cohort, Type II RTS RECQL4 mutation is heterogeneous. However, a few insights can be 

gleaned from an overview of some of the published mutations (Figure 1.4). First, the 

preponderance of RTS RECQL4 mutations occur after exon 8, sparing the essential N-terminal 

region. Furthermore, a majority of mutations fall between exons 9-14, which encodes the 

helicase domain, suggesting that helicase function is particularly targeted in Type II RTS. 

Second, very few RTS RECQL4 mutations are missense mutations. The majority of RTS RECQL4 

mutations are predicted to be nonsense, frameshift, or missplicing mutations which ablate 

portions of the protein, particularly the helicase domain. It has been noted that the RECQL4 

gene contains many compact introns which approach the minimum threshold length 

necessary for efficient splicing. Based on this observation and the RTS RECQL4 mutational 

spectrum, intronic mutations which adversely affect splicing efficiency have been proposed 

as a common mutational mechanism at the RECQL4 locus (Kitao et al., 1999b; Siitonen et al., 

2008; Wang et al., 2002). Third, the majority of RTS patients are compound heterozygous for 

RECQL4 mutations. Finally, despite the breadth of the RTS RECQL4 mutational spectrum, two 

mutations stand out as especially prevalent—c.1573delT and c.2269C>T. They will be 

discussed separately below (Figure 1.4) (Siitonen et al., 2008). 
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1.5.4a RECQL4 c.1573delT 

 RECQL4 c.1573delT is the most common RECQL4 mutation found in Type II RTS patients. 

First identified by Kitao et al. as one of the original RTS RECQL4 causal mutations, it is also 

known as “Mut-5” (Kitao et al., 1999b). It is a single base pair deletion in exon 9 predicted to 

result in frameshift and premature translation termination 32aa downstream. The resulting 

product should be a truncated 557aa peptide containing mostly the N-terminal region of the 

RECQL4 protein (Siitonen et al., 2008). It has been reported however, that in patient cells 

containing this mutation, no transcript can found with this mutation, possibly due to 

nonsense-mediated decay (Beghini et al., 2003). Tellingly, RECQL4 c.1573delT is found 

exclusively in the context of compound heterozygosity in RTS patients. Thus, this mutation 

may represent an extremely deleterious non-productive functional knockout allele.  

1.5.4b RECQL4 c.2269C>T 

 RECQL4 c.2269C>T is the second most common RECQL4 mutation found in Type II RTS 

patients. Also first identified by Kitao et al. as one of the original RTS RECQL4 causal mutations, 

it was originally named by the authors as “Mut-2” (Kitao et al., 1999b). It is a single base pair 

substitution in exon 14 which results in a premature stop codon. The resulting protein product 

is predicted to be truncated in the middle of the second RecA-like fold of the core helicase 

domain and thus have a severe impact on helicase activity (Siitonen et al., 2008). Interestingly 

however, a recent study of a very similar nonsense mutation, RECQL4 c.2272C>T, instead 

found upregulation of alternative splicing in exon 14 leading to the in-frame skipping of the 

final 66aa of exon 14 (aa 756-821). The deleted segment also includes the premature stop 

codons introduced by both the c.2269C>T and c.2272C>T mutations and allows production of 

an almost full-length protein (Colombo et al., 2014). The results of this study will be further 
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discussed in Chapter 2 (Section 2.3.4). It is unknown at this time whether RECQL4 c.2269C>T 

has the same effect on RECQL4 splicing and protein structure.  
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1.6 Modelling RECQL4 Disruption 

 A variety of approaches have been taken to study the functional effects of RECQL4 

disruption in disease. Below I will briefly outline studies of RECQL4 using mouse models, 

engineered human cell lines, and RTS patient cells.  

1.6.1 Recql4 mouse models 

 Ichikawa and colleagues made the first attempt to generate a Recql4-disrupted mouse 

model when they attempted to create mice with Recql4 exon 5-8 deletion. In their study, 

homozygous exon 5-8 deletion was embryonic lethal and no mice survived to birth (Ichikawa 

et al., 2002).  

Hoki et al. established the first mouse model of Type II RTS by deleting Recql4 exon 13, 

part of the core helicase domain. Homozygous Recql4 D13 mice in their study showed growth 

retardation with 40% mortality immediately after birth and 95% within 2 weeks of birth. 

Furthermore, these mice showed accelerated hair loss and skin aging along with skeletal 

hypoplasia. However, unlike the poikiloderma seen in some Type II RTS patients, Recql4 D13 

mice do not show inflammation of the skin (Hoki et al., 2003).  

Mann and colleagues established another model of RTS when they created a Recql4 

exon 9-13 deletion mouse. The targeting construct in this study truncates the Recql4 protein 

immediately after exon 8, leaving only the N-terminal region of Recql4 intact. In contrast to 

Hoki’s model, Mann et al. did not observe the significant mortality seen in the previous model. 

The Mann model mice showed skeletal malformations and skin phenotypes consistent with 

RTS. However, significant palatal defects were also reported, which is more consistent with 

RAPADILINO Syndrome. Mann also reported increased genomic instability in these Recql4-

truncated mice and increased risk of cancer on a sensitised background (Mann et al., 2005).  
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More recently, Lu and colleagues explored the effect of helicase deletion on in vivo cell 

proliferation. They report that deletion of Recql4 helicase domain leads to increased signs of 

DNA damage as well as senescence, resulting accelerated aging phenotypes such as hair loss 

and bone marrow failure (Lu et al., 2014a).  

In order to further study the skeletal-specific effects of Recql4 disruption, Lu and 

colleagues generated a Recql4fl/fl;Prx1-Cre+ conditional RECQL4 knockout mouse. Consistent 

with RTS, they report significant skeletal phenotypes such as limb malformations as well as 

growth plate proliferation defects in these mice. Activation of p53 is associated with Recql4 

disruption and inactivation of p53 rescues the skeletal phenotype seen in this model (Lu et al., 

2015).  

Finally, Walkley and colleagues generated a series of mouse models starting first with 

a conditional exon 9-10 deletion Recql4 knockout (Smeets et al., 2014). Mice in which Recql4 

was lost showed defective haematopoiesis that was rescued by expression of a helicase-dead 

Recql4 variant suggesting that the phenotype observed was not due to disruptions of Recql4’s 

helicase function (Smeets et al., 2014). When the same conditional deletion of Recql4 was 

restricted to the osteoblastic lineage, proliferation and differentiation defects, skeletal 

hypoplasia, and skeletal malformation were observed only when Cre expression was initiated 

in osteoblastic progenitors, indicating a requirement for Recql4 in early osteoblastic 

proliferation and bone formation. Deletion of Recql4 in mature osteoblasts and osteocytes, 

however, showed no observable phenotype. In both cases, no elevated incidence of OS was 

found (Ng et al., 2015).  

In their latest study, Walkley and colleagues generated a series of mice harbouring 

point mutations in Recql4 including a helicase-dead mutation (K525A) and a small panel of 

mutations (M789K, G522Efs, R347*) that are genetically equivalent to select RTS patient 
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RECQL4 mutations. Interestingly, mice harbouring missense point mutations, including the 

helicase-dead mutation, were notable in their lack of detectable phenotype whether in 

viability, growth characteristics, haematopoiesis, skeletal development, sensitivity to DNA 

damaging agents, or OS incidence. In contrast, mice carrying truncation mutations which 

grossly impacted Recql4 protein structure exhibited defects in haematopoiesis similar to 

Recql4 knockout mice described previously (Castillo-Tandazo et al., 2019). This dichotomy of 

phenotypic differences resulting from the nature of the underlying mutations seems to be 

consistent with the observation that missense point mutations in RECQL4 are uncommon in 

Type II RTS patients, in whom the vast majority of Type II RTS RECQL4 mutations are predicted 

to have large impacts on protein structure (Siitonen et al., 2008).  It also calls into question 

the utility of models based on the former.  

Taken together, mouse models established thus far recapitulate various aspects of 

Type II RTS. However, none of them have been able to completely model the disease and its 

range of phenotypic features in their entirety, most notably, the noted predisposition to 

cancers such as osteosarcoma.  

1.6.2 RECQL4 cell line models 

 Modelling Type II RTS in human cell lines have generally taken two approaches – using 

patient derived cells or modifying the endogenous RECQL4 locus in a normal cell line (Jin et 

al., 2008; Kohzaki et al., 2012; Singh et al., 2010; Yin et al., 2004). RTS patient fibroblasts have 

provided convenient and clinically relevant models for studying the effects of RECQL4 

deficiency. However, they present two challenges that prevent effective data interpretation. 

First, matched normal fibroblasts are generally not available as controls. Normal human 

fibroblasts are usually used instead, however these controls cannot guarantee that any results 

seen are solely due to RECQL4 mutations. Second, as mentioned previously, with very few 



 
 

32 

exceptions, RTS patients are generally compound heterozygotes at the RECQL4 loci. Thus, any 

study of fibroblasts from RTS patients are likely assessing the effects of a heterogeneous mix 

of RECQL4 mutations, possibly with different effects. These factors may partially account for 

the fact that assessments of RTS patient fibroblast sensitivity to various genotoxic agents in 

different studies often yield conflicting results and interpretations (Jin et al., 2008). 

 A second approach to cell-based modelling of RECQL4 function is direct modification 

of the endogenous RECQL4 loci through gene editing techniques in normal human cell lines. 

Thus far, Kohzaki and colleagues have presented the best example of this approach through 

their engineering and characterisation of RECQL4 helicase-truncated NALM-6 cell lines 

(Kohzaki et al., 2012). However, at this time, no such models exist based on clinically relevant 

RECQL4 mutations which would enable finer-grained studies of RECQL4 structure-function 

relationships as well as RTS disease pathogenesis.  

1.7 Specific Aims 

The overall goal of this study is to dissect the functional consequences of a prevalent 

clinical Type II RTS RECQL4 mutation—c.2269C>T or “Mut-2”. Current models for and 

approaches to studying Type II RTS are unsuitable for the purposes of this study. Therefore, I 

have the following three specific aims: 

1. Use CRISPR/Cas9 gene editing to generate human cell lines containing a common RTS 

patient mutation (RECQL4 c.2269C>T, “Mut-2”), with the expectation that these cell 

lines will represent a viable and faithful model of RECQL4 dysfunction in Type II RTS.  

2. Characterise the effect of this mutation on RECQL4 protein structure and expression 

by analysing RECQL4 mRNA transcript and protein abundance.  

3. Investigate the phenotype of these cell lines in terms of growth characteristics, 

sensitivity to genotoxic challenges, and DNA damage repair capacity and function.  



 
 

33 

Recent studies have yielded new insights into the functions and mechanisms of 

RECQL4’s helicase activity (Kohzaki et al., 2012; Lu et al., 2016, 2017). Their findings will serve 

as a springboard in the following chapters to better understand how RECQL4 mutations in 

Type II RTS affect DNA damage repair.  
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Chapter 2 Cell Line Model Generation 

2.1 Introduction 

 RECQL4 was first identified as a member in the human RecQ helicase family in 1998 

(Kitao et al., 1998). Shortly thereafter, germline mutations in RECQL4 were identified as the 

cause for what is now known as Type II RTS (Kitao et al., 1999a, 1999b; Lindor et al., 2000). 

Early efforts to study RECQL4 function in the context of human disease made use of various 

mouse models of RECQL4 mutation or deletion (Castillo-Tandazo et al., 2019; Hoki et al., 2003; 

Ichikawa et al., 2002; Lu et al., 2014a, 2015; Mann et al., 2005; Ng et al., 2015; Smeets et al., 

2014). However, efforts at generating mouse models of RTS have been complicated by the 

essential role of RECQL4 in viability (Ichikawa et al., 2002). Furthermore, no mouse model thus 

far has been able to adequately recapitulate the phenotype of Type II RTS, including skin 

abnormalities, skeletal malformation, and most importantly, increased susceptibility to 

osteosarcoma.  

 Another approach to studying the functions of RECQL4 was to use cell line models to 

avoid the complexities of animal models or to study targets whose disruption may not be 

viable in animal models. Such studies have variously used RTS patient cells (Jin et al., 2008; 

Lee et al., 2018; Schurman et al., 2009), engineered knock-in RECQL4 mutants (Kohzaki et al., 

2012), or exogenous RECQL4 knockdown and/or overexpression systems (Lu et al., 2016; 

Singh et al., 2010). However, each of these approaches also has its own disadvantages. Studies 

using engineered RECQL4 mutant cell lines or exogenous RECQL4 overexpression/knockdown 

did not reflect clinically relevant changes and engineering mutant cell lines was often a 

laborious and time-consuming process. On the other hand, studies of RTS patient-derived cells 

must confront the challenges of maintaining cells that are often difficult to culture and to 



 
 

35 

manipulate. Furthermore, the vast majority of RTS patients have been identified as RECQL4 

compound heterozygotes, making dissections of structure-function relationships between 

individual RECQL4 mutations and their effects difficult.  

 With the recent advances in targeted genome editing using CRISPR/Cas9 a new 

approach with much higher efficiency than those previously available is now possible. By 

simultaneously expressing a custom guide RNA targeted to a genomic region of interest, the 

Cas9 protein, and supplying a short exogenous homologous repair template (the ssODN), the 

bacterial immune defence system CRISPR/Cas9 can be harnessed to instead seek out the 

targeted region in the host genome, induce a specific DNA DSB at that location, and trigger 

the host’s endogenous repair processes to modify the target sequence based on the supplied 

ssODN template. This enables rapid, inexpensive, and highly efficient genomic editing in a way 

that has not been possible before (Cho et al., 2013; Cong et al., 2013; Jinek et al., 2013; Mali 

et al., 2013; Ran et al., 2013; Wiedenheft et al., 2012).  

 To better study the effects of a clinically relevant RECQL4 mutation in the context of 

RTS, CRISPR/Cas9 gene editing was used to knock-in a RECQL4 mutation previously identified 

in RTS patients. The mutation chosen was the RECQL4 c.2269C>T mutation, a putative 

nonsense mutation predicted to truncate the RECQL4 protein in exon 14 which is also 

commonly identified in literature as “Mut-2” (Kitao et al., 1999a). This mutation was chosen 

for two main reasons. First, it is one of the most prevalent RECQL4 mutations identified in RTS 

patients, especially among RTS patients diagnosed with osteosarcoma (Siitonen et al., 2008). 

Second, at least one RTS patient homozygous for RECQL4 c.2269C>T has been reported, which 

indicates viability of and relevance for a homozygous cell line model (Wang et al., 2003).  

HEK293 was chosen as the target cell line for several reasons. HEK293 is a commonly 

used cell line—including in previous studies of RECQL4—which may facilitate comparison of 
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study results with previously published data (Chi et al., 2012; Lu et al., 2016; Mo et al., 2018; 

Ohlenschläger et al., 2012; Park et al., 2006; Petkovic et al., 2005; Stepanenko and Dmitrenko, 

2015; Yokoyama et al., 2019). HEK293, despite its complex karyotype, is diploid at the RECQL4 

locus and has been reported to be karyotypically stable under normal maintenance conditions 

(Bylund et al., 2004; Lin et al., 2014; Stepanenko and Dmitrenko, 2015). And finally, HEK293 is 

easy to maintain and to experimentally manipulate.  

 As expected, the resulting CRISPR/Cas9-edited RECQL4 Mut-2 containing cell lines 

showed a complete loss of wild-type RECQL4. Additionally, overall RECQL4 protein levels were 

also markedly decreased. Rather than the predicted truncation effect of the RECQL4 

c.2269C>T nonsense mutation, however, the majority of the RECQL4 Mut-2 cell lines actually 

expressed increased levels of an alternatively spliced transcript of RECQL4. This transcript 

partially rescued the expected protein truncation by skipping the exonic region containing the 

premature stop codon, a novel and unforeseen outcome of the RECQL4 Mut-2 mutation. 

Finally, next generation DNA and RNA sequencing revealed that these cell line models are, in 

fact, hemizygous for the targeted mutation, giving an in-depth look into the fidelity and 

outcomes of the CRISPR/Cas9 gene editing process. In summary, the cell lines described in this 

chapter are viable models which recapitulate the genetic and protein level findings associated 

with RECQL4 mutation in Type II RTS patients (Colombo et al., 2014; De et al., 2012; Gupta et 

al., 2014; Petkovic et al., 2005; Siitonen et al., 2008; Werner et al., 2006; Yin et al., 2004; 

Yokoyama et al., 2019). They will be useful for further studies of clinically relevant RECQL4 

structure-function relationships in the context of Type II RTS (see Chapter 3).  
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2.2 Materials and Methods 

2.2.1 Cell Culture 

HEK293 (ATCC) was cultured in DMEM (ThermoFisher), with 4.5mg/ml glucose and L-

glutamine, supplemented by 10% foetal bovine serum (ThermoFisher) and 100U/ml Penicillin-

Streptomycin (ThermoFisher).  

Healthy donor and RTS patient fibroblasts were obtained from the Coriell Institute for 

Medical Research and, with the exception of AG18371, maintained in EMEM, with EBSS and 

L-glutamine (Lonza), supplemented by 15% FBS and 100U/ml Pen-Strep. AG18371 fibroblasts 

were maintained in MEM Alpha, with L-glutamine, ribonucleosides, and deoxyribonucleosides 

(ThermoFisher), supplemented by 15% FBS and 100U/ml Pen-Strep.  

2.2.2 CRISPR/Cas9 Editing of RECQL4 

CRISPR/Cas9 editing of RECQL4 was carried out as described previously (Ran et al., 

2013) and adapted by MiYoung Lee (University of Cambridge). Principal steps are briefly 

outlined below.  

Constructs and Cloning 
 

sgRNA was designed using the Zhang Lab online sgRNA design tool (crispr.mit.edu) and 

a 250bp context sequence flanking the mutation site (hg38, Chr8:144,513,288-537). The 

candidate sgRNA with the highest score whose target sequence included the Mut-2 mutation 

site (hg38, Chr8:144,513,412) was chosen and forward and reverse oligos were ordered from 

Integrated DNA Technologies (IDT).  

Name Sequence, 5’-3’ 
Mut2_sg1F CACCGGTACAGCGAGCCTTCATGC 
Mut2_sg1R AAACGCATGAAGGCTCGCTGTACC 

U6-Fwd GAGGGCCTATTTCCCATGATTCC 
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The sgRNA oligo pair was phosphorylated using T4 PNK (NEB) at 37°C for 30 minutes 

and annealed at 95°C for 5min followed by a 5°C/min ramp down to 25°C. The annealed sgRNA 

was cloned into PX459 with FastDigest BbsI (ThermoFisher) and T7 Ligase (NEB). The ligation 

reaction was treated with Plasmid-Safe exonuclease (Lucigen) before transformation. 

Successful insertion was confirmed via Sanger sequencing using the U6-Fwd primer. 

pSpCas9(BB)-2A-Puro (PX459) was a gift from Feng Zhang (Addgene plasmid #48139; 

http://n2t.net/addgene:48139; RRID:Addgene_48139).  

The cloned PX459-Mut2 sgRNA construct was based on the V1.0 PX459 backbone 

which contained a R166H mutation in the puromycin resistance gene that was reported to 

decrease its efficacy. Therefore, the original puromycin gene was replaced with the puromycin 

gene from pLVX-TetOne-Puro (Clontech) to generate PX459 v2.5. The puromycin gene insert 

was amplified with the primer set Puro1F and Puro2R using the Herculase II Fusion DNA 

Polymerase (Agilent). The PX459 backbone without the puromycin gene was amplified with 

the primer set Puro1R and Puro2F, also using the Herculase II Fusion DNA Polymerase. The 

two fragments were then ligated using the In-Fusion HD Cloning Kit (TaKaRa).  

 
Name Sequence, 5’-3’ 
Puro1F GTACAAGCCCACGGTGCGCCTC 
Puro2R CACCGGGCTTGCGGGTCATG 
Puro1R GAGGCGCACCGTGGGCTTGTAC 
Puro2F CATGACCCGCAAGCCCGGTG 

 

The CRISPR/Cas9 HDR template (Mut2_ssODN_NEW2) was designed as a 181bp sense 

ssODN comprising 90bp homology arms on either side of the target mutation site and the 

target mutation itself and synthesised as a PAGE-purified ultramer (IDT) (hg38, 

Chr8:144,513,322-502).  
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Name Sequence, 5’-3’ 

Mut2_ssODN
_NEW2 

CATCTGCCTGTCTTCCCCAAAGGTCGTGCCCCCAAAACCACAG
CCGAGGCCTACCACGCGGGCATGTGCAGCCGGGAACGGCGG
CGGGTATAGCGAGCCTTCATGCAGGGCCAGTTGCGGGTGGTG
GTGGCCACGGTGGCCTTTGGGATGGGGCTGGACCGGCCAGAT
GTGCGGGCTGTGC 

 
 
CRISPR/Cas9 Genome Editing 
 

HEK293 cells were plated in 6-well plates at 70-90% confluency the day before 

transfection and co-transfected with 1.2µg PX459-sgRNA construct and 2.4µl 10µM ssODN 

using Lipofectamine 2000 (ThermoFisher). The transfected cells were selected with 2µg/ml 

puromycin (ThermoFisher) for 3 days and then replated into 96-well plates at a density of 0.5 

cells/well. Colonies were isolated starting at 2 weeks for further screening.  

2.2.3 Sanger Sequencing 

Genomic DNA was isolated from cultured cells using QuickExtract DNA Extraction 

Solution (Lucigen) according to manufacturer’s protocol. 5µl of gDNA template was used to 

amplify an 968bp amplicon flanking the CRISPR/Cas9 target region (hg38, Chr8:144,512,798-

144,513,765) using Herculase II Fusion DNA Polymerase with 3% DMSO (Agilent) and the 

primer set Mut2_F4 and RTS2 2R8.  

 
Name Sequence, 5’-3’ 

Mut2_F4 ACACGCCGACCCCTCCTCACTC 
RTS2 2R8 CGCGGGGACAGCCCCTCCAC 

 
 

The PCR product was purified using the DNA Clean & Concentrator ZR-96 kit (Zymo 

Research). The purified product was Sanger sequenced with the Mut2_F4 primer and BigDye 

v3.1 by the NIH CCR Genomic Core. The electropherograms were analysed in SnapGene (GSL 

Biotech) to determine mutation status at the target site.  
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2.2.4 Western Blot 

2.2.4a Lysate Sample Preparation 

Cultured cells were trypsinised and washed once with cold PBS. Cell pellets were lysed 

in ice cold RIPA buffer (50mM Tris pH8.0, 0.5% sodium deoxycholate, 0.1% SDS, 150mM NaCl, 

2mM EDTA, 1% Triton X-100) supplemented with 1mM PMSF, 1X Halt Protease Inhibitor 

Cocktail (ThermoFisher), and 500U Benzonase (Millipore). The lysates were sonicated for 5s 

at 30% power and cleared of debris by centrifugation.  

The lysates were quantified by Pierce BCA Protein Assay Kit (ThermoFisher) using the 

manufacturer’s microplate procedure and read on a BMG FluoStar Optima plate reader in 

absorbance mode with 570nm excitation filter. 120µg of protein lysate were diluted in a total 

volume of 40µl with ice cold RIPA buffer supplemented with 1mM PMSF, 1X Halt Protease 

Inhibitor Cocktail (ThermoFisher), 1X NuPAGE LDS Sample buffer (ThermoFisher), and 20mM 

DTT. The sample was denatured at 100°C for 10 minutes and then centrifuged at max speed 

for 1min.  

2.2.4b SDS-PAGE 

60ug each of lysate samples were run via SDS-PAGE on NuPAGE Bis-Tris 4-12% 

mini/midi protein gels in 1X MOPS running buffer (ThermoFisher) at 150V/200V for 55 

minutes. The samples were then transferred at 20V/1.5 hours onto a 0.45µm PVDF membrane 

(Millipore) using a Novex semi-dry blotter in 2X NuPAGE Transfer Buffer supplemented with 

10% methanol and 1X NuPAGE Antioxidant (ThermoFisher).  

2.2.4c Immunoblotting 

Post-transfer, the membrane was blocked in 5% BSA (Fisher Scientific) in TBS-0.1% 

Tween20 (TBST) for 1 hour at room temperature. The membrane was then incubated 

overnight at 4°C (RECQL4) or 1 hour at room temperature (β-actin) with anti-RECQ4 (1:1000, 
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Cell Signaling #2814) or anti-β-actin-HRP (C4, 1:10,000, Santa Cruz sc-47778 HRP) antibodies 

diluted in blocking solution. Blots were washed 3X with TBST and RECQL4 blots were 

incubated for 1 hour at room temperature with anti-rabbit IgG-HRP secondary antibody 

(1:2000, Cell Signaling #7074). The blots were then washed 3X with TBST before treatment 

with SuperSignal West Femto ECL (RECQL4) or SuperSignal West Pico PLUS ECL (β-actin) 

(ThermoFisher) and imaged with Bio-Rad ChemiDoc imaging system. Images were quantified 

using FIJI.  

Table 2.1 Western blot primary and secondary antibodies and their dilutions 
 

Target Primary  Secondary  ECL 

RECQL4 Anti-RECQL4 (Cell Signaling 
#2814, 1:1000) 

Anti-Rabbit IgG HRP 
(Cell Signaling #7074, 

1:2000) 

SuperSignal West 
Femto 

    

β-actin 
Anti-β-actin HRP (Clone C4, 
Santa Cruz sc-47778 HRP, 

1:10,000) 
 SuperSignal West Pico 

PLUS 

 
 A total of nine commercially available anti-RECQL4 antibodies (see table below) were 

tested via western blot using whole cell lysates from parental HEK293. Cell Signaling #2814 

yielded the best results when considering both sensitivity and specificity. Due to the generally 

low RECQL4 abundance in HEK293 and its derivatives, the much more sensitive SuperSignal 

West Femto ECL was used as standard protocol despite increased non-specific signal.  
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Table 2.2 RECQL4 antibodies tested by western blot and dilutions used 
 

Tested Anti-RECQL4 Antibody Dilution 
ABBIOTEC #200164 1:500 

Abcam #ab192375 1:500, 1:1000 

Atlas #HPA025821 1:250, 1:500 

Cell Signaling #2814 1:1000, 1:2000 

LSBio #LS-C340948 1:1000 

LSBio #LS-C409066 1:1000 

NovoPro #114676 1:1000, 1:3000 

Novus Biologicals #25470002 1:1000, 1:2000 

Santa Cruz (N-17) #sc-16924 1:500 

 
2.2.5 RNAi Knockdown 

ON-TARGETplus siRNAs for RECQL4 were obtained from Dharmacon, resuspended 

according to manufacturer’s protocol in 1X siRNA buffer (60mM KCl, 6mM HEPES pH7.5, 

0.2mM MgCl2) to a concentration of 20µM, and pooled in equimolar proportions to obtain a 

final concentration of 20µM.  

ON-TARGETplus Non-targeting Control siRNA and ON-TARGETplus UPF1 siRNA were 

obtained from Dharmacon as pools and resuspended in 1X siRNA buffer to a final 

concentration of 50µM (sequences listed below).  

Cells were plated in 6-well plates at a confluency of 50-70% a day before transfection. 

Cells were transfected with 80pmol siRNA per well using Lipofectamine RNAiMAX according 

to manufacturer’s protocol. Cells were harvested for analysis 72 hours post-transfection.  
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Table 2.3 siRNA sequences and target regions 
 

Name Sequence Target Region 
siRECQL4 #1 (J-010559-05) CCUAGAUCCUGGCUGGUUA RECQL4 Exon 5 

   
siRECQL4 #2 (J-010559-06) GCGACCACCUAUACCCAUU RECQL4 Exon 16 

   
siRECQL4 #3 (J-010559-07) GAAAAUACCUGCACCUGAG RECQL4 Exon 21 

   
siRECQL4 #4 (J-010559-08) CAAUACAGCUUACCGUACA RECQL4 Exon 15 

   

siUPF1 Pool 

CAGCGGAUCGUGUGAAGAA, 
CAAGGUCCCUGAUAAUUAU, 
GCAGCCACAUUGUAAAUCA, 
GCUCGCAGACUCUCACUUU 

UPF1 Exon 16,  
UPF1 Exon 8,  
UPF1 Exon 4,  
UPF1 Exon 1 

   

Non-targeting Pool 

UGGUUUACAUGUCGACUAA, 
UGGUUUACAUGUUGUGUGA, 
UGGUUUACAUGUUUUCUGA, 
UGGUUUACAUGUUUUCCUA 

N/A 

 
2.2.6 Quantitative RT-PCR (RT-qPCR) 

Total RNA was isolated from cells. Briefly, cells were trypsinised, pelleted, and lysed in 

TriZOL reagent (ThermoFisher). Total RNA was extracted with chloroform and precipitated 

with 70% ethanol. The precipitated RNA was bound to RNeasy mini columns (Qiagen), 

digested with DNase I on column (Qiagen), washed and eluted. The purified total RNA was 

quantified by Nanodrop.  

100ng of total RNA was added to each 20µl RT-qPCR reaction along with a TaqMan 

assay for RECQL4 (FAM) and GAPDH endogenous control (VIC) (target sequences in table 

below). The RT-qPCR reactions were run using TaqMan RNA-to-CT 1-Step Kit (ThermoFisher) 

according to manufacturer instructions on a Bio-Rad CFX96 Real-Time qPCR system. Samples 

were generally run in at least triplicate. 

Analysis of RT-qPCR data was done using the ΔΔCt method by normalising Ct values 

from individual wells first to the duplexed GAPDH endogenous control to obtain ΔCt values. 
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ΔCt values for replicate sample wells were then averaged and normalised to the average 

parental HEK293 ΔCt value to obtain ΔΔCt values. Fold changes were then calculated using the 

following formula: 

𝐹𝑜𝑙𝑑	𝐶ℎ𝑎𝑛𝑔𝑒 = 2!∆∆#!  

The results were plotted in Graphpad Prism.  
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2.2.7 Enrichment of Sequencing Libraries with Custom RECQL4 Baits 

 Total RNA and genomic DNA for sequencing was prepared from cultured cells using 

method described above (total RNA) and DNeasy Blood & Tissue Kit (genomic DNA) according 

to manufacturer’s protocols (Qiagen). Next generation sequencing libraries were then 

prepared from total RNA using SMARTer Stranded Total RNA-Seq Kit – Pico Input Mammalian 

(TaKaRa) and from genomic DNA using KAPA HyperPrep Kit (Roche).  

BAC construct containing RECQL4 genomic sequence (hg19, Chr8:145,676,350-

145,800,825) was obtained from BACPAC Genomics, Inc. (Clone CTD-2230H11) as template 

for bait preparation. Briefly, the BAC was sheared on a Covaris S2 to a mean size of 400bps 

(Duty Cycle=5%, Intensity=5, Cycles/Burst=200, Time=55s). The fragments were end-repaired 

and A-tailed using KAPA Hyper Prep Kit (Roche). BBt adapter (Ishihara et al., 2017, see note 

below) was ligated and adapter-conjugated fragments were purified with SPRIselect beads 

(Beckman Coulter) before amplification with T7/T3 primer set (see below) using KAPA HiFi 

HotStart Ready Mix (Roche). The amplified bait library was purified twice with SPRIselect 

beads before RNA bait preparation. 

Name Sequence, 5’-3’ 
BBt Adapter Sense P-CCCTATAGTGAGTCGTATTAGATCATTAACCCTCACTAAAGGGAT 

  
BBt Adapter Anti-

sense P-TCCCTTTAGTGAGGGTTAATGATCTAATACGACTCACTATAGGGT 

  
T7 Primer TAATACGACTCACTATAGGG 

  
T3 Primer GCAATTAACCCTCACTAAAGG 

 
 
Note: BBt adapter was made by combining sense and anti-sense oligos in equimolar 
proportions and annealing through denaturing in 1L boiling water for 5 minutes followed by 
cooling to room temperature on the bench. 
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Biotinylated RNA capture baits were prepared from the purified bait library by in vitro 

transcription using the MAXIscript T7 Transcription Kit (ThermoFisher) with biotin-14-CTP 

analogue (ThermoFisher) replacing 40% of the unlabelled CTP. The transcribed products were 

purified with TURBO DNase digestion and NucAway Spin Columns (ThermoFisher) and 

SUPERase In RNase Inhibitor (ThermoFisher) was added.  

Separately, total RNA and genomic DNA sequencing libraries were combined with 

blocking mix consisting of human Cot-1 DNA, salmon sperm DNA (ThermoFisher), and xGen 

Universal Blockers – TS Mix (IDT) and concentrated in a speed-vac. The blocked library 

mixtures were then denatured and combined with the RNA baits mixture. The library/bait 

mixtures were finally combined with hybridisation buffer (10X SSPE, 10mM EDTA, 10X 

Denhardt’s buffer, 2.5% SDS) and incubated for 48 hours at 65 °C. 

The hybridised libraries were bound to Dynabead Streptavidin T1 magnetic beads 

(ThermoFisher), washed, and minimally PCR amplified (9 cycles) on bead with KAPA HiFi 

HotStart Ready Mix and Illumina library amplification primers. The enriched and amplified 

libraries were then purified twice with SPRIselect beads. The purified libraries were finally 

sequenced by paired-end sequencing on Illumina MiSeq instruments using Illumina MiSeq 

Micro Kit v2 (300 cycles).  

2.2.8 Next generation DNA-Seq and RNA-Seq analysis 

Analyses of next generation DNA and RNA sequencing data were performed by Jack 

Zhu (NIH) and Yonghong Wang (NIH). The analysis pipelines used are briefly outlined below 

and diagrammed in Figure 2.1.  

2.2.8a DNA sequencing 

Processing and analysis of DNA sequencing data was performed on one of two locally 

available Linux clusters using home-brew, snakemake-based pipelines that mainly followed 
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the Best Practices workflow recommended by the Broad Institute 

(http://www.broadinstitute.org/gatk/guide/best-practices, Figure 2.1A) (DePristo et al., 2011; 

Köster and Rahmann, 2012). Briefly, raw sequencing reads were mapped to human genome 

build 19 (Hg19) by Burrows-Wheeler Aligner (BWA, version 0.7.17). This was followed by local 

realignment using the GATK suite (version 3.8.1). Duplicated reads were then marked using 

Picard tools (version 2.17.11, http://broadinstitute.github.io/picard/) (Li and Durbin, 2009; 

McKenna et al., 2010).  

Somatic variant calling on paired mutant-parental HEK293 samples was done using 

either the standalone Strelka somatic variant caller (version 2.9.0) or a tandem Manta (version 

1.6.0) /Strelka (Chen et al., 2015; Saunders et al., 2012).  Structural variants were identified 

by Delly (version 0.8.1) and BRASS (version 6.1.2) using paired mutant-parental HEK293 

samples (Nik-Zainal et al., 2016; Rausch et al., 2012). 

The SnpEff (version 4.3t), ANNOVAR (version 2018-04-16), and VariantAnnotator 

(GATK version 3.8.1) were then used to annotate and predict the effects of variants with 

multiple annotation databases, including dbNSFP (version Hg19-dbNSFP2.9.1), dbSNP (NCBI, 

build 147), ESP6500 (NHLBI Exome Sequencing Project, ESP6500SI-V2-

SSA137.updatedRsIds.snps_indels.vcf), etc. (Cingolani et al., 2012; Liu et al., 2013; Wang et al., 

2010).  

2.2.8b RNA sequencing 

The RNA sequencing data processing pipeline is shown in Figure 2.1B. Briefly, RNA 

sequencing reads were aligned to human genome build 19 (Hg19) using STAR aligner (version 

2.6.1c) (Dobin et al., 2012). STAR-Fusion (version 1.5.0) was used to detect fusion transcript 

reads (Haas et al., 2017). Salmon RNA-seq software (version 0.14.1) was applied directly to 

the FASTQ files to generate transcripts-per-million (TPM) quantification for genes and 
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transcript models included in the GENCODE release 25 at the gene and transcript levels 

(Harrow et al., 2012; Patro et al., 2017). Sashimi plots were generated using Integrative 

Genomics Viewer (version 2.8.0) (Robinson et al., 2011, 2017; Thorvaldsdóttir et al., 2012). 
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2.3 Results 

2.3.1 CRISPR/Cas9 editing of RECQL4 in HEK293 

 Based on a 250bp genomic context sequence (hg38, Chr8:144,513,288-144,513,537) 

flanking the target mutation (RECQL4 c.2269C>T), a list of candidate sgRNAs was designed 

using the online tool from the Zhang Lab (crispr.mit.edu, Ran et al., 2013a). The final sgRNA 

was chosen from the candidate list using the criteria that the target sequence must include 

the target mutation site (hg38, Chr8:144,513,412) while maximising the “on-target” score. The 

sgRNA chosen targeted a 20bp region (hg38, Chr8:144,513,397-144,513,416) with the Cas9 

induced DNA DSB occurring between Chr8:144,513,399-144,513:400 (hg38). Using this sgRNA, 

the CRISPR/Cas9 process generated 69 viable single-cell clones for further screening.  

2.3.2 Sanger sequencing identifies potential candidates 

 Initial screening of single-cell clones was performed using Sanger sequencing of PCR 

products from the region containing the targeted mutation and identified four candidates 

which were potentially homozygous for RECQL4 c.2269C>T at the targeted position (Figure 

2.2C).  Sanger sequencing results for parental HEK293 (wild-type RECQL4) and potential 

heterozygous clones (2.57 and 2.68) are also shown for comparison (Figure 2.2A and B). 
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Figure 2.2 Sanger Sequencing of isolated single cell clones 
Electropherograms from Sanger sequencing of parental HEK293 (Part A) candidate Mut-2 
clones (Parts B-C). The target site of interest is located at Chr8:144,513,412 (hg38, red arrows). 
The desired mutation is a C>T transition.  
 
A. Parental HEK293 showing wild-type RECQL4 (C) at the target site. 
B. Clones showing WT/Mut-2 heterozygosity (C/T) at the target site. 
C. Clones showing only Mut-2 sequence (T) at the target site, potentially homozygous. 
 
All data shown are representative of at least 2 independent experiments except for HEK293 
WT/WT (Part A) and 2.16 (Part C) which were each sequenced once.  
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2.3.3 RECQL4 protein levels in candidate Mut-2 clones 

The CRISPR/Cas9 gene editing process produced several candidate single-cell clones 

carrying either heterozygous or homozygous RECQL4 Mut-2 mutations (Figure 2.2C). The next 

step was to determine whether predicted changes in the RECQL4 protein could be detected 

both qualitatively and quantitatively in the candidate clones bearing homozygous RECQL4 

Mut-2 mutations. Whole cell lysates isolated from parental HEK293 cells and the four putative 

“homozygous” Mut-2 RECQL4 clones were blotted for RECQL4 using western blot (Figure 2.3A). 

If these cell lines were truly homozygous for the knock-in RECQL4 Mut-2 mutation, then no 

signal matching the size of wild-type RECQL4 (150kDa) and the concurrent appearance of a 

smaller truncation RECQL4 protein product (predicted 82kDa) would be expected in the 

corresponding samples.  

 Indeed, the wild-type RECQL4 protein (150kDa) completely disappeared in all four of 

the candidate clones as anticipated (Figure 2.3A, red arrow). When average RECQL4 

expression in the candidate clones relative to parental HEK293 was compared to a panel of 

RTS patient fibroblasts (AG03587, AG05013, AG18371) and healthy donor fibroblasts 

(GM00010, GM01603, GM05386, GM06166), the average reduction in wild-type RECLQ4 

signal was comparable, though none of the RTS patient samples is known to harbour the 

RECQL4 Mut-2 mutation (Figure 2.3B and C, see table below for RTS patient sample 

information). Surprisingly, however, a faint residual band could be observed running slightly 

smaller than the wild-type RECQL4 band (slightly lower than 150kDa). In order to ascertain 

whether this residual band was a non-specific artefact of this particular RECQL4 antibody, 

RNAi-mediated knockdown of RECQL4 on the parental HEK293 and the four candidate clones 

was done using a pool of four RECQL4 siRNAs and the results compared with cells treated with 

a pool of non-targeting siRNA (Figure 2.3D). As positive control, substantial knockdown of 
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wild-type RECQL4 could be observed in parental HEK293 treated with siRECQL4 as compared 

to non-targeting siRNA treated cells. In the candidate clones, the previously seen residual 

band also decreased in intensity with siRECQL4-mediated knockdown, suggesting that this 

band represented a form of RECQL4.  

 
Table 2.5 RTS patient sample information 

 
RTS Patient Sample Sex Age (at sampling) Known RECQL4 Mutations 

AG03587 Male 7 Unknown 
    

AG05013 Male 10 g.2492del2 (“Mut-3”*), 
IVS12AS G>T (“Mut-4”*) 

    
AG18371 Male 12 g.2746del11 

 
*Mutation nomenclature is from Kitao et al., 1999a 
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Figure 2.3 Western blot analyses of candidate RECQL4 Mut-2 clones 
Red arrows show the position of the wild-type RECQL4 (150kDa). Purple arrows show the 
approximate predicted position of the RECQL4 Mut-2 truncation product (82kDa). 
 
A. RECQL4 blot of parental HEK293 and candidate Mut-2 clones. Lanes with candidate Mut-2 
clones show lack of wild-type RECQL4 (red arrow) along with a faint residual band slightly 
below the wild-type RECQL4 band. Western blot shown is representative of at least ten 
independent experiments. 
B. Comparison of RECQL4 expression in a panel of healthy donor and RTS patient fibroblasts 
with that of parental HEK293 and candidate Mut-2 clones show similar magnitudes of 
reduction in RECQL4 abundance. Data for RTS patient samples match those previous reported 
by others (De et al., 2012; Gupta et al., 2014; Petkovic et al., 2005; Werner et al., 2006; Yin et 
al., 2004; Yokoyama et al., 2019). Data for Mut-2 clones is representative of what was 
observed from multiple experiments. Western blot shown is from one experiment.  
C. Quantification of average RECQL4 expression in Part B by densitometry analysis show 
similar magnitudes of reduction in RECQL4 abundance. Quantification in RTS patient samples 
was done on one blot from one experiment. Quantification of Mut-2 clones was done on blots 
from five independent experiments and is typical of what is seen. Error bars show standard 
error of the mean (SEM). 
D. RNAi in parental HEK293 and candidate Mut-2 clones using non-targeting siRNA pool and 
RECQL4 siRNA pool. Known wild-type RECQL4 (red boxes, parental HEK293), the residual band 
previously seen in Parts A-B (next to red boxes, slightly lower than 150kDa in the candidate 
Mut-2 clones), and the possible RECQL4 Mut2 truncation product (purple boxes) all show 
decreased intensity with siRECQL4 but not with siNon-targeting pool. RECQL4 blot shown is of 
an identical region on the same blot developed in succession with two difference ECL reagents. 
SuperSignal Femto is the increased-sensitivity femtogram-level ECL reagent. Red box indicates 
wild-type RECQL4. Purple box indicates possible RECQL4 Mut-2 truncation product. Western 
blot shown is representative of at least four independent experiments. 
E. RNAi in parental HEK293 and candidate Mut-2 clones using siNon-targeting pool or siUPF1 
pool shows no increased signal in the region (75kDa-100kDa) predicted to contain the RECQL4 
Mut-2 truncation product when UPF1 expression is decreased. Western blot shown is 
representative of two independent experiments. 
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In addition to the disappearance of the wild-type RECQL4 band on western blot, the 

appearance of a truncated protein product (82kDa) was also expected as the RECQL4 

c.2269C>T Mut-2 mutation is predicted to be a nonsense truncation mutation. However, in 

the majority of the candidate clones (2.11, 2.14, 2.16), no new band was observed at the 

predicted size of 82kDa. The sole exception was in candidate clone 2.88 where a stronger band 

was present at the expected location (Figure 2.3A, purple arrow). While it might be reasonable 

to expect the truncation RECQL4 product to be present in all four candidate clones, siRNA-

mediated knockdown was nevertheless performed to determine whether this band, which 

was only present in candidate clone 2.88, could be a form of RECQL4 as well. As shown, the 

band in question did respond to siRECQL4-mediated knockdown, which suggested that it 

might be the truncation product from the RECQL4 Mut-2 mutation (Figure 2.3D).  

Nonsense mediated decay (NMD) is a cellular mRNA surveillance mechanism whereby 

mRNA transcripts containing premature terminal codons in the reading frame are targeted for 

degradation (Hug et al., 2016). Since Mut-2 is predicted to be a nonsense mutation, transcripts 

containing Mut-2 could be targets for NMD and its inhibition by knockdown of UPF1, a protein 

required for NMD, could result in increased abundance of the predicted RECQL4 truncation 

product (Figure 2.3E). Treatment of candidate Mut-2 clones with siUPF1 failed to show any 

detectable increase in RECQL4 signal in the approximate size range predicted (82kDa) for the 

truncation product.  

2.3.4 Residual RECQL4 band is an alternative splicing variant 

While siRNA-mediated RECQL4 knockdown clearly suggested that the residual protein 

band seen running slightly smaller than wild-type RECQL4 (150kDa) on western blot of the 

candidate Mut-2 is a form of RECQL4 protein (Figure 2.3D), it is unclear what the origin of this 

form is given that the only predicted product from a Mut-2 RECQL4 allele is a truncated protein 
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of 82kDa. However, a recent study of Type II RTS in a family of patients uncovered a very 

similar putative nonsense mutation (RECQL4 c.2272C>T) located close to the site of the Mut-

2 mutation (RECQL4 c.2269C>T) (Colombo et al., 2014). Colombo and colleagues observed 

that rather than solely expressing the RECQL4 transcript containing the truncation mutation, 

cells from these RTS patients also upregulated usage of an alternate splice site in exon 14 

upstream of the mutation. This alternative splicing resulted in the skipping of the last 198bp 

of RECQL4 exon 14 and consequently an in-frame deletion of the last 66aa in exon 14. More 

importantly, the deleted region also contained the nonsense mutation, thus removing its 

effects and enabling the production of a non-truncated protein of almost the same size as 

wild-type RECQL4. Colombo and colleagues attributed these changes in RECQL4 splicing to the 

disruption by the c.2272C>T mutation of predicted recognition motifs for the exonic splicing 

enhancers SF2/ASF and SRp55 (Figure 2.4A).  

 Due to the similar nature and location of the target Mut-2 mutation to the one found 

by Colombo, et al. and the fact that it also lies within the predicted exonic splicing enhancer 

recognition motifs (Figure 2.4A), the same splicing alterations could be happening in the 

candidate Mut-2 clones. To test this, a custom TaqMan assay spanning the predicted alternate 

splicing junction was designed. Pre-designed TaqMan assays that spanned the canonically 

spliced exon 14-15 junction and the exon 9-10 junction outside the affect region were also 

obtained. RT-qPCR was performed on total RNA isolated from parental HEK293 and the four 

candidate Mut-2 clones (Figure 2.4B). The exon 9-10 spanning TaqMan assay showed that in 

the candidate Mut-2 clones, RECQL4 transcript levels remained relatively unchanged to 

slightly decreased (Figure 2.4B, far left). However, transcripts containing the canonically 

spliced exon 14-15 junction (and thus the target Mut-2 mutation) had decreased by at least 

50% in all candidate clones (Figure 2.4B, centre left). When assayed for the alternatively 
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spliced transcript (ΔEx14), large increases of the alternate transcript were seen in three of the 

four candidate clones (2.11, 2.14, 2.16) (Figure 2.4B, centre right). Candidate clone 2.88 alone 

seemed to show a decrease in the alternate transcript as well as the canonical transcript 

(Figure 2.4B, centre two panels). Finally, the ratio of the alternate transcript to the canonical 

transcript was examined as a control for variation between cell lines (Figure 2.4B, far right). 

The candidate clones which upregulated the alternate transcript had very much increased 

ratios of alternative-to-canonical transcripts. The exception was candidate clone 2.88 whose 

ratio was similar to that of parental HEK293. The RT-qPCR results confirmed the hypothesis 

that one of the major effects of the RECQL4 c.2269C>T Mut-2 mutation was to upregulate an 

alternative splice variant that skips over the premature stop codon rather than production of 

the predicted truncation RECQL4 product. 
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Figure 2.4 The alternative splicing of the RECQL4 exon 14-15 junction 
A. Alternative splicing in RECQL4 exon 14 as identified in study by Colombo, et al. Predicted 
recognition motifs for SF2/ASF and SRp55 are outlined in purple and orange boxes respectively, 
with nucleotide positions of mutations shown. The target Mut-2 mutation is c.2269C>T, the 
location of the mutation originally found by Colombo and colleagues is denoted by c.2272 as 
reference. The green arrows indicate direction of transcription. (Figure adapted from Colombo, 
et al., 2014). 
B. RT-qPCR TaqMan assays for RECQL4 transcripts in parental HEK293 and the candidate Mut-
2 clones, all data are normalised to that of the respective parental HEK293 in each plot (red 
stars). Total RECQL4 transcript levels as indicated by exon 9-10 TaqMan assay are slightly 
decreased in the candidate Mut-2 clones (far left). Levels of RECQL4 transcripts canonically 
spliced at exon 14-15 are decreased by at least 50% in all candidate Mut-2 clones compared 
to parental HEK293 (centre left). All candidate Mut-2 clones except for 2.88 show increases in 
levels of RECQL4 transcripts using the alternative exon 14-15 splice site (centre right). The 
ratios of alternatively spliced to canonically spliced RECQL4 transcript are greatly increased in 
all candidate Mut-2 clones except in 2.88 (far right). Data presented is the average from at 
least five independent experiments. Error bars show SEM. 
C. RNA-Seq of parental HEK293 and candidate Mut-2 clones confirms the presence and 
structure of the alternatively spliced RECQL4 transcript as shown in the sashimi plots. The blue 
arrows indicate the location of the alternative splice site while the black arrows indicate the 
alternative splicing event. The green arrows at the bottom indicate direction of transcription. 
Data shown is typical of two independent sequencing experiments.  
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2.3.5 Next generation sequencing reveals the state of the RECQL4 locus in candidate clones 

 After screening the four candidate Mut-2 clones via Sanger sequencing and assaying 

for RECQL4 protein level and transcript levels, the final confirmation of the status of these 

candidate clones came from in-depth studies of genomic DNA and total RNA using next 

generation sequencing.  

The following work was performed by Robert Walker (NIH) with bioinformatic analyses 

performed by Jack Zhu (NIH) and Yonghong Wang (NIH). Next generation sequencing libraries 

were enriched for the RECQL4 genomic region and transcripts via in vitro transcribed RNA 

baits spanning the region Chr8:145,676,350-145,800,825 (hg19) and sequenced on the 

Illumina MiSeq platform (see Methods Section 2.2.7 above).  

Outlined below are the detailed structures of the RECQL4 alleles and derivatives 

around the Mut-2 target region in each of the candidate clones as well as status of any 

associated RNA transcripts as verified using bioinformatic tools (see Methods Section 2.2.8 

above) and manual curation. The structures of the RECQL4 alleles and derivatives could only 

be definitively distinguished and elucidated in the regions where significant, dense, and/or 

small-scale variations existed—usually the region surrounding the Mut-2 target in this study. 

This is a technical limitation of the Illumina short-read sequencing technology coupled with 

the enrichment of the sequencing libraries during sample preparation (see Methods Section 

2.2.7 above). Due to these two factors, isolated mutations and/or structural variations and 

those outside the region of enrichment generally cannot be attributed to specific alleles or 

derivatives and, in the latter case, are usually undetectable.  
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Clone 2.11 (Figure 2.5) 

• One RECQL4 allele contained the desired Mut-2 C>T mutation at position Chr8:145,738,796 

(hg19) as well as a 1bp base T insertion at the sgRNA cut site between positions 

Chr8:145,738,783-784 (hg19).  

• A second derivative consisted of a non-reciprocal translocation between the C-terminal 

portion of WNT7A and the C-terminal portion of RECQL4. The portion of WNT7A 

downstream and inclusive of position Chr3:13,878,176 (hg19) was joined with the portion 

of RECQL4 downstream and inclusive of position Chr8:145,738,793 (hg19). There was an 

intervening 49bp sequence between the two arms of the translocation consisting of a 4bp 

random insertion and a 45bp inserted segment from the Cas9 gene from the PX459 

CRISPR/Cas9 construct. 

• A third RECQL4 derivative showed deletion of the segment Chr8:145,738,784-793 (hg19) 

inclusive and its replacement with a series of short tandem duplications of mostly adjacent 

segments of the RECQL4 gene along with repetitive genomic sequences of unknown origin. 

Within this replacement section, starting at the upstream end, there is a 69bp inverted 

duplication of Chr8:145,738,714-783 (hg19), followed by a 34bp duplication of 

Chr8:145,738,797-831 (hg19), followed by another non-inverted 69bp duplication of 

Chr8:145,738,714-783 (hg19). The segment ended with a section of repetitive genomic 

sequences of indeterminate origin and length with the downstream end joined back to the 

C-terminal portion of RECQL4 at Chr8:145,738,783 (hg19).  

 

Figure 2.5 indicates that the endpoints of the RECQL4 fragment in Derivative 2 and 3 

are uncertain. With the aforementioned caveats in mind, two lines of indirect evidence 

suggest that the C-terminal portion of RECQL4 downstream of the sgRNA cut site is present in 
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its entirety in three copies, indicating duplication of at least that region (Figure 2.5). First, 

though Derivative 2 contains only C-terminal portions of RECQL4 and WNT7A and thus is 

expected to be promoterless, one unique RNA sequencing read spanning the breakpoint was 

detected by RNA-Seq. It may be reasonable to speculate that this transcript was the product 

of transcription read-through from the adjacent MFSD3 locus, which is transcribed in the 

direction opposite to that of RECQL4. This would imply that the region is intact on Derivative 

2. Second, the lack of structural variation in the C-terminal portion of RECQL4 in the genomic 

DNA sequencing data is strong evidence against the disruption of the C-terminal regions of 

RECQL4 on any of the alleles or derivatives.  

Since parental HEK293 is diploid at the RECQL4 locus, one question raised by the 

presence of three copies of the C-terminal region of RECQL4 is whether 2.11 is indeed a single-

cell clone rather than a mixed cell population. To address this concern, candidate clone 2.11 

was subcloned and genomic DNA and total RNA from 11 subclones were also sequenced. 10 

of the 11 subclones were found to contain all three RECQL4 alleles/derivatives, strongly 

supporting the conclusion that candidate 2.11 is a single-cell clone that contains a duplication 

of the C-terminal region of RECQL4 downstream of the sgRNA cut site.   
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Figure 2.5 Genomic structure of candidate clone 2.11 at the RECQL4 Mut-2 target site 
Due to the orientation of the RECQL4 gene on chromosome 8, it is shown with genome 
coordinates decreasing from left to right so that the direction of transcription is from left to 
right. (<<<) indicates the ordinary direction of transcription of the WNT7A gene fragment. 
Question marks (?) indicate uncertainty regarding the location of the end point of the 
fragment in question (see above). Check marks under RNA indicate whether RNA transcripts 
from the particular allele or derivative were found in RNA-Seq data. See detailed descriptions 
are above. Data is from two independent sequencing experiments.  
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Clone 2.14 (Figure 2.6) 

• One RECQL4 allele contained the desired Mut-2 C>T mutation at position Chr8:145,738,796 

(hg19) as well as a 1bp base C deletion at position Chr8:145,738,788 (hg19). 

• A second derivative consisted of a translocation of the N-terminal portion of the RECQL4 

gene with portions of the PX459 CRISPR/Cas9 construct. The breakpoint in the RECQL4 

gene was after position Chr8:145,738,802 (hg19). There was a 65bps intervening segment 

between the RECQL4 arm and the PX459 arm which consisted of an inverted segment of 

the RECQL4 gene from Chr8:145.738,714-779 (hg19). A 24bps segment of the RECQL4 gene 

from Chr8:145,738,780-803 (hg19) had been deleted.  

• A third derivative consisted of a translocation of the C-terminal portion of the RECQL4 gene 

with the end of the q arm of chromosome 11. The breakpoint in chromosome 11 was 

located before Chr11:74,383,190 (hg19) and the breakpoint in RECQL4 was found to be at 

the sgRNA cut site (hg19, Chr8:145,738,783_784). 

 

 While RNA-Seq data showed transcripts from all three allele/derivatives of RECQL4 in 

candidate clone 2.14, the majority came from allele 1 with very few reads from Derivatives 2 

and 3. Since the translocation partner of Derivative 3 is an intergenic region on Chr11, it is 

expected to be promoterless. RNA transcripts from this derivative may have come from 

transcription read-through from the adjacent MFSD3 locus.  
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Figure 2.6 Genomic structure of candidate clone 2.14 at the RECQL4 Mut-2 target site 
Figure layout and notation are generally same as Figure 2.5 above. Where sgRNA cut site falls 
within a deleted region (Der 2), the corresponding notation has been omitted. (<<<) marks an 
inverted fragment of RECQL4. Detailed descriptions are above. Data is from two independent 
sequencing experiments. 
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Clone 2.16 (Figure 2.7) 

• One RECQL4 allele contained the desired Mut-2 C>T mutation at position Chr8:145,738,796 

(hg19) as well as a 1bp base T insertion at the sgRNA cut site between positions 

Chr8:145,738,783-784 (hg19). The majority  

• The second RECQL4 allele contained a large deletion between intron 12 and intron 18 from 

Chr8:145,737,490-145,739,191 (hg19) inclusive. There was also a 1bp base T insertion at 

the breakpoint junction.  

 

 

Figure 2.7 Genomic structure of candidate clone 2.16 at the RECQL4 Mut-2 target site 
Figure layout and notation are generally same as Figure 2.5 above. Detailed descriptions are 
above. Data is from two independent sequencing experiments.  
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Clone 2.88 (Figure 2.8) 

• One RECQL4 allele contained the desired Mut-2 C>T mutation at position Chr8:145,738,796 

(hg19) as well as an 8bps deletion adjacent to the sgRNA cut site between positions 

Chr8:145,738,784-791 (hg19) inclusive.  

• A derivative contained a translocation joining the N-terminal portion of the RECQL4 gene 

with a portion of the PX459 CRISPR/Cas9 construct within the ampicillin resistance gene. 

The breakpoint in the RECQL4 gene was located before Chr8:145,738,799 (hg19). 

• A second derivative comprised a reciprocal translocation joining the C-terminal portion of 

the RECQL4 gene also with a portion of the PX459 CRISPR/Cas9 construct. The breakpoint 

in the RECQL4 gene was located after Chr8:145,738,685 (hg19).  

 

In candidate 2.88, transcript from Derivative 2 accounted for almost half of the 

transcript reads mapped to the RECQL4 locus at the Mut-2 target site, suggesting significant 

transcription activity from Derivative 2. This was likely because the C-terminal translocation 

partner on Derivative 2 was the N-terminal portion of the ampicillin resistance gene from the 

PX459 CRISPR/Cas9 construct. Therefore, most of the Derivative 2 transcripts sequenced may 

have come from transcription driven by the ampicillin resistance cassette promoter on the 

translocation partner and in the opposite direction of the normal transcription at the RECQL4 

locus. Transcripts from Derivative 3 were, once again, possibly due to transcription read-

through from the adjacent MFSD3 locus.  
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Figure 2.8 Genomic structure of candidate clone 2.88 at the RECQL4 Mut-2 target site 
Figure layout and notation are generally same as Figure 2.5 above. Detailed descriptions are 
above. Data is from two independent sequencing experiments. 
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These sequencing data illuminated several important insights in the Mut-2 candidate 

clones. First, in all four candidate clones, there was only one allele in each which bears the 

RECQL4 Mut-2 target mutation. Furthermore, in each case, that Mut-2 bearing allele had a 

small indel mutation—usually a 1bp insertion or deletion (8bp deletion for clone 2.88)—

downstream of the target site near the Cas9 targeted cut site (implications are further 

discussed below in Chapter 2 Section 2.4.1). Regarding the second RECQL4 allele, in all cases, 

it had been disrupted by complex structural rearrangements such as long-range deletions, 

translocations, indels, and tandem duplications/inversions. Interestingly, several 

translocation partners appeared to be derived from the transiently transfected CRISPR/Cas9 

construct (PX459) which was not linearised prior to transfection.  

RNA-Seq of the candidate Mut-2 clones confirmed both the absence of wild-type 

RECQL4 transcript as well as the presence of both the canonically and the alternatively spliced 

RECQL4 transcripts seen in previous RT-qPCR TaqMan assays (Figure 2.4B and C). Despite the 

fact that the alternatively spliced transcript was more abundant in the Mut-2 clones as 

compared to parental HEK293, the canonically spliced transcript remained the most abundant 

form seen in absolute quantity. All forms and structural variants of RECQL4 identified by DNA-

Seq were also observed in the RNA as confirmation.  

Overall, next generation sequencing of genomic DNA and total RNA provided definitive 

insights into the genomic structure of the candidate Mut-2 clones. Sequence data had shown 

that rather than homozygous clones as first believed, these Mut-2 candidates clones were, in 

actuality, functionally hemizygous RECQL4 Mut-2 clones.  
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2.4 Discussion 

2.4.1 Mut-2 clones are hemizygous for RECQL4 mutation 

 One of the original aims of the CRISPR/Cas9 gene editing was to generate homozygous 

knock-in of an RTS patient RECQL4 mutation into a target cell line. Indeed, aside from the fact 

that it is one of the most prevalent RTS mutations, another reason that the RECQL4 c.2269C>T 

Mut-2 was also originally chosen as the target mutation was because there were documented 

cases of RTS patients with homozygous RECQL4 Mut-2 alleles, providing support for the 

technical feasibility of the endeavour (Siitonen et al., 2008; Wang et al., 2003).  

The initial Sanger sequencing clone screens identified four candidate Mut-2 clones 

whose electropherograms showed only the desired C>T transition, which appeared to suggest 

Mut-2 homozygosity (Figure 2.2C). However, this conclusion was crucially based on an 

assumption of the degree of the fidelity of the CRISPR/Cas9 knock-in process, in particular, 

the assumption that the process would leave the RECQL4 locus grossly intact post-repair. As 

further discussed below, more in-depth sequencing studies have subsequently revealed this 

assumption to be invalid in the case of the candidate Mut-2 clones.  

Targeted next generation sequencing of the RECQL4 locus in the candidate clones 

revealed two principal findings. First, there was only one RECQL4 allele in each of the 

candidate clones which carried the desired c.2269C>T Mut-2 mutation. Furthermore, in all 

cases, that mutant allele also contained small indel mutations (1-8bps) around the sgRNA 

target site (Figure 2.5-8). Normally these mutations would be predicted to cause deleterious 

frameshifts that disrupt proper translation. However, in the case of these Mut-2 candidate 

clones, all mutations occurred downstream of the Mut-2 mutation—which results a 

premature terminal codon—and within the 198bps region that is skipped in the alternatively 

spliced transcript (see below). Thus, these indel mutations were predicted to have no 
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functional effect in either the canonically spliced RECQL4 transcript or the alternatively spliced 

variant and the RECQL4 Mut-2 alleles on which they resided were still expected to be 

functionally equivalent to those found in patients with the RECQL4 Mut-2 mutation. 

The second finding was that in all candidate Mut-2 clones, the second RECQL4 allele 

had been disrupted by complex structural rearrangements that severely disrupted the RECQL4 

gene. Most commonly, the RECQL4 gene was involved in translocations with other 

chromosomes or with the exogenous transiently transfected PX459 CRISPR/Cas9 construct. 

Other structural variants also included large scale deletions and short-range 

inversion/duplications (Figure 2.5-7). While RNA-Seq identified transcripts from all these 

derivative fragments, most of them were not predicted to yield any viable protein product. It 

was possible that many of these transcripts might have resulted from transcription read-

through from adjacent genes. Indeed, western blot for RECQL4 in these candidate clones 

failed to show any signal that could potentially be their protein product (see below, Figure 

2.3A and D).  

Overall, next generation sequencing revealed a much more complex genomic 

landscape at the RECQL4 locus in the candidate Mut-2 clones than the initial Sanger 

sequencing-based screens had indicated. Contrary to initial expectations, the CRISPR/Cas9 

editing of RECQL4 was more error prone than anticipated, particularly in the non-Mut-2 

bearing RECQL4 derivatives in the candidate clones. These findings recalled a recent report 

that large scale disruptions frequently occurred as a result of Cas9 DNA DSB induction, though 

Kosicki and colleagues did not investigate CRISPR/Cas9 repair fidelity in the context of a 

targeted knock-in genomic edit with exogenously supplied repair template (Kosicki et al., 

2018). Cas9-induced DNA DSBs are generally thought to be repaired through either NHEJ or 

HDR (homology-directed repair), with the latter being the error-free repair mechanism. For 
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precise targeted gene editing such as that attempted in this study, however, HDR is essential 

and therefore NHEJ activity should be minimised (Liu et al., 2019; Ran et al., 2013; Ryu et al., 

2019). Sequencing results from the candidate Mut-2 clones suggested that HDR efficiency 

during the CRISPR/Cas9 process was sub-optimal. Future work using CRISPR/Cas9 gene editing 

to study RECQL4 mutations should consider the various available methods to inhibit or 

suppress NHEJ-mediated repair in favour of HDR (Liu et al., 2019).  

Given the aforementioned findings from next generation sequencing of the candidate 

Mut-2 clones, they could reasonably be considered to be functionally hemizygous for RECQL4 

Mut-2 rather than the homozygous RECQL4 Mut-2 cells lines they were originally thought to 

be. Despite this, however, these clones still presented a viable model for further study for two 

reasons. First, the impetus behind the original proposal to generate these CRISPR/Cas9 edited 

Mut-2 clones was to obtain model systems that only expressed the mutant RECQL4 protein 

product of interest. In this respect, these Mut-2 clones fulfilled that criterion by only 

possessing one functional RECQL4 allele—the one that carried the Mut-2 mutation.  

Secondly, the hemizygous status of these Mut-2 clones likely better modelled the 

spectrum of genotypes seen in RTS patients. In particular, the majority of reported RTS 

patients were compound heterozygous for RECQL4 mutations. Furthermore, among those 

who carried at least one RECQL4 Mut-2 allele (and thus bore the closest resemblance to the 

Mut-2 clones), most patients possessed a second RECQL4 allele that contained a more severe 

mutation disrupting translation much earlier in the protein (Siitonen et al., 2008). A good 

example of this scenario was a patient (FCP-129) who was found to have the c.1573delT 

(“Mut-5”) frameshift truncation in exon 9 on the second RECQL4 allele (Wang et al., 2003). 

Transcript containing this mutation had been reported as undetectable in RTS patients 

(Beghini et al., 2003). Additionally, multiple attempts as part of this study to generate clones 
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bearing only the RECQL4 Mut-5 mutation were also unsuccessful (data not shown), suggesting 

that this mutation, by itself, may be incompatible with cell viability. Thus, Mut-5 could be 

thought of as a severely deleterious, possibly functionally null RECQL4 mutation. A significant 

number of reported RTS patients with the Mut-2 allele had, as the second RECQL4 allele, 

similar truncation or frameshift mutations in exon 9 (Siitonen et al., 2008). Based on these 

observations, it might be reasonable, therefore, to consider the hemizygous Mut-2 clones as 

functional models for RTS patients such as these.  

2.4.2 RECQL4 expression is drastically altered in Mut-2 clones 

 Having determined the genomic status of the Mut-2 candidate clones at the RECQL4 

Mut-2 target site, the effects of these genetic changes on RECQL4 protein expression and 

abundance were then examined. First and foremost, the presence of wild-type RECQL4 

(150kDa) disappeared completely in the candidate Mut-2 clones as expected (Figure 2.3A). 

However, more surprising was the fact that overall RECQL4 abundance was greatly reduced in 

the Mut-2 clones. This finding established that much lower levels of RECQL4 expression was 

sufficient to sustain the essential functions of RECQL4 in cell viability (Abe et al., 2011; 

Sangrithi et al., 2005). This was previously proposed by Abe, et al., who reported that after 

induction of conditional RECQL4 knockout in chicken DT40 cells, normal rates of cell 

proliferation continued to be observed for at least 1-2 more divisions during which RECQL4 

levels were shown to be close to the threshold of detection if not below (Abe et al., 2011). 

The next chapter will investigate whether or how this reduction in RECQL4 expression impacts 

the growth characteristics of these clones.  

 RECQL4 protein levels in the Mut-2 candidate clones relative to parental HEK293 were 

also compared to levels found in RTS patient cells. Previous studies have shown that RTS 

patient fibroblasts had greatly reduced, or even undetectable, levels of RECQL4 (De et al., 
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2012; Gupta et al., 2014; Petkovic et al., 2005; Werner et al., 2006; Yin et al., 2004; Yokoyama 

et al., 2019). The same reduction in RECQL4 levels in these RTS patient fibroblasts (AG03587, 

AG05013, and AG18371) was observed relative to the average RECQL4 levels seen in healthy 

human donor fibroblasts (GM00010, GM01603, GM05386, and GM06166), confirming 

published results. More importantly, the candidate Mut-2 clones showed a similar level of 

reduction in RECQL4 levels compared to parental HEK293 as seen in RTS patient fibroblasts 

relative to healthy donor fibroblasts (Figure 2.3B and C). In contrast to this, several previous 

studies which investigated the effects of specific point mutations that affected RECQL4 

helicase function did so in the context of equal or overexpression of mutant RECQL4 (Castillo-

Tandazo et al., 2019; Lu et al., 2016). This demonstrated that these clones represented a more 

reasonable model for RTS patient cells in terms of RECQL4 abundance.  

2.4.3 Mut-2 RECQL4 truncation is a minor protein product 

 When the c.2269C>T “Mut-2” mutation was first identified in the initial cohort of 

RECQL4 mutations linked to Type II RTS, it was classified as a nonsense truncation mutation 

based on sequence prediction (Kitao et al., 1999a). Indeed, in RNA-Seq data, the RECQL4 

transcript carrying the Mut-2 mutation was a major, if not the predominant, RECQL4 transcript 

in the Mut-2 clones (Figure 2.4C). However, when blotting for RECQL4 protein by western blot, 

there was no detectable difference in signal intensity at the predicted size of the truncation 

protein (82kDa) between the majority of the candidate Mut-2 clones (2.11, 2.14, and 2.16) 

and the parental HEK293. The only clone that showed a detectably increased signal at that 

position was clone 2.88. This band was confirmed by RECQL4 siRNA-mediated knockdown to 

be a form of RECQL4 and most likely that of the truncation protein (Figure 2.3D).  

Since Mut-2 is a putative nonsense mutation, it was possible that degradation of the 

truncation transcript by nonsense mediated decay (NMD) played a role in the lack of 
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detectable truncation product in the other three clones. Therefore, NMD inhibition was 

performed by siRNA-mediated knockdown of UPF1, a protein which is required for NMD. 

However, this did not lead to the detection of or an increase in the levels of the truncation 

product in the Mut-2 candidate clones. Subsequently, both transcript-specific RT-qPCR and 

RNA-Seq of the Mut-2 clones demonstrated that canonically spliced RECQL4 transcripts 

bearing the truncation mutation was actually a major product of transcription from the Mut-

2 allele in the clones (Figure 2.4B and C). These findings suggested that an NMD-mediated 

process might not be a major contributing factor to the lack of a truncation RECQL4 product.  

In their study of the structure of the RECQL4 helicase domain, Kaiser, et al., reported 

that the C-terminal ⍺-helices in RECQL4 which resembled the RQC Zn2+ binding domain in 

other RecQ family helicases were important for protein stability (Kaiser et al., 2017). Therefore, 

it was possible that the Mut-2 truncation product was unstable and rapidly degraded in the 

Mut-2 clones. This could explain the lack of the RECQL4 truncation product in the majority of 

the Mut-2 clones despite the seemingly abundant presence of the corresponding transcript in 

the RNA-Seq data. Future work using proteasome inhibitors, perhaps in conjunction with NMD 

inhibition, would be needed to further investigate this.   

In summary, in the majority of the Mut-2 candidate clones, the truncation product, if 

made, was undetectable and only a minor product. Only in 2.88 was the truncation RECQL4 

product observed at a detectable level (further discussed below).  

2.4.4 Mut-2 upregulates alternative splicing of RECQL4 

 If the predicted truncation product was not the major RECQL4 protein product in the 

Mut-2 clones, then what was? Since at least some portion of RECQL4’s N-terminal portion is 

required for viability, another possibility must exist. Although the wild-type RECQL4 band was 

completely absent in the Mut-2 candidate clones, there were residual bands in each of the 
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clones that ran slightly smaller than the wild-type RECQL4 (150kDa). These bands responded 

to RECQL4 siRNA-mediated knockdown, which indicated that they were a form of RECQL4 

(Figure 2.3D).  

Recently, Colombo and colleagues reported a very similar RECQL4 c.2272C>T mutation 

in an RTS patient family. The results of their study were discussed above in Chapter 2 Results 

Section 2.3.4. Since the mutation studied by Colombo and colleagues was so similar to Mut-2, 

which also lay within the predicted SF/ASF and SRp55 recognition motifs, the possibility of the 

alternatively spliced transcript being present in the candidate Mut-2 clones was studied using 

transcript-specific TaqMan RT-qPCR assays. While all four candidate clones downregulated 

canonical exon 14-15 splicing, three of them (2.11, 2.14, and 2.16) also upregulated the usage 

of the aforementioned alternate splice site. The only clone that failed to do so was 2.88 though 

the alternative transcript was still detected at a lower level. As a result, the first three clones 

had greatly increased ratios of the alternate transcript to the canonical transcript as compared 

to parental HEK293 (Figure 2.4B). The presence of this splice variant in the Mut-2 clones was 

then confirmed by RNA-Seq (Figure 2.4C).  

In accordance with the study by Colombo and colleagues, the aforementioned 

alternative splicing was found to be physiological and the same transcript was also detected 

in parental HEK293 by both TaqMan RT-qPCR as well as RNA-Seq (Colombo et al., 2014). 

However, it was both interesting and important to note that the use of the alternative splicing 

removed the Mut-2 mutation from the resulting mRNA transcript and prevented the 

truncation of the protein. In effect, this alternative splicing of RECQL4 provided a way for cells 

to “rescue” the Mut-2 truncation mutation and produce a protein that is nearly full-length. 

Furthermore, it preserved the C-terminal portions of the RECQL4 protein, which includes the 
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C-terminal ⍺-helices that have been reported to be important for protein stability (Kaiser et 

al., 2017).  

Given these insights, the lack of increased alternative splice site use in clone 2.88 may 

provide a clue regarding the reason that the Mut-2 truncation RECQL4 product was solely 

observed in this particular clone (Figure 2.3A). Absent a mechanism to generate a potentially 

more stable and non-truncated RECQL4 protein, it was likely that clone 2.88 was more 

dependent on expression of the Mut-2 truncation RECQL4 product as its primary means of 

maintaining the essential levels of RECQL4 protein needed for viability. Thus, the truncation 

product was found at a detectable level only in this particular clone. The other three clones 

appeared to preferentially use the alternative splicing mechanism described above instead 

and therefore did not need to rely on the expression of the Mut-2 truncation RECQL4 product 

(Figure 2.3A and D and Figure 2.4B). It was tempting to further speculate that this clear 

preference for alternative splicing as a rescue mechanism in the case of RECQL4 truncation 

could be due to the predicted decrease in the stability of the Mut-2 truncation product and 

thus the anticipated increase in transcription and translation—and the attendant necessary 

resources required—on the part of the cell to maintain the minimal RECQL4 levels needed for 

viability.  

Finally, based on known structures of the RECQL4 helicase domain, what would be the 

predicted effects of the deletion of the 66aa in exon 14? While it is difficult to predict what 

the structural effects of the deletion would be, some functional effects could be predicted 

given what is known about the structure-function relationships in the RECQL4 helicase domain 

(Fairman-Williams et al., 2010; Kitao et al., 1998). The 66aa skipped by the alternately spliced 

variant of RECQL4 made up the latter half the second RecA-like fold of the RECQL4 helicase 

core, covering conserved motifs V and VI (Figure 2.9). Among the crucial functions ascribed to 
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this region were the binding and hydrolysis of ATP, essential for proper helicase function 

(Fairman-Williams et al., 2010). Thus, it would be reasonable to predict that the alternately 

spliced form of RECQL4 would show impaired helicase function due to inability to bind and 

hydrolyse ATP.  
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Figure 2.9 Predicted structural effects of RECQL4 exon 14-15 alternative splicing 
A. Protein sequence alignment of the helicase core of the RecQ family helicases in humans. 
The seven conserved helicase motifs are denoted in black. RecA-like folds are denoted in grey 
boxes. Red box indicates the exon 14 skipped residues. 
B. RECQL4 C-terminal region domain structure (left, details in Figure 1.2 legend) and the 
location of the exon 14 skipped residues (right, red). 
 
(Figures adapted from Kitao et al., 1998 and Kaiser et al., 2017. Amino acid sequence 
alignment in A done using MacVector. Structures in B were drawn in PyMOL, PDB: 5LST) 
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2.4.5 Mut-2 clones are viable models for functional studies of Mut-2 

 This chapter described the generation of four HEK293-derived cells lines carrying the 

RECQL4 c.2269C>T Mut-2 RTS mutation as models to study the effects of RECQL4 mutation in 

Type II RTS. Studies characterising the genomic structure of the RECQL4 Mut-2 sites in these 

four candidate clones have demonstrated that they are functionally hemizygous Mut-2 

mutants which closely modelled the genotypes observed in RTS patients. RECQL4 protein 

expression in these candidate Mut-2 clones—in terms of abundance as well as structure—

closely matched what had been previously reported by various studies of RTS patient samples. 

Taken together, these four Mut-2 clones are novel and viable models for further functional 

studies of the RTS RECQL4 Mut-2 mutation.   
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Chapter 3 Mut-2 Clones – Functional Characterisation 

3.1 Introduction 

 Since its first identification as a member of the RecQ helicase family in humans, 

RECQL4 has been proposed to function in the maintenance of genomic stability (Kitao et al., 

1998). Mutations in two other members of the RecQ helicase family—BLM and WRN—had 

previously been identified as the underlying causes for the progeroid cancer predispositions 

Bloom Syndrome (BS) and Werner Syndrome (WS), respectively. Both BS and WS are marked 

by genomic instability (Chaganti et al., 1974; Ellis et al., 1995; German, 1969; German et al., 

1965; Hoehn et al., 1975; Salk et al., 1981a, 1981b; Vijayalaxmi et al., 1983; Yu et al., 1996). 

Soon thereafter, mutations in RECQL4 itself were implicated in a subset of patients with RTS, 

another progeroid cancer predisposition syndrome, further strengthening the case for 

RECQL4’s role in protecting against DNA damage (Kitao et al., 1999a; Lindor et al., 2000).  

 Since then, studies have used many models—RTS patient cells, mouse models, and 

engineered cells lines—to investigate the effects of RECQL4 disruption on genome stability 

and DNA damage repair in the face of various challenges, yielding generally inconsistent 

results (Castillo-Tandazo et al., 2019; Jin et al., 2008; Kohzaki et al., 2012). The previous 

chapter detailed efforts to generate cell line models for the study of the prevalent RTS RECQL4 

c.2269C>T “Mut-2” mutation. Here, the first aim then was to characterise the response of 

these HEK293 Mut-2 clones to a broad panel of DNA damaging agents. The resulting sensitivity 

profile could then be used to pinpoint common DNA damage repair pathways that are 

frequently activated by those agents to which the Mut-2 clones show increased sensitivity and 

guide further mechanistic studies of the effects of the RECQL4 Mut-2 mutation. Below, the 
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genotoxic agents used are briefly outlined along with their mechanisms of action, effects, and 

the repair pathways they activate. Chemical structures can be found in Figure 3.1. 

3.1.1 DNA damaging agents 

3.1.1a Replication stress inducers 

 Although many agents indirectly lead to replication stress, the two agents discussed 

here cause replication stress as their principal effect by interfering with the function of the 

DNA polymerase. Hydroxyurea (HU, Figure 3.1A) is a ribonucleotide reductase inhibitor which 

inhibits the production of deoxyribonucleotides (dNTPs) from ribonucleotides. As dNTPs are 

the monomers from which DNA is synthesised, the depletion of the dNTP pool by HU leads to 

inhibition of DNA synthesis, accumulation of short stretches of single-stranded DNA (ssDNA), 

and replication fork stalling (Krakoff et al., 1968; Reichard, 1988; Sogo et al., 2002). Aphidicolin, 

on the other hand, is a direct inhibitor of DNA polymerase ⍺, leading to replication fork stalling, 

the decoupling of the DNA polymerase enzyme from the advancing DNA helicase, and the 

production of long stretches of ssDNA (Baranovskiy et al., 2014; Krokan et al., 1981; Loenn 

and Loenn, 1988).  

 Fork stalling is a major cause of replication stress and prolonged replication fork 

stalling leads to replication fork collapse and the formation of deleterious DNA DSBs (Cortez, 

2015; Liao et al., 2018; Petermann et al., 2010a). Inducers of replication stress such as 

hydroxyurea and aphidicolin promote the production and accumulation of ssDNA which is 

rapidly bound and protected by RPA (Chen et al., 2013; Liao et al., 2018; Loenn and Loenn, 

1988; Sogo et al., 2002; Wold and Kelly, 1988). At the same time, RPA binding also activates 

the ATR-Chk1 pathway and the S-phase checkpoint to suppress further origin firing and 

prevent the depletion of the cellular RPA pool (Petermann et al., 2010b; Shechter et al., 2004; 

Syljuåsen et al., 2005; Toledo et al., 2013; Zou and Elledge, 2003). This process stabilises 
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existing stalled replication forks, allowing for replication restart once the replication stress has 

been resolved, while also preventing formation of new stalled replication forks (Liao et al., 

2018). Under conditions of prolonged replication fork stalling however, initial replication fork 

stabilisation transitions to fork reversal involving regression of the stalled replication fork 

mediated by SMARCAL1 (Bétous et al., 2012). This leads to the formation of a 4-way junction 

through annealing of the leading and lagging synthesis strands and formation of a 

nucleoprotein filament in an HR-independent process mediated by RAD51 and BRCA2 (Higgins 

et al., 1976; Mijic et al., 2017; Petermann et al., 2010a; Schlacher et al., 2011; Sogo et al., 2002; 

Zellweger et al., 2015). Fork reversal functions to protect the stalled replication forks from 

degradation by nucleases such as MRE11 or MUS81 while providing a substrate for replication 

fork restart (Bryant et al., 2009; Kolinjivadi et al., 2017; Pepe and West, 2013; Schlacher et al., 

2011; Thangavel et al., 2015; Ying et al., 2012).  

Despite the above mechanisms of stalled replication fork stabilisation and protection, 

sustained replication stress ultimately leads to accumulation of DSBs as a result of fork 

collapse (Petermann et al., 2010a). These DSBs are then repaired by HR, the DSB repair 

pathway active during S-phase (Johnson and Jasin, 2000; Petermann et al., 2010a). While it is 

known that the number of DSBs increases with duration of replication stress, the frequency 

of such breaks in human cells is unclear (Cortez, 2015; Petermann et al., 2010a). It is thought 

that DSBs resulting from prolonged replication stress and replication fork collapse are 

infrequent events even when cells are challenged with replication stress inducers (Cortez, 

2015). 

3.1.1b Radiomimetics 

 Radiomimetic agents, as their name suggests, comprise a class of compounds that 

mimic the effects of ionising radiation through the generation of free radicals leading to DNA 
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DSBs  (D’Andrea and Haseltine, 1978; Dedon and Goldberg, 1992).   Bleomycin (Figure 3.1B) is 

one such compound. Though its precise mechanism of action remains unclear, bleomycin is 

thought to generate DNA DSBs through activation by a metal ion such as Fe2+ to produce free 

radical intermediates (D’Andrea and Haseltine, 1978; Dedon and Goldberg, 1992; Hecht, 2000; 

Povirk et al., 1989).  

Neocarzinostatin (NCS, Figure 3.1B), another radiomimetic used in these studies, is a 

two-part compound comprising an active chromophore non-covalently interacting with and 

stabilised by an apoprotein (Gottschalk et al., 1991; Napier et al., 1979). The active 

chromophore is responsible for the generation of DNA DSB-causing free radicals (Dedon and 

Goldberg, 1992; Ohtsuki and Ishida, 1980; Shiloh et al., 1983). What makes NCS a useful yet 

difficult compound to work with are its extremely short half-life and rapidly inactivation by 

light (Burger et al., 1978; Gottschalk et al., 1991; Maeda and Takeshita, 1975). But, if properly 

handled, NCS can be used to deliver a concentrated yet temporally isolated pulse of genotoxic 

challenge to the target cells, allowing for increased temporal resolution of its downstream 

effects. However, this advantage is tempered by the fact that the instability of NCS introduces 

an element of variability in the dose of challenge delivered even when handled with the 

utmost care.  

DNA DSBs generated by radiomimetics are repaired by NHEJ, HR, and MMEJ in a cell-

cycle dependent fashion (Karanam et al., 2012). The mechanisms of these pathways were 

previously discussed in Chapter 1 (Section 1.4.2).  

3.1.1c DNA alkylators 

 DNA alkylators are agents that attack DNA by adding alkyl side groups to nucleotides. 

These bulky adducts can distort the DNA helix and disrupt proper base pairings. If left 

unrepaired, bulky DNA adducts can interfere with processes involving the DNA such as 
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transcription and DNA replication, leading to further stress and DNA damage such as DSBs 

(Wyatt and Pittman, 2006).  

 Methyl methanesulfonate (MMS, Figure 3.1C) is a DNA methylator whose 

predominant adduct product is 7-methylguanine (N7-MeG) with 3-methyladenine (N3-MeA) 

being the major minor product (Beranek, 1990; Drabløs et al., 2004; Wyatt and Pittman, 2006). 

Interestingly, MMS has, for many years, been considered to be a DNA DSB-producing 

radiomimetic compound due to studies that showed increased sensitivity of HR-deficient 

yeast to MMS treatment (Johzuka and Ogawa, 1995; Krogh and Symington, 2004; Tsubouchi 

and Ogawa, 1998). The current understanding of the cellular responses to MMS treatment, 

however, paints a more complex picture. Recent work has shown that MMS does not directly 

give rise to DNA DSBs (Lundin et al., 2005). Rather, DNA nucleotide adducts produced by MMS 

are predominantly repaired in the first instance by the base excision repair (BER) pathway 

(discussed in Chapter 1 Section 1.4.1). However, the nucleotide adducts themselves and those 

undergoing reactions such as depurination as well as intermediates of the BER repair pathway 

can present challenges to concurrent processes such as DNA replication, leading to stalled or 

collapsed replication forks and DNA DSBs. These breaks are then repaired by pathways such 

as NHEJ and HR (discussed in Chapter 1). Further evidence of the involvement of replication 

in the generation of DNA DSBs in MMS-treated cells is the fact that cells deficient in HR, a 

repair pathway active during S and G2 phases, are much more sensitive to MMS treatment 

than those deficient in NHEJ (Kondo et al., 2010; Lundin et al., 2005; Nikolova et al., 2010; 

Thompson and Hinz, 2009; Wyatt and Pittman, 2006).  

 Busulfan (BUS, Figure 3.1C) is another DNA alkylator used in these studies. It comprises 

two molecules of MMS joined by a short alkyl chain. Unlike MMS, however, busulfan is a 

bifunctional alkylator in which both ends of the molecular can separately attack different 
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nucleotides on the DNA. This can lead to three different outcomes—the production of 

monoadducts from a single alkylation event or the production of DNA intra- and interstrand 

crosslinks between nucleotides on the same or opposite DNA strands. Thus, busulfan can also 

be properly classified as a DNA crosslinker (discussed below) in addition to a DNA alkylator, 

with intrastrand crosslinks being the major product (Casorelli et al., 2012; Kondo et al., 2010; 

McNeill et al., 2009). However, since busulfan’s structure and its mechanism of action are so 

similar to those of MMS, its effects are discussed in this section.  

As mentioned above and seen in Figure 3.1C, the active ends of busulfan are essentially 

identical to MMS and thus, the nucleotide adduct products formed are also very similar—

mainly N7-MeG and N3-MeA—and are generally repaired by the BER repair pathway in the 

same fashion (Casorelli et al., 2012; Iwamoto et al., 2004; Ponti et al., 1991). The repair of 

intrastrand crosslinks produced by busulfan, however, is mostly handled by the mismatch 

repair pathway (MMR) (Casorelli et al., 2012). In brief, adducts are recognised by MutS⍺	(1-

2nt) or MutSβ (1-15nt) which then recruit MutL and ExoI to nick and unwind the DNA strand 

flanking the adduct. The newly revealed ssDNA left behind is then quickly coated with the 

ssDNA-binding protein RPA before DNA polymerase δ/ε are recruited to fill in the gap and the 

newly synthesised DNA is sealed by DNA ligase I (Hsieh and Zhang, 2017; Li, 2008).  

In the case of busulfan treatment, as with MMS, both the adducts themselves as well 

as the intermediates of their repair pathways can interfere with processes such as replication, 

leading to replication stress, fork stalling/collapse, DNA DSBs, and the activation of 

downstream repair pathways (Casorelli et al., 2012; Kondo et al., 2010).  

3.1.1d DNA crosslinkers 

 DNA crosslinkers are compounds that form crosslinking bridges between nucleotides 

on the same DNA strand (intrastrand crosslinks) and on opposite DNA strands (interstrand 
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crosslinks, ICLs). The proportion of these products formed and thus the major repair pathways 

activated are compound dependent. 

 Cisplatin (CDDP, Figure 3.1D) is an inorganic platinum compound whose major 

products are 1,2-d(GpG) and 1,2d(ApG) intrastrand DNA crosslinks formed at the N7 atoms of 

guanine and adenine bases with N7G:N7G ICLs as a minor product (Fichtinger-Schepman et al., 

1985; Vesela et al., 2017). Cyclophosphamide (CP, Figure 3.1D), on the other hand, forms a 

product mix that is mostly the opposite of cisplatin, with N7G:N7G ICLs being the major product 

and N7G and N7A intrastrand crosslinks and monoadducts being minor products (Vesela et al., 

2017). Mitomycin C is an alkaloid that also forms N7G:N7G ICLs, but preferentially at 5’-CpG-3’ 

sites (Ahn et al., 2004; Bass et al., 2013; Weng et al., 2010).  

 The repair of intrastrand crosslinks caused by crosslinking agents involves the 

nucleotide excision repair (NER) pathway (discussed in Chapter 1 Section 1.4.1) (Huang and Li, 

2013; Thompson and Hinz, 2009; Vesela et al., 2017). The repair of ICLs, however, is much 

more complex and involves components of multiple DNA damage repair pathways 

coordinated by the Fanconi anaemia (FA) pathway (Deans and West, 2011; Huang and Li, 2013; 

Moldovan and D’Andrea, 2009). Briefly, ICLs blocking the replication fork are recognised by 

FANCM during S-phase which activates the FA pathway and recruits a large multi-protein FA 

core complex to the lesion. The FA core complex functions as a ubiquitin ligase to activate 

FANCD2/FANCI. This activation sequence then initiates the downstream ICL repair processes. 

First, the region flanking the ICL is nicked by MUS81-EME1 and ERCC1-XPF to generate a DNA 

DSB intermediate and a DNA adduct containing the ICL. REV1-mediated translesion synthesis 

then replicates past the ICL. The ICL itself is removed and repaired by the NER pathway. In 

parallel, the DNA DSB intermediate generated by the initial DNA nicks is repaired by HR. 

Indeed, mutants deficient in HR are extremely sensitive to DNA crosslinkers and reactivation 
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of recombination has been shown to be a mechanism for cellular resistance to these agents 

(Ahn et al., 2004; Basu and Krishnamurthy, 2010; Borst et al., 2008; Casorelli et al., 2012; 

Deans and West, 2011; Huang and Li, 2013; McHugh et al., 2000; Moldovan and D’Andrea, 

2009; Moynahan et al., 2001; Rocha et al., 2018; Thompson and Hinz, 2009; Vesela et al., 2017; 

Weng et al., 2010). Interestingly, though cisplatin appears to generate very similar intrastrand 

crosslinks as busulfan (discussed above), mismatch repair (MMR) seems to be important in 

mediating cisplatin’s cytotoxic effects rather than as a repair pathway as seen in busulfan 

(Vesela et al., 2017).  

3.1.1e Topoisomerase inhibitors 

 Topoisomerases are enzymes which transiently induce DNA nicks (topoisomerase I) or 

DSBs (topoisomerase II) in DNA in order to relax DNA supercoiling as a result of processes such 

as transcription and DNA replication. Topoisomerase inhibitors then are agents which stabilise 

the transient topoisomerase-DNA break complex to generate longer-lasting DNA breaks 

(Champoux, 1978; Hande, 1998; Koster et al., 2007).  

 Camptothecin and its close analogue topotecan (CPT, TPT, Figure 3.1E) are both 

topoisomerase I inhibitors which stabilise the TOP1-DNA nick complex (Koster et al., 2007; 

Zhao et al., 2012). The resulting ssDNA nicks then lead to the generation of S-phase specific 

DNA DSBs when replication forks collide with the stabilised complex and collapse. The DNA 

DSBs generated as a result of camptothecin and topotecan treatment are therefore 

preferentially repaired through HR, the repair mechanism that is active during S-phase 

(Karanam et al., 2012; Saleh-Gohari et al., 2005; Tripathi et al., 2016; Zhao et al., 2012). 

 Etoposide (ETP, Figure 3.1E), on the other hand, is a topoisomerase II inhibitor that 

directly generates DNA DSBs by stabilising the TOP2-DNA DSB complex (Hande, 1998; Zhao et 

al., 2012). This also means that, unlike topoisomerase I inhibitors above, the DNA DSBs 
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generated by etoposide are not S-phase specific and neither are the subsequently activated 

repair pathways  (Hande, 1998; Quennet et al., 2010; Zhao et al., 2012). However, the repair 

of etoposide generated DNA DSBs does differ from that of other DNA DSBs in two ways. First, 

the topoisomerase II protein complex must first be removed from the break ends in order for 

repair to proceed. This process is mediated by the MRN (Mre11, Rad50, Nbs1) complex and 

CtIP in a recombination-independent manner (Aparicio et al., 2016; Quennet et al., 2010). 

Second, it has been reported that prolonged etoposide treatment leads to G2/M arrest in cells 

which, as a consequence of the cell cycle phase, would likely affect the choice of repair 

pathway as compared to immediately after treatment (Schonn et al., 2010).  

3.1.1f PARP inhibitors 

 In recent years, increased sensitivity to inhibitors of poly-ADP ribose polymerase (PARP) 

such as olaparib (OLA, Figure 3.1F) and veliparib (VEL, Figure 3.1F) has become a hallmark of 

cells that are deficient in HR (D’Andrea, 2018). Three mechanisms have been proposed for this 

sensitivity. The first mechanism proposes a synthetic lethality between HR deficiency and the 

inhibition of PARP, which is important in promoting DNA SSB repair (D’Andrea, 2018; Fisher 

et al., 2007). The resulting accumulated DNA SSBs are converted to DNA DSBs in collisions with 

replication forks. These deleterious breaks are normally then repaired by HR. Thus HR-

deficient cells are unable to effect these repairs and exhibit increased sensitivity to PARP 

inhibition (D’Andrea, 2018).  

 A second model for explaining the sensitivity of HR mutants to PARP inhibition 

proposes that PARP inhibitors physically trap PARP at lesions such as DNA SSBs and SSB 

intermediates arising during BER. A previous study has reported that PARP inhibition leads to 

accumulation of SSB intermediates during BER whereas PARP depletion via siRNA treatment 

had the opposite effect, suggesting that the presence of PARP is necessary to mediate the 
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effect of PARP inhibitors (Ström et al., 2010). Additional findings from another study show 

that PARP inhibitors are more toxic than siRNA-mediated PARP depletion when cells are 

challenged with MMS treatment. Furthermore, PARP inhibitors increase PARP chromatin 

binding upon MMS treatment implicating DNA-PARP adducts in mediating the cytotoxic 

effects of MMS (Murai et al., 2012). This model of PARP inhibitor action posits that DNA-PARP 

adducts block access to the lesion for further repair and must be removed by an HR-

dependent process before replication forks can proceed. Thus HR-deficient cells will be unable 

to dislodge these adducts, suffering fork collapse and deleterious downstream consequences 

(D’Andrea, 2018; Murai et al., 2012).  

 A final model for the activity of PARP inhibitors proposes that HR-deficient cells are 

more reliant on the backup MMEJ process for the repair of DNA DSBs during DNA replication. 

This pathway is dependent on PARP and DNA polymerase θ. PARP inhibition would therefore 

render both DNA DSB repair pathways inoperative in HR mutants, leading to the accumulation 

of unrepaired breaks and the attendant negative consequences (Ceccaldi et al., 2015; 

D’Andrea, 2018).  
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Figure 3.1 Chemical structures of DNA damaging agents 
A. Replication stress inducers: hydroxyurea (HU) and aphidicolin (APH) 
B. Radiomimetics: neocarzinostatin (NCS) and bleomycin (BLM) 
C. DNA alkylators: methyl methanesulfonate (MMS) and busulfan (BUS) 
D. DNA crosslinkers: cisplatin (CDDP), cyclophosphamide (CP), and mitomycin C (MMC) 
E. Topoisomerase inhibitors: camptothecin (CPT), topotecan (TPT), and etoposide (ETP) 
F. PARP inhibitors: olaparib (OLA) and veliparib (VEL) 
(All figures drawn using ACD/ChemSketch) 
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3.1.2 Genetic reporters of DNA DSB repair pathways 

While data from drug sensitivity assays might be helpful in implicating defects in DNA 

damage repair pathways, they might also be affected by confounding factors such as changes 

in proliferation rates that do not affect DNA damage repair (further discussion later in Chapter 

3). Therefore, the functional status of the DNA DSB repair pathways (HR, NHEJ, and MMEJ) in 

the Mut-2 clones were also directly interrogated using GFP reporter constructs, a widely used 

assay modality in the study of DNA damage repair pathways. All three GFP reporter constructs 

used in this study were previously published (Figure 3.2), therefore, their mechanisms of 

action will be only briefly discussed below (Kostyrko and Mermod, 2016; Pierce et al., 1999; 

Seluanov et al., 2010).  

The HR GFP reporter used was pDRGFP (Figure 3.2). It consists of a non-functional GFP 

expression cassette inactivated by a small deletion and insertion of an I-SceI restriction site 

(SceGFP) along with a downstream GFP fragment containing the deleted portion (iGFP). When 

cleaved by I-SceI, GFP expression can only be reconstituted when the break ends are repaired 

by HR using the downstream iGFP fragment as template without crossing over (Pierce et al., 

1999).  

The NHEJ GFP reporter used was based on a GFP expression construct (GFP-Pem1) in 

which the GFP cassette was interrupted by a Pem1 intron that is expected to be spliced out 

during transcription (Figure 3.2). The reporter was constructed by inserting an adenoviral exon 

(Ad) within the Pem1 intron which would disrupt the GFP reading frame and render the GFP 

non-functional if left in. The Ad exon was flanked by inverse tandem I-SceI sites which when 

cleaved would liberate the Ad exon while avoiding the generation of regions of 

microhomology at the break ends. The resulting break, when repaired by NHEJ would 
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reconstitute the intact Pem1 intron which would again be spliced out during transcription to 

generate functional GFP (Seluanov et al., 2010). 

The MMEJ reporter was constructed based on work reported by Kostyrko and Mermod 

(Figure 3.2) (Kostyrko and Mermod, 2016). Using site-directed mutagenesis, a 9bp region 

segment within the GFP ORF was duplicated to generate tandem regions of microhomology 

with an I-SceI site inserted in between. When cleaved by I-SceI, the annealing of the break 

ends at the regions of microhomology and subsequent MMEJ-based repair would reconstitute 

functional GFP. 

3.1.3 Summary of findings 

The drug sensitivity data in generated in this chapter strongly implicated DNA DSB 

repair as pathways which are negatively impacted by the RECQL4 Mut-2 mutation. This is 

consistent with the many reports of RECQL4’s role in these pathways as previously discussed 

in Chapter 1 (Kohzaki et al., 2012; Lu et al., 2016; Shamanna et al., 2014; Singh et al., 2010). 

Furthermore, GFP reporter construct assays showed that while the Mut-2 clones did 

not have a defect in NHEJ, they showed deficiencies in both HR and MMEJ, which would 

support a model for RECQL4 dysfunction leading to replication-specific DNA DSB repair defects. 

Additional GFP reporter assays using RECQL4 reconstituted cells suggested that the structural 

changes caused by RECQL4 Mut-2 specifically affected HR efficiency.  

Finally and most surprisingly however, staining for RAD51 in Mut-2 clones showed that 

RAD51 foci formation was not impaired in the Mut-2 clones, suggesting that RECQL4 Mut-2 

mutation affected HR at a point further downstream in the pathway than would be expected 

based on findings from other studies (Lu et al., 2016). 
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3.2 Materials and Methods 

3.2.1 Cell Culture 

HEK293 (ATCC) and derivatives and 293T/17 (ATCC) were cultured as described 

previously. When appropriate, media was supplemented with 2μg/ml puromycin and/or 

15μg/ml blasticidin HCl (ThermoFisher) for selection and maintenance. 

3.2.2 Cell Cycle Staining 

 Cells were labelled with 20µM EdU for 30min. Post-treatment, labelled cells were 

harvested and fixed, permeabilised, and processed with the Click-iT EdU Alexa Fluor 488 Flow 

Cytometry Kit (ThermoFisher) according to manufacturer’s protocol. Cells were then stained 

with 1X FxCycle Far Red (ThermoFisher) supplemented with 100μg/ml RNase A (ThermoFisher) 

according to manufacturer’s protocol. Post-staining, cells were assayed via flow cytometry on 

a Sony SA3800 using 488nm and 638nm excitation lasers and analysed in FlowJo (BD).  

3.2.3 DNA Damage Repair GFP Reporter Assays 

 pCBASceI I-SceI expression construct was a gift from Maria Jasin (Addgene plasmid 

#26477; http://n2t.net/addgene:26477; RRID:Addgene_26477). pDRGFP HR reporter was a 

gift from Maria Jasin (Addgene plasmid #26475; http://n2t.net/addgene:26475; 

RRID:Addgene_26475). NHEJ reporter was a gift from Vera Gorbunova.  

MMEJ reporter was constructed as outlined in Kostyrko & Mermod, 2016 by mutating 

the pEGFP-N1 backbone (Clontech) using PrimeSTAR HS DNA polymerase with GC buffer and 

In-Fusion HD cloning kit (TaKaRa). PCR and sequencing primers used are listed below: 
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Name Sequence, 5’-3’ 
MMEJ-GFP_F2 ACGACGGCAACTACAAGACCCGCGCCGAGTAGGGATAACAGGGTAATCGC

GCCGAGGTGAAGTTCGAGGGC 
  

MMEJ-GFP_R2 GGTCTTGTAGTTGCCGTCGTCCTTGAAGAAGATGGTG 
  

MMEJ-GFP_Seq3 CCACCTACGGCAAGCTGACCCTGAAG 
  

pmC4.10CMV mCherry expression construct was made by Bryn Hardwick (University 

of Cambridge), briefly, mCherry was cloned into the pGL4.10[luc2] backbone (Promega) in 

place of luciferase using EcoRV and XbaI. The CMV promoter from pcDNA3.1 (Invitrogen) was 

then inserted between the NheI and EcoRV sites. The EcoRV site was destroyed in this step.  

 Cells were plated in triplicate at 50% confluency in a total volume of 100µl in 96-well 

plates (Corning) and allowed to adhere overnight. The next day, the cells were transfected 

with a total of 200ng DNA consisting of the GFP reporter construct, pCBASceI, and 

pmC4.10CMV in a ratio of 6:3:1 using Lipofectamine 2000 (ThermoFisher). Cells were assayed 

for GFP and mCherry expression 48 hours post-transfection on a Sony SA3800 flow cytometer 

using the 488nm and 561nm excitation lasers.  

 Data analysis was performed using FlowJo (BD). The number of GFP positive cells for 

each sample was normalised to the total number of cells positive for GFP and/or mCherry in 

that sample. Data from replicate wells were then averaged and background subtraction 

performed by subtracting the average GFP positive fraction from corresponding control wells 

transfected without pCBASceI. Average fraction GFP positive for each cell line and assay was 

then normalised to the average fraction GFP positive for the appropriate parental HEK293 

control to calculate the normalised fraction GFP positive.  
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3.2.4 Etoposide Recovery Assay and p-Histone H3 staining 

 Cells were plated in poly-L-lysine coated flasks in media supplemented with 200nM 

etoposide or 0.1% DMSO and incubated overnight. At the start of the experiment (0hr), media 

was aspirated, cells were washed once with 1x DPBS, and fresh media was added. Cells were 

harvested every 2 hours from 0hr to 8hr and fixed and permeabilised in 70% ethanol at 4°C 

overnight.  

For γH2AX and cell cycle staining, cells were stained using Alexa Fluor 488 FlowCellect 

Histone H2A.X Phosphorylation Assay Kit (Millipore) and then with 1X FxCycle Far Red 

supplemented with 100μg/ml RNase A (ThermoFisher) according to manufacturer’s 

instructions. For phospho-Histone H3 and cell cycle staining, approximately 1 million cells 

were resuspended in 100µl of DPBS with 5µl Alexa Fluor 647 anti-Histone H3 Phospho (Ser10) 

(BioLegend) and 1X FxCycle Violet (ThermoFisher) and incubated on ice for 1hr.  

Stained cells were assayed by flow cytometry on a Sony SA3800 using 405nm (FxCycle 

Violet), 488nm (Alexa Fluor 488), and 638nm (FxCycle Far Red, Alexa Fluor 647) excitation 

lasers. Data analysis was done in FlowJo (BD). 

3.2.5 Immunofluorescence Staining 

 Cells were seeded at a density of 1.0-1.5×104 per well in 15-well angiogenesis μ-Slides 

(Ibidi) pre-coated overnight with 0.01% poly-L-lysine. Post-treatment, cells were harvested for 

immunofluorescence staining by aspirating media and fixing in 4% formaldehyde for 10 

minutes at room temperature. Cells were then rinsed 3X with DPBS and permeabilised with 

0.5% Triton X-100 for 10 minutes at room temperature. Cells were rinsed again with 3X DPBS 

and blocked for 1 hour at room temperature with rotation in 20% donkey serum diluted in 

PBS-0.1% Tween 20 (PBST). Post-block, cells were stained overnight in primary antibodies for 

γH2AX (Millipore, clone JBW301, 1:1000) and RAD51 (Abcam, ERP4030(3), 1:1000) diluted in 
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PBST with 5% donkey serum. Cells were then washed 3X with PBST and incubated for 1 hour 

at room temperature with rotation in secondary antibody mix comprising Alexa Fluor 488 

donkey anti-mouse IgG and Alexa Fluor 594 donkey anti-rabbit IgG (Jackson ImmunoResearch, 

1:1000) diluted in PBST with 5% donkey serum. Cells were again washed 3X with PBST and 

mounted with ProLong Diamond Antifade Mountant with DAPI (ThermoFisher) and allowed 

to cure overnight. Stained cells were imaged on a Zeiss LSM780 confocal microscope using a 

63X objective and resulting images analysed in FIJI and KNIME with the image processing 

extensions software package. 

3.2.6 Incucyte Proliferation Assay 

 Cells were trypsinised, counted on a Countess II cell counter (ThermoFisher), and 

plated in triplicates in 384-well black, clear-bottom plates (Corning) at a density of 1020 cells 

per well in a total volume of 30µl and allowed to adhere overnight. Appropriate drugs were 

diluted in media to a concentration of 2X and 30µl were added to each set of triplicate wells. 

Control wells were supplemented with the same volume of either fresh media or media 

containing 0.2% DMSO (vehicle). The plates were incubated and read in the Incucyte Zoom 

(Essen Bioscience) with phase-contrast images (1/well) taken every 4 hours with a 10X lens. 

Images were analysed using the Incucyte Zoom software for confluency using a custom 

HEK293 image definition derived from a training set of HEK293 images showing various levels 

of confluency. The assay endpoint was set as when the untreated or vehicle (DMSO) treated 

negative control wells initially reached 100% confluency.  

 Dose response analysis for each cell line was performed by averaging the confluency 

values of the replicate wells for each treatment condition (dose) at the assay endpoint. 

Normalisation was done by dividing the averages for all treatment conditions by the average 



 
 

103 

of the untreated or vehicle (DMSO) treated negative control wells for the corresponding cell 

line at the assay endpoint. The results were plotted using Graphpad Prism. 

 IC50 analyses were performed using GraphPad Prism on the dose response data 

calculated above. The averaged dose response data for each cell line and compound across all 

independent experiments was fitted to a custom sigmoidal, 4 parameter model with the “top” 

and “bottom” parameters set at 1 and 0 respectively using least squares regression that 

considered each independent experiment as sets of individual data points. The model used 

was: 

𝑌 =
1

1 + 2𝐼𝐶$%𝑋 5
& 

where Y is the response (proliferation) and X is the dose. H is the “HillSlope” calculated by 

Prism. The presence of outliers was reported alongside asymmetrical 95% confidence intervals. 

The results were plotted using Graphpad Prism. 

 Doubling times were calculated for each experiment by taking the time (in hours) and 

confluency (%) measurements closest to 40% and 60% confluency: (T40, C40) and (T60, C60) and 

applying the following formula: 

Doubling Time =
T60 − T40

𝑙𝑜𝑔2
C60
C40

 

Doubling times were then plotted using Graphpad Prism. 

 The following table lists the compounds used, the source from which they were 

obtained, the solvent used for each, and their respective stock solution concentrations:  

  



 
 

104 

Table 3.1 DNA damaging compounds tested and stock concentrations used 
 

Name Source Solvent Stock Concentration 
Aphidicolin 
(ready made solution) 

Sigma DMSO 1mg/ml,  
stored at -30°C 

Bleomycin Selleckchem DMSO 10mg/ml,  
stored at -80°C 

Busulfan Sigma DMSO 200mM,  
made fresh 

(S)-(+)-camptothecin Sigma DMSO 10mM, 
stored at -30°C 

Cisplatin Millipore PBS 1mg/ml, 
made fresh 

Cyclophosphamide 
monohydrate 

Sigma PBS 100mM, 
made fresh 

Etoposide Sigma DMSO 5mM, 
stored at -30°C 

Hydroxyurea Sigma PBS 200mM, 
made fresh 

Methyl methansulfonate 
(11.8M) 

Sigma PBS 200mM, 
diluted fresh 

Mitomycin C Sigma PBS 1mg/ml, 
stored at 4°C 

Neocarzinostatin 
(ready made solution) 

Sigma 20mM MES buffer ~0.5mg/ml, 
stored at 4°C 

Olaparib Selleckchem DMSO 100mM, 
stored at -80°C 

Topotecan Sigma DMSO 5mM, 
stored at -30°C 

Veliparib Selleckchem DMSO 100mM, 
stored at -80°C 

 
3.2.7 Lentivirus Production and Transduction 

 2nd generation lentiviral packaging plasmids psPAX2 and pMD2.G were gifts from 

Didier Trono (Addgene plasmid #12260; http://n2t.net/addgene:12260; 

RRID:Addgene_12260; Addgene plasmid #12259; http://n2t.net/addgene:12259; 

RRID:Addgene_12259).  

 The day before transfection, 293T/17 cells were seeded onto 15cm tissue culture 

dishes (ThermoFisher) at 50% confluence and allowed to adhere overnight. The next day, cells 

were transfected with a total of 60μg DNA consisting of the lentiviral construct, psPAX2, and 
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pMD2.G in a ratio of 3:2:1 using Lipofectamine 2000 (ThermoFisher). Viral supernatant was 

harvested at 48hr and 72hr post-transfection, filtered with 0.45μm PES syringe filters, 

buffered with 5mM HEPES Buffer pH7.4, and mixed with Lenti-X Concentrator (Clontech) at a 

ratio of 3:1 and incubated at 4℃ overnight. The viral supernatant was concentrated by 

centrifugation at 1500 x g for 45 minutes at 4℃, the supernatant aspirated and the pellet 

resuspended in 1ml complete media. 

 Cells were transduced with lentivirus via spinoculation in 6-well plates. Concentrated 

lentivirus was added directly to the media along with 15μg/ml polybrene and the plates were 

centrifuged at 2500rpm for 90 minutes at 30℃. Afterwards, the media was left on the cells 

overnight before being replaced the next day with fresh media.  

3.2.8 Plasmid Construction 

 The lentiviral RECQL4 expression construct EX-U0228-Lv246 and the corresponding 

empty vector control EX-NEG-Lv246 were obtained from Genecopoeia. The exon 14 skipping 

RECQL4 variant was constructed from the Genecopoeia plasmid by site-directed mutagenesis 

using Herculase II Fusion DNA Polymerase (Agilent) and In-Fusion HD Cloning Kit (Clontech) 

and verified by Sanger sequencing. The primers used are: 

Name Sequence, 5’-3’ 
RTSdel66_F ggtcttcgccCCGCCGCCGTTCCCGGCTG 

  
RTSdel66_R acggcggcgGGGCGAAGACCTGCGAGAGCTGCGC 

  
Lv246_F (Sequencing) TTGAACTATGCGCTCGGG 

  
Lv246_R (Sequencing) CTGGAATAGCTCAGAGGC 

 

 “delGFP” or “ΔGFP” versions of the above three constructs without GFP were 

constructed via site-directed mutagenesis using Herculase II Fusion DNA Polymerase (Agilent) 
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and In-Fusion HD Cloning Kit (Clontech) and verified by Sanger sequencing. The primers used 

are: 

Name Sequence, 5’-3’ 
Lv246_delGFP_F AGCGGCCGCGATCCCGC 

  
Lv246_delGFP_R ggggcgggatcgcggccgctGGTGGCGACCGGTATGGCGC 

  
Lv246_F2 (Sequencing) GCCTCTGAGCTATTCCAG 

 
 
3.2.9 Quantitative RT-PCR 

RT-qPCR was performed according to procedures outlined previously in Chapter 2 

using the same TaqMan assays.  

3.2.10 RNAi Knockdown 

 siRNA pools were obtained from Dharmacon. RNAi knockdown was performed as 

outlined previously in Chapter 2. Cells were harvested at 48 hours post-transfection for 

downstream assays. 

Name Sequence 

siRAD51 Pool UAUCAUCGCCCAUGCAUCA, CUAAUCAGGUGGUAGCUCA, 
GCAGUGAUGUCCUGGAUAA, CCAACGAUGUGAAGAAAUU 

  

Non-targeting Pool UGGUUUACAUGUCGACUAA, UGGUUUACAUGUUGUGUGA, 
UGGUUUACAUGUUUUCUGA, UGGUUUACAUGUUUUCCUA 

 
3.2.11 Western Blot 

 Western blot procedures and antibodies used were as outlined previously in Chapter 

2 (see Methods Section 2.2.4 and Table 2.1).  
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3.3 Results 

3.3.1 RECQL4 Mut-2 mutation has a minor effect on growth characteristics in clones 

 The first functional studies compared the growth characteristics of the Mut-2 clones 

to those of the parental HEK293. In order to study their unperturbed cell cycle distributions, 

normally cycling cell populations were transiently pulsed with the nucleotide analogue EdU 

for 30 minutes followed by fixation and total DNA content staining. EdU/DNA dual-stained 

cells were then analysed by flow cytometry.  The Mut-2 clones did not differ significantly from 

parental HEK293 in cell cycle phase distribution under normal cycling conditions (Figure 3.3A 

and B). Next, their growth kinetics were compared using the Incucyte proliferation assay. The 

growth curves of the Mut-2 clones also did not appear significantly different compared with 

parental HEK293 when in the exponential growth phase. The growth curves of the Mut-2 

clones did, however, show increased duration of the initial lag phase and delayed entry into 

exponential growth (Figure 3.3D). The population doubling times of the Mut-2 clones were 

calculated based on time points taken from around the 50% confluency point in the 

exponential growth phase. Compared to parental HEK293, there were increases in population 

doubling times for all Mut-2 clones that were statistically significant though not drastic—

approximately on the order of 20-30% higher doubling times were found (Figure 3.3C and D).   

3.3.2 Mut-2 clones showed increased sensitivity to certain classes of DNA damaging agents 

 Having determined that the Mut-2 clones did not differ significantly from parental 

HEK293 in their growth characteristics (Figure 3.3), their sensitivity to a panel of various 

classes of DNA damaging agents was next investigated as discussed in the introduction above 

(Figure 3.1 and Figure 3.4). Compared with parental HEK293, the Mut-2 clones showed 

noticeably increased sensitivity to DNA alkylators (Figure 3.4E and F), DNA crosslinkers (Figure 

3.4G and H, particularly CP and MMC), topoisomerase inhibitors  (Figure 3.4I and J), and 
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moderate sensitivity to the PARP inhibitor olaparib (Figure 3.4K and L).  There was also a trend 

of increased sensitivity of the Mut-2 clones to the DNA crosslinker cisplatin (Figure 3.4G and 

H) and to the PARP inhibitor veliparib (Figure 3.4K and L), however, the differences appear to 

be very slight. In contrast, there was no noticeable difference in sensitivity between the Mut-

2 clones and the parental HEK293 to inducers of replication stress (Figure 3.4A and B) and 

radiomimetics (Figure 3.4C and D).  

 There was one clone (2.16) which stood out as being especially sensitive to every 

compound tested, including those to which the other three clones showed no increased 

sensitivity. This suggested that this phenotype might be a clone-specific outlier phenomenon 

(more details to follow).  
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Figure 3.3 Growth characteristics of Mut-2 clones 
A. Flow cytometric cell cycle analyses show similar cell cycle distributions in both parental 
HEK293 and Mut-2 clones.  Cells have been transiently pulsed with the nucleotide analogue 
EdU to mark active DNA synthesis and stained for total DNA content (FxCycle Far Red). Dual-
stained cells are gated for G1, S, and G2/M based on total DNA content (FxCycle Far Red, x-
axis, linear scale) and presence of active DNA synthesis (EdU, y-axis, bi-exponential scale). 
Each dot on the density plot represents one cell. Cells are further coloured based on density 
on the plot with red being the densest regions and blue being the least dense regions with 
each plot showing at least 50,000 cells. Data shown is typical of at least 3 independent 
experiments. 
B. Normalised stacked bar plot summarising the cell cycle distribution flow cytometry data 
shown in Part A. The size of each section of each bar is normalised to the sum of the 
percentages shown in the gates in Part A for each cell line. Data shown is based on one 
experiment.  
C. The doubling times (in hours) of the Mut-2 clones are higher than that of parental HEK293, 
indicating slower growth rate. The box-and-whisker plot shows distribution of doubling times 
for parental HEK293 and each Mut-2 clone from 20 independent experiments. Doubling times 
are calculated for each individual experiment using the formula given in Methods Section 3.2.6 
above and Incucyte confluency readings taken every 4hrs during proliferation time courses. 
(*** = p < 0.001, **** = p < 0.0001).  
D. Growth curves of the Mut-2 clones and parental HEK293 show grossly similar growth 
kinetics during the exponential growth phase. The Mut-2 clones, particularly 2.14, show 
prolonged lag phase before entry into exponential growth. Growth curves are plotted as 
percent confluency measured by the Incucyte vs. time since start of the experiment. 
Timepoints are generally taken every 4hrs and 0hr is the day after cell plating. Data shown is 
the average of 18 independent experiments. Error bars show SEM. 
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Figure 3.4 Sensitivities of Mut-2 clones to various DNA damaging compounds 
Dose response curve plots in Parts A, C, E, G, I, and K show normalised proliferation (as a 
fraction of the appropriate untreated or vehicle treated control) vs. treatment dose for 
parental HEK293 and each of the Mut-2 clones for the compound indicated in the title. Each 
plot shows an average of multiple experiments (exact numbers for each compound given 
below). Error bars represent SEM. Proliferation is measured by confluency using the Incucyte 
Zoom instrument. Each treatment condition was generally tested in triplicate for every 
experiment. Detailed assay setup and analysis methods are given above in Methods Section 
3.2.6. 
 
Bar graphs in Parts B, D, F, H, J, and L show IC50 values calculated using Graphpad Prism. Error 
bars show asymmetrical 95% confidence intervals reported by Prism’s model fitting algorithm. 
Details on the curve-fitting model, the parameters, and the settings used are also given above 
in Methods Section 3.2.6. Statistical significance was determined using extra sum-of-squares 
F test. (* = p < 0.05, ** = p < 0.01, *** = p < 0.001, **** = p < 0.0001, ns = not significant). 
 
The number of independent experiments performed for each compound is as follows:  
HU = 18, APH = 7, NCS = 9, BLM = 6, MMS = 18, BUS = 13, CDDP = 12, CP = 9, MMC = 14, CPT 
= 17, TPT = 15, ETP = 12, OLA = 9, VEL = 6. 
 
A. Dose response curves for the majority of Mut-2 clones (2.11, 2.14, 2.88) do not show 
substantially different sensitivities to replication stress inducers (HU and APH) compared to 
those for parental HEK293. Clones 2.16 is the exception, showing increased sensitivity to both 
HU and APH compared to parental HEK293.  
B. IC50 values for HU and APH in the Mut-2 clones and parental HEK293 show very mild to no 
decreases in IC50 in the Mut-2 clones compared to those calculated for parental HEK293. As 
expected from Part A, IC50 values for clone 2.16 are substantially lower compared to those 
calculated for parental HEK293. 
C. Dose response curves for the Mut-2 clones do not show substantially different sensitivities 
to radiomimetics (NCS and BLM) compared to those for parental HEK293.  
D. IC50 values for NCS in the Mut-2 clones and parental HEK293 show very mild to no decreases 
in IC50 in the Mut-2 clones compared to those calculated for parental HEK293. IC50 values for 
BLM show slightly greater though more variable sensitivities in the Mut-2 clones relative to 
parental HEK293.  
E. Dose response curves for the Mut-2 clones show significantly increased sensitivities to DNA 
alkylators (MMS and BUS) compared to those for parental HEK293.  
F. IC50 values for MMS and BUS are substantially decreased in the Mut-2 clones relative to 
those for parental HEK293 showing the greater sensitivities of the former to DNA alkylators.  
G. Dose response curves for the Mut-2 clones show mildly increased sensitivities to DNA 
crosslinkers (CDDP, CP, and MMC) compared to those for parental HEK293. Clone 2.16 is the 
exception, showing substantially increased sensitivities to CDDP and MMC compared to 
parental HEK293.  
H. IC50 values for CDDP, CP, and MMC are decreased in the Mut-2 clones relative to those 
calculated for parental HEK293, consistent with their mildly increased sensitivities seen in the 
dose response curves in Part G. Also consistent with observations from Part G, CDDP and MMC 
IC50 values for clone 2.16 are substantially lower than those of the other Mut-2 clones.  
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I. Dose response curves for the Mut-2 clones show significantly increased sensitivities to 
inhibitors of both topoisomerase I (CPT and TPT) and topoisomerase II (ETP) compared to 
those for parental HEK293.  
J. IC50 values for all three topoisomerase inhibitors (CPT, TPT, and ETP) are substantially 
decreased in the Mut-2 clones relative to those for parental HEK293.  
K. Dose response curves for the Mut-2 clones show mildly increased sensitivities to PARP 
inhibitors (OLA and VEL) compared to those for parental HEK293.  
L. IC50 values for OLA and VEL are decreased in the Mut-2 clones relative to those calculated 
for parental HEK293, consistent with their mildly increased sensitivities seen in the dose 
response curves in Part K. 
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3.3.3 Effects of etoposide in Mut-2 clones 

The effects of etoposide, one of the compounds tested above to which the Mut-2 

clones showed the particular sensitivity, were further studied. As expected, Mut-2 clones and 

parental HEK293 treated overnight with etoposide showed increased staining for γH2AX, a 

marker of DNA DSBs (Figure 3.5B) (Rogakou et al., 1998, 1999). Furthermore, consistent with 

a previous report, etoposide treatment appeared to arrest cells in G2/M when stained for 

DNA content (Figure 3.5A) (Schonn et al., 2010). However, when stained for phospho-histone 

H3, a specific marker for mitosis that correlates with chromosome condensation, etoposide-

treated cells showed decreased p-Histone H3 staining, suggesting that the cell cycle arrest was 

before M phase, possibly in late-S/G2 (Figure 3.5C) (Gurley et al., 1978; Juan et al., 1998).  

 After etoposide treatment, cells were allowed to recover and samples were harvested 

periodically from 0-8 hours and assayed for DNA content and γH2AX levels. Compared to 

parental HEK293, Mut-2 clones showed delayed cell cycle restart and progression through 

mitosis as quantitatively measured by analysis of DNA content for G2/M cell fraction and also 

visually observed by reappearance of the G1 peak (Figure 3.6A and B). Furthermore, Mut-2 

clones also showed delayed resolution of γH2AX signalling over the recovery period (Figure 

3.6C).  
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Figure 3.5 The effects of etoposide on the Mut-2 clones 
A. Etoposide causes arrest at G2/M phase as shown by total DNA content (FxCycle Far Red). 
Histogram plots show linearly plotted total DNA content (x-axis). Each plot shows comparison 
of the corresponding cell line treated overnight with 0.1% DMSO (top, black) or 200nM ETP 
(bottom, blue). At least 18,000 cells were analysed by flow cytometry for each cell line and 
condition.  
B. Overnight etoposide treatment leads to increased γH2AX staining in both the Mut-2 clones 
and the parental HEK293. Histogram plots show γH2AX staining plotted on log scales (x-axis). 
Cells were treated overnight with 0.1% DMSO (black) or 200nM ETP (red). At least 18,000 cells 
were analysed by flow cytometry for each cell line and condition.   
C. Cell cycle arrest caused by etoposide decreases phospho-histone H3 staining in Mut-2, 
suggesting a pre-mitosis arrest in late-S/G2. Plot shows percentage of cells positive for 
phospho-histone H3 for each cell line after overnight treatment with 0.1% DMSO (black bars) 
or 200nM ETP (blue bars). At least 20,000 cells were analysed by flow cytometry for each cell 
line.  
 
Data in A-B is representative of five independent experiments. Data in C is representative of 
three independent experiments.   
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Figure 3.6 Etoposide treatment and recovery in Mut-2 clones 
A. Cell cycle analyses of etoposide recovery using total DNA content (FxCycle Far Red) show 
delayed progression through M-phase and delayed reappearance of the G1 cell population in 
the Mut-2 clones compared with parental HEK293. Plots show stacked histograms of total 
DNA content staining linearly plotted on the x-axis. Hours indicate time after ETP washout. 
DMSO samples were assayed at the same time as the 0hr time point. At least 16,000 cells were 
analysed by flow cytometry for each cell line and condition.  
B. Cell cycle progression during etoposide recovery as measured by the percentage of G2/M 
cells as determined by total DNA content. Mut-2 clones show slower decreases in G2/M cell 
population over time compared with parental HEK293. Curves for individual cell lines are 
shown on the left and composite plot showing the average of the Mut-2 clones is on the right. 
The flow cytometer was set to acquire 20,000 events for each cell line and condition in every 
experiment.  
C. Mut-2 clones show slower decrease in γH2AX staining compared with parental HEK293. 
Curves for individual cell lines are shown on the left and composite plot showing the average 
of the Mut-2 clones is on the right. The flow cytometer was set to acquire 20,000 events for 
each cell line and condition in every experiment.  
 
Statistical significance for the differences between the slopes of the composite curves in B and 
C were determined using extra sum-of-squares F test (* = p < 0.05 and ** = p < 0.01) 
 
Data shown in A is representative of five independent experiments. Data shown in B-C is from 
five independent experiments. Error bars in B and C show SEM.  
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3.3.4 Mut-2 clones showed defects in HR and MMEJ DNA DSB repair 

 Based on the mechanisms of DNA damage repair activated by the DNA damaging 

agents used above, the pattern of sensitivity of the Mut-2 clones relative to parental HEK293 

was suggestive of defective DNA DSB repair, particularly defective HR. Flow cytometry-based 

GFP reporter constructs were used to directly assay the functional status of HR, NHEJ, and 

MMEJ pathways in the Mut-2 clones. These constructs could be cleaved by a separately 

expressed restriction enzyme, I-SceI, and subsequently repaired using the specified pathway 

to reconstitute a functional GFP expression cassette. Critically, only correct DNA DSB repair by 

the particular pathway for which the reporter was designed would result in functional GFP 

expression. The details of these constructs and their mechanism of action are discussed in the 

Chapter 3 introduction above (Section 3.1.2, Figure 3.2). 

 In these GFP reporter assays, the Mut-2 clones showed 30-60% decreases in HR and 

MMEJ capacity. Additionally, the majority of clones (2.11, 2.14, and 2.88) did not show 

defective NHEJ (Figure 3.7B). The only exception was clone 2.16, which in the drug testing 

above showed clone-specific sensitivity to all compounds tested (Figure 3.4). Here, clone 2.16 

not only showed the greatest decline in HR and MMEJ repair efficiency, but also showed a 

decrease in NHEJ repair capacity. This further strengthened the case for clone 2.16 being a 

clone-specific outlier.  
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Figure 3.7 DNA DSB repair pathway function in Mut-2 clones 
A. Experimental timeline for the GFP reporter assays. 
B. Capacity of DNA DSB repair pathways (HR, NHEJ, MMEJ) in parental HEK293 and Mut-2 
clones as assayed by flow cytometric GFP reporter assays. Compared with parental HEK293, 
all Mut-2 clones show decreased rates of repair by HR and MMEJ. While the majority of Mut-
2 clones (2.11, 2.14, and 2.88) show normal levels of NHEJ repair compared with parental 
HEK293, clone 2.16 is the exception in showing decreased rates of repair by NHEJ. All data are 
normalised to parental HEK293 (red star) in each respective reporter assay. The flow 
cytometer was set to acquire 20,000 events for each sample in every experiment. Data shown 
is the average of at least 7 independent experiments. Error bars show SEM. 
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3.3.5 The effects of RECQL4 overexpression on drug sensitivity in Mut-2 clones 

 To confirm that the sensitivities of the Mut-2 clones to the various compounds tested 

above (Figure 3.4) were indeed due to the RECQL4 Mut-2 mutation, RECQL4 was 

overexpressed in the Mut-2 clones and the parental HEK293 by transduction with a GFP-

containing empty lentiviral expression vector (EX-NEG-Lv246, Genecopoeia), the same vector 

expressing wild-type RECQL4, or the same vector expressing the cDNA of the alternatively 

spliced RECQL4 ΔEx14. Transduced cells were selected using puromycin and overexpression 

of the two variants of RECQL4 were confirmed both at the transcript and protein levels via RT-

qPCR and western blot (Figure 3.8A and B).  

 These sets of cells were then tested with a selected panel of compounds used 

previously (HU, MMS, and ETP). As expected, the RECQL4-reconstituted cells showed no 

significant difference when compared with the empty vector controls when treated with HU, 

which did not produce increased sensitivity in the original Mut-2 clones (Figure 3.8C-E, Figure 

3.4A).  Unexpectedly however, the majority of the clones (2.11, 2.14, and 2.88) overexpressing 

both variants of RECQL4 showed rescue effects when treated with MMS and ETP relative to 

equivalent parental HEK293 and the empty vector controls (Figure 3.8F-K). Furthermore, cells 

overexpressing RECQL4 ΔEx14 were actually better at rescuing the effects of the drug 

treatments than wild-type RECQL4 in some cases (Figure 3.8H and K). The only exception to 

this rescue phenotype was clone 2.16, which showed little to no rescue effect in any drug 

treatment. This once again reinforced that the broad sensitivities seen previously in clone 2.16 

(Figure 3.4) were possibly due to as yet undetermined clone-specific effects unrelated to the 

RECQL4 Mut-2 mutation.  

 Since the Incucyte Zoom measured proliferation using confluency as a readout, it was 

possible that the rescue effects seen above by both variants of RECQL4 could be due to 
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increased proliferative potential as a result of increased levels of RECQL4 and RECQL4’s role 

in DNA replication (Abe et al., 2011; Matsuno et al., 2006; Sangrithi et al., 2005). If this was 

indeed the case, then any defect in DNA damage repair might be masked by increased growth 

rate. Indeed, when measured by doubling time, both sets of Mut-2 cells overexpressing 

RECQL4 showed faster doubling times compared with parental HEK293 and empty vector 

controls (Figure 3.8L). Cells overexpressing RECQL4 ΔEx14, in particular, showed a greater 

magnitude of decrease in doubling times, which might explain their showing greater “rescue” 

effect (Figure 3.8E, H, K, and L).    
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Figure 3.8 Effects of RECQL4 overexpression on sensitivities to select compounds in Mut-2 
clones 
Dose response curve plots in Parts C, F, and I show normalised proliferation (as a fraction of 
the appropriate untreated or vehicle treated control) vs. treatment dose for parental HEK293 
and each of the Mut-2 clones. The RECQL4 variant expressed in each set of cells and the 
compound with which they were treated are indicated in the title. See more details in Figure 
3.4 legend above 
 
Dose response curve plots in Parts E, H, and K group curves based on cell line with each plot 
showing curves for a single cell line containing empty vector or expressing wild-type or ΔEx14 
variant of RECQL4. The curves shown are the same as those shown in Parts C, F, and I.  
 
Each dose response curve is an average of 14 independent experiments. Error bars represent 
SEM. Proliferation is measured by confluency using the Incucyte Zoom instrument. Each 
treatment condition was generally tested in triplicate for every experiment. Detailed assay 
setup and analysis methods are given above in Methods Section 3.2.6. 
 
Bar graphs in Parts D, G, and J show IC50 values for the corresponding plots in Parts C, F, and I, 
calculated using Graphpad Prism. Error bars show asymmetrical 95% confidence intervals 
reported by Prism’s model fitting algorithm. Details on the curve-fitting model, the 
parameters, and the settings used are also given above in Methods Section 3.2.6. Statistical 
significance was determined using extra sum-of-squares F test. (* = p < 0.05, ** = p < 0.01, 
*** = p < 0.001, **** = p < 0.0001, ns = not significant). 
 
A. Western blot of RECQL4 in unmodified Mut-2 clones, Mut-2 clones with empty expression 
vector, Mut-2 clones overexpressing wild-type RECQL4, and Mut-2 clones overexpressing 
RECQL4 ΔEx14. Latter two sets of cells show greatly increased RECQL4 expression compared 
with unmodified or empty vector Mut-2 clones. Samples are divided between two blots with 
the former two sets of cells on the first blot and the latter two sets of cells on the second blot. 
Images shown are of the two blots developed simultaneously under identical conditions and 
exposure lengths in order to show the dynamic range of the RECQL4 protein abundance 
between the different sets of cells. Western blot shown is representative of two independent 
experiments. 
B. RT-qPCR of RECQL4 transcripts from cells from Part A using TaqMan assays specific for the 
canonical RECQL4 exon 14-15 splice junction and the alternate exon 14-15 splice junction. 
Mut-2 clones with either wild-type or ΔEx14 RECQL4 show overexpression of appropriate form 
of RECQL4. Red stars indicate the samples used for normalisation in each assay. Data shown 
is from one experiment.  
C-E. The overall sensitivity profiles of the sets of cells (Mut-2 clones and parental HEK293) 
containing empty expression vector, wild-type RECQL4, and RECQL4 ΔEx14 to hydroxyurea 
(HU) do not differ substantially from each other as seen in the dose response curves (C) and 
the IC50 values (D). Some clones (2.11 and 2.14) do show increased proliferation in cells 
overexpressing RECQL4 (E).  
F-H. The overall sensitivity profiles of the same set of cells as Parts C-E above when treated 
with MMS show that, in the majority of the Mut-2 clones (2.11, 2.14, and 2.88), the increased 
sensitivities of the Mut-2 clones relative to parental HEK293 in the empty vector control set is 
rescued by overexpression of either forms of RECQL4 (F and H). The only exception is clone 
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2.16 where the rescue effect is not observed. This rescue effect is apparent when curves are 
grouped based on cell line (H).  
I-K. The overall sensitivity profiles of the same set of cells as Parts C-H above when treated 
with ETP show that, in the majority of the Mut-2 clones (2.11, 2.14, and 2.88), the increased 
sensitivities of the Mut-2 clones relative to parental HEK293 in the empty vector control set is 
rescued by overexpression of either forms of RECQL4 (I and J). Once again, clone 2.16 is an 
exception where the rescue effect is not readily apparent. However, all four clones do show 
rescue effects when plots are grouped by cell line (K). The magnitude of the difference in clone 
2.16, however, is smaller than those seen in the other three Mut-2 clones, explaining why the 
rescue effect is not apparent in plots in Parts I and J. 
L. Distributions of doubling times for the cells above as measured by Incucyte proliferation 
assay. In general, the differences in doubling times between the parental HEK293 and the 
Mut-2 clones are decreased in the sets of cells overexpressing RECQL4. Consistent with this 
finding, the statistical significances of the differences are also reduced in the majority of the 
clones (2.11, 2.14, and 2.88). (* = p < 0.05, ** = p < 0.01, *** = p < 0.001, **** = p < 0.0001, 
ns = not significant). Data shown is from 9 independent experiments. 
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3.3.6 Effects of RECQL4 overexpression on DNA DSB repair pathway function in Mut-2 clones 

 Since overexpressing the two RECQL4 variants in the Mut-2 clones could have 

impacted cell proliferation characteristics and thus masked any effect on DNA damage repair 

pathway function in the Incucyte proliferation assay  (Figure 3.8), versions of the RECQL4 

overexpression cells were generated that do not constitutively express GFP as part of the 

expression construct. These ΔGFP versions of the expression constructs were derived from 

the original Genecopoeia backbones with the GFP expression cassette removed. By doing so, 

these new ΔGFP cells could then be used for directly measuring DNA DSB repair capacity via 

the flow cytometry-based GFP reporter assays used above (Figure 3.2 and Figure 3.7). After 

puromycin selection, RECQL4 overexpression was confirmed once again via RT-qPCR and 

western blot for transcript and protein levels (Figure 3.9A and B).  

 In the HR GFP reporter assay, all four Mut-2 clones that overexpressed wild-type 

RECQL4 showed significantly increased HR repair capacity when compared with 

corresponding empty vector controls. On the other hand, those cells that overexpressed 

RECQL4 ΔEx14 did not show any increase in HR repair capacity, with 2 clones (2.14 and 2.88) 

actually showing a decrease in HR repair function when compared with empty vector control 

(Figure 3.9C, left). 

 In the NHEJ reporter assay, neither sets of cells overexpressing RECQL4 variants 

showed any significant increase in NHEJ repair capacity compared to empty vector controls. 

Clones 2.14 and 2.88 overexpressing RECQL4 ΔEx14, however, showed decreased NHEJ repair 

function (Figure 3.9C, middle). 

 In the MMEJ reporter assay, the majority of clones (2.11, 2.14, and 2.88) did not show 

increased MMEJ repair capacity when overexpressing either of the RECQL4 variants. Once 

again, clones 2.14 and 2.88 overexpressing RECQL4 ΔEx14 showed decreased MMEJ repair 
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function. Interestingly, clone 2.16 overexpressing wild-type RECQL4 showed increased MMEJ 

repair capacity though this also reinforced its putative status as an outlier clone (Figure 3.9C, 

right).  

3.3.7 Mut-2 clones do not show defective RAD51 foci formation 

 RAD51 is an important component of the HR pathway and the formation of RAD51 foci 

as part of the strand-invading nucleoprotein filament is a commonly used marker of HR status 

and function (Cruz et al., 2018; Gachechiladze et al., 2017; Graeser et al., 2010; Jasin and 

Rothstein, 2013; Vierstraete et al., 2017). To further delineate the mechanism of the effect of 

RECQL4 Mut-2 on HR function, RAD51 foci formation in Mut-2 clones after overnight 

etoposide treatment was investigated. Z-stack images were acquired on a Zeiss 780 confocal 

microscope and processed into maximum-intensity projections using an ImageJ script. RAD51 

foci quantification was done using a custom KNIME pipeline which was validated using cells 

transfected with either siNon-targeting control or siRAD51 and then treated with either DMSO 

or etoposide (Figure 3.10C).  

Surprisingly, after etoposide treatment, all Mut-2 clones increased formation of RAD51 

foci to a similar extent as parental HEK293 (Figure 3.10A and B). All Mut-2 clones showed 

roughly double the number of RAD51 foci after overnight etoposide treatment which was 

comparable to the absolute level and the magnitude of increase of RAD51 foci seen in parental 

HEK293 after etoposide treatment (Figure 3.10B).   
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Figure 3.9 Effects of RECQL4 overexpression on DNA DSB repair capacity in Mut-2 clones 
A-B. Validation by western blot and RT-qPCR of sets of cells (Mut-2 clones and parental 
HEK293) transduced with ΔGFP versions of the expression constructs used previously. 
Exposures of the western blots were chosen as in Figure 3.8A. See legend for Figure 3.8 Parts 
A-B above for more details. Data in Parts A-B are from one experiment each.  
C. GFP reporter assays for HR, NHEJ, and MMEJ in the cells described in Parts A-B above. Each 
set of bars was normalised to the corresponding empty vector control within each cell line 
(red stars). Only the overexpression of wild-type RECQL4 results in increased rates of HR repair 
in the Mut-2 clones. The same effect on HR is not seen in those cells overexpressing the 
RECQL4 ΔEx14 variant. No consistent rescue effect is seen in either set of cells when assayed 
for NHEJ and MMEJ repair. Data shown is the average from 10 independent experiments.  
Error bars in C show SEM. 
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Figure 3.10 RAD51 foci formation in Mut-2 clones 
A. Confocal images showing parental HEK293 and Mut-2 clones after overnight treatment with 
0.1% DMSO or 200nM etoposide and staining with anti-RAD51 (red) and DAPI (blue). All cells 
show increased RAD51 foci formation with ETP treatment as would be expected with 
increased HR repair activity.  
B. Quantification of RAD51 foci in cells from Part A. Mut-2 clones show increases in RAD51 
foci formation upon ETP treatment (red bars) of the same magnitude as that seen in parental 
HEK293.  
C. RAD51 foci quantification in cells transfected with siNon-targeting control or siRAD51 and 
then treated with 0.1% DMSO or 200nM etoposide. Cells treated with siRAD51 show 
substantially fewer RAD51 foci compared with those treated with siNon-targeting pool when 
both are treated with ETP.  
 
Images and data shown in A-B are representative (the images) and from one experiment 
where at least 200 cells were imaged from each cell line and each treatment condition. Data 
and images are also representative of two independent experiments. Data shown in C is from 
one experiment where at least 200 cells were imaged for each treatment condition and siRNA 
used. Error bars in B and C show SEM.  
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3.4 Discussion 

3.4.1 RECQL4 Mut-2 mutation and cell proliferation characteristics 

Data previously shown in Chapter 2 demonstrated that RECQL4 expression in the Mut-

2 clones were drastically reduced compared with parental HEK293—a decrease which was 

consistent with that found in RTS patient cells relative to comparable cells from healthy 

donors (Figure 2.3A-C). Since RECQL4 has a known essential role in the initiation of DNA 

replication and thus cell proliferation, one important goal in this study was to determine the 

effects of knocking in the RECQL4 Mut-2 mutation—both in terms of the impact on RECQL4 

protein structure and in terms of the changes in RECQL4 expression level—on the growth 

characteristics of the Mut-2 clones (Abe et al., 2011; Matsuno et al., 2006; Sangrithi et al., 

2005). 

Based on growth curves generated using Incucyte proliferation assays, the Mut-2 

clones did not appear to greatly differ from parental HEK293 during the exponential growth 

phase, however a slightly prolonged initial lag phase was observed leading to temporal shifting 

of the Mut-2 growth curves and delayed entry into exponential growth (Figure 3.3D). When 

population doubling times during the exponential growth phase were calculated, the median 

doubling times of the Mut-2 clones were approximately 10-30% higher (range: 10.8-27.9%) 

compared to parental HEK293, a statistically significant increase (Figure 3.3C). Dual EdU/DNA 

content staining of normally dividing cells populations, however, showed that the distribution 

of cell cycle phases in the Mut-2 clones did not differ noticeably from that found in parental 

HEK293 which suggested that observed changes in doubling times were not cell cycle phase-

dependent (Figure 3.3A and B).  

To separate the structural effects of the Mut-2 mutation on RECQL4 protein from the 

effects of decreased overall RECQL4 protein levels in the Mut-2 clones, the growth rates of 



 
 

146 

Mut-2 clones overexpressing either wild-type RECQL4 or RECQL4 ΔEx14, the major RECQL4 

protein product produced by the Mut-2 allele in the clones, were compared with 

corresponding parental HEK293s and also cells transduced with the empty vector control 

(Figure 3.8F). Overexpression of both forms of RECQL4 decreased doubling times in the Mut-

2 cells compared to empty vector control cells. Interestingly, the RECQL4 ΔEx14 variant 

seemed to have a slightly greater effect on decreasing doubling time (Figure 3.8F, right). This 

suggested that changes in doubling times were not due to structural changes to the RECQL4 

protein as a result of the Mut-2 mutation but rather due to decreased overall RECQL4 protein 

levels.  

One striking observation from maintaining the Mut-2 clones in culture has been that 

despite the low levels of RECQL4 expression seen on western blot (Figure 2.3A-C), these cells 

continue to proliferate at a rate and with kinetics that do not drastically differ from that of 

parental HEK293 (Figure 3.3). This indicated that, despite a requirement for RECQL4 in cell 

proliferation, the levels of RECQL4 necessary for this function may actually be very low, 

confirming similar observations reported by others (Abe et al., 2011; Lu et al., 2016; Park et 

al., 2006). 

3.4.2 Sensitivity profile of Mut-2 clones to DNA damaging compounds pointed to DNA DSB 

repair defect 

 The role of RECQL4 in DNA damage repair have been proposed and explored since its 

first discovery and subsequent identification as the gene mutated in the progeroid Type II RTS 

(Croteau et al., 2012; Kitao et al., 1998, 1999). However, efforts to study how RECQL4 

mutations affected DNA damage repair in the context of Type II RTS had, up to now, yielded 

inconsistent results, possibly due to limitations of the models or patient samples used 

(discussed in Chapter 2) (Jin et al., 2008).  
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 The Mut-2 clones generated in this study presented viable models to study the 

particular effects of a clinically relevant and prevalent RTS RECQL4 mutation while overcoming 

some of the limitations present in models previously used (discussed in Chapter 1 Section 1.6 

and Chapter 2 Introduction). Therefore, these Mut-2 clones were tested against a panel of 

different classes of DNA damaging agents in the expectation that the sensitivity pattern could 

inform further mechanistic exploration of DNA damage repair in these clones (Figure 3.4). 

Summarised below in tabular form is the overall sensitivity profile of the Mut-2 clones to the 

six classes of compounds used and the DNA damage repair pathways implicated (as discussed 

previously in Chapter 3 Section 3.1.1): 

 
Table 3.2 Sensitivities of the Mut-2 clones to different classes of DNA damaging agents 

Compound 
class Compounds Tested Sensitivity Repair Pathways 

Activated 
Replication stress 

inducers 
Hydroxyurea, 

aphidicolin - S-phase checkpoint, 
replication fork stabilisation 

    

Radiomimetic Neocarzinostatin, 
bleomycin - DNA DSB repair (NHEJ, HR, 

MMEJ) 
    

DNA alkylator 
Methyl 

methanesulfonate, 
busulfan 

+ Base excision repair, 
mismatch repair, HR 

    

DNA crosslinker 
Cisplatin, 

cyclophosphamide, 
mitomycin C 

+/- FA pathway, Nucleotide 
excision repair, HR 

    

Topoisomerase 
inhibitor 

Camptothecin, 
topotecan, etoposide + 

Top1: HR 
Top2: DNA DSB repair 

(NHEJ, HR, MMEJ) 
    

PARP inhibitor Olaparib, veliparib +/- HR 
 

 Based on the results above, three sets of DNA damage repair pathways stood out: base 

excision repair (BER), nucleotide excision repair (NER), and DNA DSB repair. RECQL4 has been 
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reported to function in all three repair processes (Fan and Luo, 2008; Schurman et al., 2009; 

Singh et al., 2010). Among these three, the activation of DNA DSB repair pathways was 

common to all compounds to which the Mut-2 clones showed increased sensitivity and 

presented the most promising candidate for further study.  

3.4.3 Etoposide treatment pointed to compromised replication-associated DNA DSB repair 

in Mut-2 clones 

 The effects of etoposide, a compound to which the Mut-2 clones were particularly 

sensitive, were studied in greater detail using flow cytometry (Figure 3.5 and Figure 3.6). ETP 

has been reported to generate DNA DSBs in a cell cycle independent manner and thus the 

repair pathways it activates should be dependent on the cell cycle status of the cell (Aparicio 

et al., 2016; Karanam et al., 2012; Quennet et al., 2010; Zhao et al., 2012). However, consistent 

with a previous report, ETP treatment of the Mut-2 clones in this study caused cell cycle arrest 

at what appeared to be the G2/M phase (Figure 3.5A) (Schonn et al., 2010). Further staining 

for phospho-histone H3, a specific marker for mitosis, showed that ETP-arrested cells had not 

entered M-phase and were likely arrested in late-S/G2 (Figure 3.5C) (Gurley et al., 1978; Juan 

et al., 1998). This suggested that HR, the repair pathway known to be most active during S/G2, 

might be preferentially activated in response to ETP-induced damage which would be in line 

with the repair pathways activated by other compounds to which the Mut-2 clones were 

sensitive (see table above) (Johnson and Jasin, 2000; Karanam et al., 2012).  

 In terms of the response of the Mut-2 clones to DNA damage, all ETP treated cells 

showed increased levels of γH2AX, a marker specific for DNA DSBs, as would be expected and 

comparable to levels seen in parental HEK293 (Figure 3.5B) (Rogakou et al., 1998, 1999). When 

the ETP-treated cells were allowed to recover over a period of 8 hours, relative to parental 

HEK293, the Mut-2 clones exhibited delayed cell cycle re-entry and progression through G2/M 
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phase as measured by total DNA content (Figure 3.6A and B). Furthermore, this delay was 

correlated with reduced resolution of γH2AX signalling, suggesting that the Mut-2 clones did 

not repair ETP-induced DNA DSBs as efficiently as parental HEK293 which was consistent with 

the drug sensitivity results above (Figure 3.4E and Figure 3.6C). Overall, these findings in ETP 

treated cells implicated compromised repair of DNA DSBs during replication, which is 

predominantly HR, in the Mut-2 clones.  

3.4.4 Mut-2 clones showed decreased DNA DSB repair by HR and MMEJ but not NHEJ 

 Based on the drug sensitivity results above, the DNA DSB repair pathways appeared to 

be the most promising candidate for further investigation in the Mut-2 clones. GFP reporter 

assays, commonly used in studies of DNA damage repair, were performed to further probe 

the function of the three main DNA DSB repair pathways—HR, NHEJ, and MMEJ (Figure 3.2) 

(Kostyrko and Mermod, 2016; Pierce et al., 1999; Seluanov et al., 2010).  

 The results of the GFP reporter assays showed that, of the three pathways (HR, NHEJ, 

and MMEJ) tested, the Mut-2 clones showed decreased repair function in HR and MMEJ but 

not in NHEJ (Figure 3.7B). This result was in line with predictions above based on the drug 

sensitivity profile of the Mut-2 clones, which suggested increased sensitivity to compounds 

that activated the HR repair pathway. The defect in HR repair, in particular, was also consistent 

with phenotypes reported by others in cells in which RECQL4 expression was knocked down 

via siRNA treatment (Lu et al., 2016). Furthermore, because HR and MMEJ are known to share 

common early steps which have been reported to involve RECQL4 function, concurrent 

defects in HR and MMEJ in the Mut-2 clones were consistent with such models (Lu et al., 2016; 

Truong et al., 2013). 
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3.4.5 Reconstitution of RECQL4 expression in Mut-2 clones 

 To confirm that the phenotypes seen thus far in the Mut-2 clones were due to the 

effects of the RECQL4 Mut-2 mutation, either wild-type RECQL4 or the RECQL4 ΔEx14 variant 

was overexpressed in the Mut-2 clones. Overexpression of the specific variant in each set of 

cells was confirmed by western blot and transcript-specific TaqMan RT-qPCR (Figure 3.8A and 

B). The sensitivities of these RECQL4 overexpressing cells to a small selection of the 

compounds used previously (HU, MMS, and ETP) were investigated (Figure 3.8C-E).  

 Unexpectedly, Mut-2 cells expressing both wild-type RECQL4 and the RECQL4 ΔEx14 

variant showed increased resistance to MMS and ETP when compared with corresponding 

parental HEK293 and empty vector controls, seemingly suggesting that the structural changes 

to RECQL4 due to the Mut-2 mutation were not the cause of the sensitivity profile of the 

original Mut-2 clones (Figure 3.8D and E). However, the behaviour of these cells when treated 

with HU provided a clue to an alternate explanation. Both sets of cells also showed increased 

resistance, particularly cells overexpressing the RECQL4 ΔEx14 variant (Figure 3.8C). Since the 

original drug screens did not implicate a defect in DNA damage repair mechanisms activated 

by HU treatment, this pointed to a possible confounding factor in the RECQL4 reconstitution 

drug sensitivity experiment (Figure 3.4A). 

 Since the Incucyte proliferation assay’s readout was confluency as a proxy for cell 

growth, results of the assay could have been affected by overexpression of RECQL4, which 

might have increased the proliferation rate of these cells due to RECQL4’s role in DNA 

replication. To test this, the population doubling times of the RECQL4 overexpressing cells 

were calculated and did in fact decrease relative to corresponding parental HEK293 controls 

when compared with empty vector transduced cells. In particular, overexpression of the 

RECQL4 ΔEx14 variant had an especially strong positive effect on growth rate (Figure 3.8F). 
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Based on this observation, an alternate explanation could be proposed in which the increased 

growth rate of these RECQL4 overexpressing Mut-2 cells effectively masked their DNA damage 

repair defects, leading to the appearance of the “rescue” effect.  

 To overcome this issue, a second set of cells was generated that again overexpressed 

the same two forms of RECQL4, but this time without the GFP marker present in the 

overexpression constructs used previously (ΔGFP). These cells could then be used for GFP 

reporter assays to directly test the function of their DNA DSB repair pathways. Overexpression 

of the two RECQL4 forms was again confirmed via western blot and transcript-specific TaqMan 

RT-qPCR (Figure 3.9A and B). 

 This time, the GFP reporter assays showed that overexpression of wild-type RECQL4 

alone increased the rate of HR repair in the Mut-2 cells but not the corresponding parental 

HEK293 or empty vector controls (Figure 3.9C, left). No rescue effect was seen in either the 

NHEJ or the MMEJ reporter assays or in cells overexpressing the RECQL4 ΔEx14 variant (Figure 

3.9C). This result was strong evidence that the HR repair defect found previously in Mut-2 

clones (Figure 3.9B left) was due to structural changes arising from the RECQL4 Mut-2 

mutation and not due to concurrent changes in RECQL4 protein levels.  

 Interestingly, the defect in MMEJ previously seen in the Mut-2 clones was not rescued 

by overexpression of either forms of RECQL4 (Figure 3.9B, right and Figure 3.9C, right). While 

this was not unexpected for the RECQL4 ΔEx14 variant, it was surprising that wild-type RECQL4 

overexpression did not rescue MMEJ deficiency. It has been reported that during S/G2 phases 

when HR is active it is preferentially used in favour of MMEJ and may in fact suppress the 

activity of the MMEJ pathway (Jasin and Rothstein, 2013; Sfeir and Symington, 2015; Truong 

et al., 2014). Since the data showed that HR repair rates were increased due to overexpression 
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of wild-type RECQL4, it was possible that in these cells, increased HR rates acted to suppress 

MMEJ and masked any possible rescue effects.  

3.4.6 Mut-2 clones did not exhibit impaired RAD51 foci formation 

 RECQL4 had previously been reported to mediate the recruitment of CtIP to as well as 

promote resection of DSB ends, important early steps shared by both HR and MMEJ (Lu et al., 

2016; Truong et al., 2013). RNAi-mediated knockdown of RECQL4 expression resulted in 

impaired CtIP recruitment, reduced break end resection, and decreased HR function. 

Additionally, re-expression of a helicase-dead RECQL4 mutant failed to rescue the reduced 

break end resection and the HR deficiency in spite of restoration of CtIP interaction. These 

findings led Lu and colleagues to propose a model in which RECQL4 played multiple essential 

roles in early DSB end resection through both protein interactions as well as its helicase 

function. (Lu et al., 2016).  

 Given the predicted detrimental effect of the Mut-2 mutation on RECQL4 helicase 

function (Figure 2.9), as well as findings of HR and MMEJ deficiency in the Mut-2 clones from 

the GFP reporter assays (Figure 3.7), data from this study of the Mut-2 clones appeared to be 

consistent with the aforementioned model of RECQL4 function. Furthermore, if the early 

resection steps in the Mut-2 clones were compromised then downstream HR steps were also 

expected to be similarly affected.  

The recruitment of RAD51 to resected ssDNA at the break ends to form nucleoprotein 

filaments for strand invasion is a known essential step downstream of the proposed function 

of RECQL4 in the HR pathway. The formation of RAD51 foci is itself also a commonly used 

marker of HR pathway activity (Cruz et al., 2018; Gachechiladze et al., 2017; San Filippo et al., 

2008). To test whether the HR deficiency observed in the Mut-2 clones conformed with 

predictions from the Lu, et al. model, the formation of RAD51 foci in the Mut-2 clones was 
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investigated post ETP treatment (Figure 3.10). Unexpectedly, all Mut-2 clones upregulated 

RAD51 foci formation to levels comparable to parental HEK293 post ETP treatment (Figure 

3.10A and B). Given that these Mut-2 clones did in fact show defects in HR repair (see 

discussion below), this observation called into question the hypothesis that the Mut-2 

mutation negatively impacted HR by disrupting RECQL4’s proposed function in the early 

resection steps of HR. Instead, this finding is suggestive of an alternate model where the 

RECQL4 Mut-2 mutation disrupted as yet undefined functions of RECQL4 downstream of 

RAD51 nucleoprotein filament formation in HR.  

3.4.7 Final summary 

The result presented in this chapter demonstrated that RECQL4 Mut-2 mutation was 

responsible for decreased HR repair capacity in Mut-2 clones. This effect was not due to 

decreased overall RECQL4 protein levels in these cells but rather, due to the structural effects 

of the Mut-2 mutation on the RECQL4 protein. Furthermore, data suggested that the effects 

of the Mut-2 mutation on RECQL4 function in the HR pathway may be exerted at a later (and 

yet undefined) step than current models propose (Lu et al., 2016).  
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Chapter 4 Final Discussion 

4.1 Mut-2 clones are novel models for RECQL4 Mut-2 mutation 

Since the discovery of RECQL4 as a member of the RecQ helicase family in humans and 

recognition of its role in human disease, much effort has gone into studying the mechanisms 

of RECQL4 dysfunction in Type II RTS (Jin et al., 2008; Kitao et al., 1998, 1999a, 1999b; Lindor 

et al., 2000). These efforts have long been hampered by a dearth of suitable and clinically 

relevant models, be they RTS patient samples, animal models, or engineered cell lines, leading 

to inconsistent results (Castillo-Tandazo et al., 2019; Jin et al., 2008; Kohzaki et al., 2012; 

Siitonen et al., 2008).  

This study presented the generation of cell line models for a prevalent RECQL4 RTS 

patient mutation—the c.2269C>T “Mut-2” mutation. These models compared favourably to 

similar RTS patient cells in terms of RECQL4 protein expression levels. Furthermore, new data 

has shown, for the first time, that rather than the protein truncation that was predicted, the 

major effect of the Mut-2 mutation was to upregulate alternative splicing of RECQL4 which is 

predicted to produce a helicase-dead hypomorphic protein variant. Further work is needed to 

confirm whether this phenomenon is also present in RTS patients carrying the Mut-2 mutation.  

Interestingly, while both the truncation of RECQL4 (as Mut-2 was predicted to do) and 

the generation of a hypomorphic protein in which the ATPase domain was disrupted (as the 

alternative splicing does) would be expected to abolish helicase function, only the latter 

preserves the C-terminal regions reported to be critical for protein stability (Kaiser et al., 2017). 

Therefore, it is tempting to speculate that the preference observed in the majority of the Mut-

2 clones for upregulating alternative splicing of RECQL4 may be due to possible energy and 

resource cost advantages that arise from producing a potentially more stable protein, 
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especially for a protein with an essential function such as RECQL4 (Abe et al., 2011; Matsuno 

et al., 2006; Sangrithi et al., 2005). On the other hand, observations from the study show that 

the alternatively spliced form of RECQL4 is expressed at a much lower level in the Mut-2 clones 

than is wild-type RECQL4 in the parental HEK293. This is in spite of the fact that the 

alternatively spliced form of RECQL4 is nearly identical to wild-type RECQL4 with the exception 

of the in-frame 66aa deletion in the ATPase domain. This finding hints at more complex 

mechanisms regulating RECQL4 protein abundance than currently understood and merits 

further study. 

Another interesting observation is that the distribution of RECQL4 mutations along 

gene seems to follow a bimodal distribution with one cluster of mutations around the exon 8-

9 region and another cluster in the exon 14-15 region (Figure 1.4). Given the findings in this 

study regarding alternative splicing at the exon 14-15 junction, it is possible that this may 

represent a major mutational process in RECQL4 in Type II RTS. Indeed, the alternative splicing 

observed in this study was first reported in samples from RTS patients carrying a very similar 

mutation located close by (c.2272C>T) (Colombo et al., 2014). Therefore, it is plausible that 

the clustering of mutation observed in the exon 14-15 region of RECQL4 may represent a 

major structure-function principle in Type II RTS and present an avenue for the application of 

the findings in this study to a broader set of RTS patients.  

Finally, next generation sequencing revealed that the Mut-2 clones were functionally 

hemizygous, which while not entirely achieving the original aim of generating homozygous 

mutant cells line, nevertheless, still resulted in viable models for downstream functional 

studies.   
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4.2 Functional characterisation of Mut-2 clones  

4.2.1 Mut-2 clones exhibited surprisingly normal growth phenotypes 

 RECQL4 is unique within the RecQ helicase family for its essential function in DNA 

replication and thus cell proliferation (Abe et al., 2011; Matsuno et al., 2006; Sangrithi et al., 

2005). Furthermore, the vast majority of RECQL4 mutations found in Type II RTS patients spare 

the critical N-terminal region responsible for those essential functions (Figure 1.4). Therefore, 

given its retention, one would expect that cells containing RECQL4 mutations would express 

the remaining portions of RECQL4 at near-normal levels. So, it was both surprising and 

illuminating to observe in the course of this study that the Mut-2 clones were able to maintain 

near normal viability despite the greatly reduced levels of RECQL4 protein expression, a 

phenomenon which was hinted at by observations of RECQL4 levels in patient cells as well as 

from work by others (Abe et al., 2011; De et al., 2012; Gupta et al., 2014; Petkovic et al., 2005; 

Werner et al., 2006; Yin et al., 2004; Yokoyama et al., 2019). If indeed the essential functions 

of RECQL4 require very little protein abundance, then this raises the question of whether the 

same is also true for its other functions such as DNA damage repair and the extent to which 

these functions are affected by RECQL4 protein abundance.   

4.2.2 Drug sensitivity profile of Mut-2 clones uncovered replication-specific DNA DSB repair 

defect 

 Despite expectations of RECQL4’s function in DNA damage repair, previous studies of 

sensitivities of RTS patient cells and other models containing mutant RECQL4 to various DNA 

damaging agents had yielded inconsistent results (Castillo-Tandazo et al., 2019; Jin et al., 2008; 

Kitao et al., 1998; Kohzaki et al., 2012). This study characterised the sensitivity profile of the 

Mut-2 clones to a panel of different classes of DNA damaging agents and took an in-depth 

look at the effects of one compound to which they were particularly sensitive. The results 
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strongly implicated DNA DSB repair, in particular, HR as being affected by RECQL4 Mut-2 

mutation.  

Further direct functional assays of DNA DSB repair confirmed that both HR and MMEJ 

were compromised in the Mut-2 clones. Reconstitution experiments showed that the defect 

in HR was due to structural changes caused by the Mut-2 mutation on the RECQL4 protein 

rather than due to changes in RECQL4 protein abundance. This provided strong evidence that 

deficiency in HR in the context of Type II RTS was a result of disruption of the RECQL4 helicase 

function. These findings propose a model in which RECQL4 helicase activity—independent of 

the roles played by other portions of the protein—play an important role in replication-

specific DNA DSB repair, complementing RECQL4’s other S-phase specific functions. 

Unexpectedly however, data from this study also showed that RAD51 foci formation 

was unaffected in Mut-2 clones. This observation stood in contrast to predictions based on 

the existing model of RECQL4 function in DNA resection during the early stages of HR (Lu et 

al., 2016). Further studies will be necessary to answer important questions in several areas 

raised by this finding.  

First, the nature of the DNA resection defect previously reported should be further 

characterised in the context of RECQL4 disruption. Are the Mut-2 clones in the current study 

similarly deficient in DNA resection after DNA DSB induction compared with parental HEK293? 

If so, is the extent of this deficiency comparable to those reported by others in RECQL4-

depleted cells and cells expressing helicase-dead RECQL4 mutants (Lu et al., 2016)? If no 

deficiency is found, could the reported DNA resection deficiency be a cell line specific 

phenomenon? Do other models of Type II RTS such as patient cells or mouse models also show 

deficient DNA resection?  
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Second, the link between any DNA resection deficiencies observed above and 

downstream HR activity needs to be positively established. What is the effect of RECQL4-

deficiency mediated resection defect on RAD51 foci formation? What is the magnitude of this 

effect? To what extent is RECQL4 function necessary for downstream HR steps? Are similar 

effects also seen in Type II RTS patient cells?  

Finally, it is clear that the current model of RECQL4 function does not account for the 

possibility of RECQL4 participating in multiple steps in HR (Lu et al., 2016). RECQL4 has been 

shown to bind to Holliday junctions as a substrate (Sedlackova et al., 2015). In addition, 

interaction between RECQL4 and BLM, another protein that also acts on Holliday junctions, 

has also been reported, especially after treatment of cells with ionising radiation (Bizard and 

Hickson, 2014; Sharma et al., 2006; Singh et al., 2012). These findings and the data from this 

study support the hypothesis that additional new roles exist for RECQL4 in later steps of HR, 

possibly during the resolution of the double Holliday junction. The Mut-2 clones generated in 

this study are useful models for studies to isolate these functions.  

In summary, while multiple studies—including this one—have shown defects in 

HR/replication-associated DNA DSB repair upon RECQL4 disruption, the precise ways in which 

RECQL4 disruption impacts these processes remain to be elucidated.   

4.3 Limitations of the Mut-2 clones as models of RTS 

 Despite the utility of the Mut-2 clones in the study of this particular RECQL4 mutation, 

there are important limitations and caveats to their usefulness as a model of RTS. First and 

foremost, these Mut-2 clones were generated from HEK293, which while convenient to 

manipulate and study, cannot be considered to be normal cells either genetically or 

functionally (Stepanenko and Dmitrenko, 2015). As tools for the study of basic processes such 
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as DNA damage repair, HEK293s may be acceptable and widely used, however, care must be 

taken when interpreting results (Lu et al., 2016; Singh et al., 2010).  

A second limitation concerns the use of CRISPR/Cas9 to study RECQL4 mutations. As 

discussed previously (Chapter 2 Section 2.4.1), HDR is essential to precise CRISPR/Cas9-

mediated gene editing (Liu et al., 2019; Ran et al., 2013; Ryu et al., 2019). The CRISPR/Cas9 

editing of RECQL4 to knock-in the Mut-2 mutation in this study resulted in significant errors in 

the repair of the Cas9-induced DNA DSBs. Future work using this approach should incorporate 

measures to suppress error-prone repair such as that arising from NHEJ and/or to enhance 

HDR efficiency (Liu et al., 2019). Such measures could include NHEJ inhibition via SCR-7, a 

chemical inhibitor of DNA ligase 4, or siRNA-mediated knockdown of the Ku-complex 

components or DNA ligase 4 (Chu et al., 2015; Findlay et al., 2018; Li et al., 2018). Similarly, 

measures to directly stimulate HDR activity such as using RS-1, a chemical RAD51 enhancer, 

should also be considered, perhaps even in combination with NHEJ suppression (Pinder et al., 

2015; Song et al., 2016).  

Finally, a third limitation of this model system, in the context of my particular broad 

interest in the mechanisms underlying the aetiology of osteosarcoma, is the obvious fact that 

these HEK293-based models are ill-suited for studying the specificity for elevated risk of 

osteosarcoma in Type II RTS. Such tissue/lineage-specific effects will likely require animal-

based models rather than cell line-based approaches.  

4.4 Future directions 

 There are several potential lines of inquiry which can arise from this study. For instance, 

more work is needed to define the potentially multiple roles of RECQL4 in HR discussed above 

(Section 4.2.2). In particular, what are the precise protein interactions and steps affected by 

the RECQL4 Mut-2 mutation? One avenue of approach briefly touched upon in the discussion 
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above is based on data from this study implicating RECQL4 in HR downstream of RAD51 

nucleoprotein filament formation. Evidence from other studies already suggests that Holliday 

junction resolution is a potential step on which RECQL4 may act (Bizard and Hickson, 2014; 

Sedlackova et al., 2015; Sharma et al., 2006; Singh et al., 2012). The Mut-2 clones generated 

in this study are excellent models to study whether RECQL4 disruption affects Holliday 

junction resolution. For example, one possible prediction of RECQL4 potentially functioning in 

this process is that the balance of the end products from the dissolution of the Holliday 

junctions could be altered in the Mut-2 clones, possibly towards aberrant crossover products. 

This can be studied both by assaying for rates of sister-chromatid exchange in the Mut-2 

clones as well as by sequencing the end repair products of the GFP reporter assays. Aberrant 

Holliday junction resolution could lead to large scale structural rearrangements as well as 

increased genomic instability. If shown to be present in the Mut-2 clones, can such genomic 

instability be detected in cells that have undergone extended periods of cell culture versus 

those from earlier passages? Such an observation, if shown to be a consequence of RECQL4 

disruption, could be an explanation for some of the phenotypes seen in Type II RTS.  

 Another area of interest is the potential functions of RECQL4 in other DNA damage 

repair pathways. RECQL4 has been previously reported to interact with components of NHEJ, 

BER, and NER (Fan and Luo, 2008; Schurman et al., 2009; Shamanna et al., 2014). Furthermore, 

data from this study indicated possible defects in additional DNA damage repair pathways 

such as BER as a result of RECQL4 mutations. With these findings in mind, is BER compromised 

in the Mut-2 clones or are findings such as their increased MMS sensitivity due to their known 

HR deficiency?  To address this, studies should be done to assess BER-mediated removal of 

nucleotide adducts in Mut-2 clones arrested in G1. In addition, if a BER-specific defect exists 

in the Mut-2 clones, is it due to decreased RECQL4 protein abundance or disruption of its 
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helicase function? For this, BER repair efficiencies in G1 arrested cells could be compared for 

the Mut-2 clones reconstituted with wild-type and ΔEx14 forms of RECQL4 that were 

generated in this study. Finally, current understanding of the roles of RECQL4 in BER does not 

indicate a requirement for helicase function. If this is supported by the results of the above 

studies implicating protein abundance in BER-specific defects, then it may be speculated that 

decreased protein abundance and disruption of RECQL4 helicase function in Type II RTS may 

interact synergistically to impair different aspects of the cellular response to damage from 

agents such as MMS. Increased accumulation of nucleotide adducts due to BER deficiency 

could be compounded by their conversion to DSBs during replication whose repair is then 

impaired by HR deficiency. This model could be tested by again comparing the response of the 

different sets of RECQL4 overexpression Mut-2 clones generated in this study, but without the 

G1 arrest.  

A broader question regarding the role of RECQL4 in other DNA damage repair 

pathways is whether the spectrum of RECQL4 mutations found in Type II RTS patients results 

in differing effects on individual repair pathways and whether structure-function relationships 

could be elucidated that predict such effects based on patient genotype. Such questions could 

be answered by replicating the approaches used in this study on a larger panel of RECQL4 

mutations.  

 Finally, it may be useful to attempt to generate cell line models of RECQL4 RTS 

mutations in normal mesenchymal cells such as mesenchymal stem cells. This would allow for 

the study of the effects of RECQL4 mutations in the context of osteoblastic differentiation and 

may yield insights into questions such as what role RECQL4 plays in osteogenesis, how 

disruption of RECQL4 leads to the skeletal phenotypes seen in Type II RTS, and whether or 

how that leads to the predisposition for osteosarcoma in Type II RTS. Such studies could also 
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be invaluable in uncovering the mechanisms and processes involved in the pathogenesis of 

sporadic osteosarcoma.  
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