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Abstract 

DNA polymerase-theta (Polq) is a class A family DNA polymerase comprising 

of a helicase-like domain on the N-terminus and a DNA polymerase domain 

on the C-terminus. Polq overexpression in breast and ovarian cancer patients 

correlate with high tumor grade and poor response to chemotherapeutic drugs. 

Consistently, Polq inhibition is synthetically lethal with inactivation of BRCA1/2 

genes, which are often found mutated in these tumors. The ability of Polq to 

sustain viability of BRCA1/2 defective cancer cells has been attributed to its 

role in alternative end-joining repair of double strand breaks (DSBs) resulting 

from collapsed replication forks. In addition to DSBs a major role in BRCA1/2 

activity is the suppression of defects associated with faulty DNA replication. 

Indeed, the occurrence of extensive DNA replication defects ranging from 

single stranded DNA gap accumulation to nascent DNA degradation in the 

absence of BRCA1/2 and RAD51 has been previously demonstrated. 

However, the role of Polq in counteracting defective DNA replication in the 

absence of functional BRCA1/2 and RAD51 is poorly understood. To address 

this question, we cloned and purified the full length and different domains of 

Xenopus laevis Polq and generated antibody to study Polq function in 

replicating Xenopus egg extracts. Our preliminary findings indicate that Polq 

has replication dependent and independent functions. Significantly, although 

dispensable for normal chromosomal DNA replication, Polq is strongly 

enriched at stalled forks upon replication stress conditions induced by 

aphidicolin. Using DNA electron microscopy, we discovered that Polq 

overexpression suppresses ssDNA gaps at the replication fork and replication 

fork reversal triggered by aphidicolin-induced fork stalling. Therefore, our 

results suggest that Polq not only repairs DSBs but also prevents the 
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occurrence of potentially harmful DNA replication intermediates. We are 

currently investigating Polq function in relation to replicative defects arising in 

the absence of BRCA1/2 and RAD51. Better understanding of Polq function at 

stalled forks will help to target breast and ovarian cancers more effectively. 

 

  



 13 

Chapter 1. Introduction  

1.1 DNA replication in eukaryotes  

DNA replication is a fundamental process and is highly conserved across the 

species. All organisms in the three kingdoms of life classified by Ernst Haeckel 

undergo semiconservative mode of DNA replication[1] as originally 

hypothesized by Watson and Crick after the discovery of structure of DNA[2]. 

DNA replication is a process by which the cell duplicates its genome in S phase 

prior to cell division. To ensure stable transmission of genetic information from 

one generation to the next one, DNA replication is tightly regulated to allow 

only one duplication event per cell cycle to give rise to two daughter cells with 

equal number of chromosomes. Therefore, replication of the eukaryotic 

genome is spatially and temporally regulated by a serious of steps[3].  

Genomic DNA replication comprises of three steps – DNA replication initiation, 

elongation and termination (Fig.1.1). During replication initiation, DNA double 

helix unwinds at specific sites called origin of replication (ori) which act as 

replication start sites where specialized multi-protein complex called replisome 

is assembled. In the elongation step bulk DNA is replicated by the specialized 

multi-protein complex called replisome. During the final step of DNA replication 

termination, after complete replication of the whole genome, replisomes are 

disassembled and daughter molecules are resolved[4].  

While most DNA replication happens with high fidelity, errors do happen which 

lead to mutations. The obstacles presented to the replication machinery are 

both intrinsic and extrinsic in nature and challenge replication accuracy[5, 6], 

that often leads to genome stability which is one of the hallmarks of cancer[7].   
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Figure1.1 Three key steps in genomic DNA replication. Graphical 

representation showing DNA replication initiation, elongation and termination. 

The termination step consists of fork convergence, replisome disassembly, 

gap filling, ligation and decatenation. Daughter strands are shown in grey lines 

and RNA primers are indicated in red. “Adapted from Dewar, J. M. et al., Nat 

Rev Mol Cell Biol, 2017”[4]. 
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1.1.1 Replication origin licensing  

Since the size of the eukaryotic genome is large, multiple replication origins 

(typically ~ 103 to 105) are utilized to ensure fast and complete duplication of 

the genome[8]. To ensure that the DNA is replicated only once, the cell has 

come up with means to differentiate between replicated and unreplicated DNA 

by controlling origin licensing and origin firing. The fact that replicated DNA 

differs from unreplicated DNA was experimentally first demonstrated by the 

classic cell fusion experiments by Rao, P.N. et. al., Nature 1970[9].  Replication 

origins establishment in eukaryotes is divided in two steps: first, origin licensing 

- the recognition of the pre replication assembly site, and second, origin firing 

- the activation of DNA synthesis. This dual check mechanism is essential to 

precisely prevent re-replication of DNA in one cell cycle[8, 10].  Replication 

origin licensing happens in G1 phase of the cell cycle and results from the 

sequential loading of the pre-replication complex (pre-RC) protein assembly 

on all the origins of the genome (Fig.1.2). The first step of origin licensing is 

the loading of hetero-hexameric Origin Recognition Complex (ORC) to 

potential replication origins. ORC, which has ATPase activity, is made up of 

six subunits, ORC1-6. ORC binding is followed by the binding of Cdc6 and 

Cdc10-dependent transcript 1 (Cdt1), which in turn triggers the loading of DNA 

helicases mini-chromosome maintenance (MCM), which is composed of six 

subunits MCM2-7. This is the last step of origin licensing. All these proteins 

are conserved from yeast to humans, suggesting that the basic features of 

origin licensing had been evolutionary conserved in all eukaryotes[11]. 

Although ORC is highly conserved from yeast to mammals, no specific motif 

for ORC binding has been identified yet except for some lower organisms such 

as Saccharomyces cerevisiae[12-15].  
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Figure1.2 DNA replication origin licensing and firing.  Origin licensing 

occurs in G1 phase followed by pre-replication complex assembly in G1-S 

phase and origin firing to establish DNA synthesis in S phase. “Adapted from 

Fragkos, M. et al., Nat Rev Mol Cell Biol, 2015”[10]. 
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1.1.2 Replication origin activation and firing 

Origin activation happens at the G1-S phase transition and it involves the 

formation of pre-initiation complex (pre-IC) and activation of the MCM2-7 

complex. G1-S phase transition is triggered by cyclin-dependent kinases 

(CDKs) and DBF4-dependent kinase (DDK) that causes a change in the 

structure of pre-RC and leads to the recruitment of additional replication factors 

(MCM10, RECQL4, Cdc45, Treslin, GINS, TOPBP1, Pole)[10, 11].  

Cdc45 is an important factor in the transition from pre-RC to pre-IC because 

its association with MCM2-7 is a key step in DNA unwinding. Biochemical 

studies using Xenopus egg extracts have shown purified MCM2-7 free of 

Cdc45 does not have helicase activity whereas purified MCM2-7 from S-phase 

tightly bound to Cdc45 shows very high helicase activity[16, 17]. Helicase 

activation stimulates the recruitment of proliferating cell nuclear antigen 

(PCNA), replication factor A (RPA), replication factor C (RFC), DNA 

polymerase such as DNA Polymerase a and DNA Polymerase d (Fig.1.2), this 

whole protein assembly on the chromatin is referred to as a replisome[18-20].  

With this, each pre-IC is converted into two replication forks (with the replisome 

at each fork) that move in the opposite directions from the activated origin of 

replication (Fig.1.2) [21, 22]. 

However, to prevent re-replication of DNA in one cell cycle, further licensing 

must be blocked before cell enter S-phase. In metazoans, in S and G2 phase 

of cell cycle, re-replication is prevented by the interaction of geminin with Cdt1 

which blocks the reloading of MCM2-7 complex on replication origins[23, 24]. 

Geminin is then degraded in the next G1 phase by Anaphase promoting 

complex (APC), to ensure new origin licensing[25, 26].  
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1.1.3 Replication fork progression  

Upon replisome assembly, each pre-IC is converted into two replication forks 

(with the replisome at each fork) that move in the opposite directions from the 

activated origin of replication. Chromosomal replication takes place by the 

synthesis of nascent daughter DNA on both parental strand templates.  

Daughter strand synthesis in eukaryotes is performed by three DNA 

polymerases which are – DNA polymerase a, DNA polymerase d and DNA 

polymerase e[27, 28]. Upon unwinding of the parental strands by CMG 

helicase, DNA polymerase a-primase complex synthesizes a small RNA 

primer of 7-14 oxyribonucleotides and elongates it upto 20 

deoxyribonucleotides (dNTPs) [29-32]. Subsequent elongation of these 

primers is carried out by DNA polymerase d on the lagging strand and by DNA 

polymerase e on the leading strand, in coordination with the replisome 

machinery[33-36]. Since the directionality of polymerization of DNA 

polymerase e and d is 5’ to 3’, ‘leading strand’ synthesis is carried out 

continuously and codirectional to the fork progression, while ‘lagging strand’ 

synthesis is carried out discontinuously and in the opposite direction of the fork 

progression (Fig.1.3). Lagging strand synthesis is divided into okazaki 

fragments of 100-300 nucleotides[37, 38]. Besides the 5’ to 3’ polymerization 

activity, polymerase d also possesses 3’ to 5’ exonuclease activity to minimize 

any errors in DNA replication. Furthermore, Polymerase d displaces okazaki 

fragments 5’ RNA primer, which generates RNA-DNA single strand flaps which 

are removed by RNase H until the last few ribonucleotides and the remaining 

ribonucleotide flap is removed by 5’ exonuclease activity of Fen1[39]. 

Subsequently Ligase I joins two okazaki fragment leading to an intact double 

strand [39, 40].  
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Figure1.3 DNA replication fork progression. A replication fork showing the 

leading and lagging strand synthesis in 5’ to 3’ direction. DNA synthesis on 

leading strand is continuous while it is discontinuous on the lagging strand. 

Pola-primase complex synthesizes a short RNA primer and extends ~20 

deoxyribonucleotides by the polymerase activity of Pola. The primers are 

further extended by Pole on the leading strand and Pold on the lagging 

strand[41]. Created with BioRender.com 

 

1.1.4 Eukaryotic DNA polymerases  

DNA polymerases are grouped into seven families (A, B, C, D, X, Y and RT) 

based on their sequence homology and structure analysis[42]. Replication in 

the nucleus of eukaryotic cells employs three DNA polymerases of the Family 

B – polymerase a, e and d[43-45]. DNA synthesis happens in the direction of 

5’ to 3’ and all DNA polymerases require a free 3’-OH group to add new 

nucleotide[46]. All the family B polymerases are high fidelity polymerases, 

except Pola, and perform proofreading activity in 3’ to 5’ direction to correct 

any errors during DNA replication[47, 48].  All three eukaryotic DNA 

polymerases are multi-subunit enzymes as shown in Table1.1.  
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Table1.1 Family B DNA polymerases and their subunits. All three 

eukaryotic DNA polymerases are multi-subunit enzymes. The table shows co-

comparison of the subunits between H. sapiens and S. cerevisiae and the 

function of the individual subunits. “Adapted from Doublié, S. et al., Front 

Microbiol, 2014”. 
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1.2 Family A polymerase – DNA Polymerase-theta 

DNA polymerase-theta (Polq) is a low fidelity class A family DNA polymerase 

encoded by POLQ gene [49, 50]. The N-terminal third of the protein is a 

helicase-like domain followed by three putative Rad51 binding motifs [51]. The 

C-terminal third of the protein is a DNA polymerase domain, which includes an 

exonuclease domain, though the functionality of the exonuclease domain is 

debatable [52, 53]. Adjoining the helicase-like and polymerase domain is a 

central region with no predicted function (Fig.1.4). Polq has been implicated to 

play a role in the base excision repair pathway. It is a crucial player in MMEJ 

repair pathway, an alternate route that homologous-recombination (HR) 

deficient cells appear to use to defend against DNA damaging agents [51, 54]. 

Biochemical studies imply that HR and MMEJ pathways share the same 

substrate: resected DSBs with short single-stranded DNA (ssDNA) overhangs 

bound by RPA (Fig.1.6) [55, 56] . The helicase-like domain of Polq removes 

RPA to promote annealing of ssDNA with microhomology [57]. The 

polymerase domain then likely fills ups the gaps left behind after ssDNA 

annealing to complete the MMEJ pathway (Fig.1.5). The role of Polq has been 

well established in MMEJ, however it’s function in DNA replication stress 

conditions has been poorly understood. DNA replication is a tightly controlled 

mechanism to ensure faithful duplication of the genome before cell division, 

and any aberration in it leads to replication stress[5, 58]. It has been proposed 

that HR deficient tumours are dependent on Polq, but evidence has been 

pilling in the literature about the role of HR proteins in DNA replication beside 

DNA damage repair. It is therefore plausible to investigate the hypothesis that 

BRCA1/2 deficient tumours might be dependent on Polq to deal with DNA 

replication stress.    
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Figure1.4 Schematic representation of Xenopus laevis Polq domain 

structure. The N-terminal region containing the helicase-like domain is 

followed by a central spacer region which harbors three putative Rad51 

binding motifs, here shown in red. In the C-terminal region, there is a 

polymerase domain[51]. The DNA polymerase domain contains an inactive 3’ 

to 5’ exonuclease domain. Numbers above the protein structure indicate amino 

acid position. Created with BioRender.com 
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Figure1.5 Molecular mechanism of Polq based microhomology mediated 

end-joining. Polq is shown as a dimer, it utilizes resected dsDNA with 3’ 

ssDNA overhang as a substrate bound by RPA which is removed by Polq-

helicase domain. Other factors such as HMCES, FANCD2, PARP1. May play 

a role in the recruitment of Polq at DSBs. In the subsequent steps, 

microhomology based annealing takes place by Polq, which typically leaves a 

flap which must be removed by exonucleases such as FEN1 or DNA2 followed 

by ligation by LIG1/3. “Adapted from Ramsden, D.A. et al., Nat Rev Mol Cell 

Biol 2021”[59]. 
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1.3 Synthetic lethality between POLQ and BRCA  

Genome instability is one of the hallmarks of cancer [7]. Mostly, the sources of 

genome instability arise from errors in DNA replication and repair. Loss of DNA 

repair is one of the earliest steps in tumorigenesis and is found in 40 to 50% 

of the cancers today [60]. Therefore, targeting DNA repair deficiencies has 

become an effective strategy to treat cancer. However, DNA repair deficient 

tumours often become highly dependent on alternative back up repair 

pathways like microhomology mediated end joining (MMEJ) (Fig.1.6) [51]. 

MMEJ is an error-prone double stand break repair (DSB) pathway and DNA 

polymerase-theta (Polq) is the main protein involved in it.  Studies from Alan 

D. D’Andrea and Agnel Sfeir demonstrated synthetic lethal relationship 

between Polq-mediated repair and homologous recombination (HR) pathway, 

in particular BRCA genes [51, 61]. POLQ has also been shown to be synthetic 

lethal with BRCA1/2 loss of function, using BRCA2 synthetic lethal screening-

based experiments[62]. Hence, identifying Polq as a new druggable target for 

cancer therapy in tumours carrying mutations in HR pathway genes.  

PARP inhibitors were the first clinically approved drugs exploiting the concept 

of synthetic lethality[63]. Poly-ADP-ribose polymerase 1 (PARP1) is an 

enzyme involved in DNA damage response[64]. Chemical inhibition of PARP1 

causes unresolved damage which ends up in DSB formation[65]. This results 

in synthetic lethality for BRCA1/2 mutated cells that cannot efficiently repair 

DSB[66]. This approach was promising, but acquired resistance mechanisms 

have been observed lately. Among these are secondary BRCA mutations, 

PARP1 overexpression and elevated expression of P-glycoprotein efflux 

pumps, which enhance the intra-to-extracellular translocation of small 

molecules[67]. Optimism is growing that targeting Polq will not only synergize 



 25 

for PARP inhibitors but will have greater utility in cancer treatment[60]. One of 

the reasons why Polq has become a major focus for cancer therapy is because 

its expression is largely absent in normal cells whereas it is highly increased 

in many cancers, both HR proficient and deficient tumors[68-73]. The reasons 

why Polq overexpression is correlated with poor outcomes of the tumor are not 

very well understood but one of the possibilities could be that Polq repairs 

spontaneous DNA damage.  

 

 

 

 

 

 

 

 

 

 

 

 

 



 26 

 

 

 

 

 

 

 

 

 

 

 

Figure1.6 Double strand break repair by HR and MMEJ. DSBs are 

predominantly repaired by HR in the S and G2 phase of the cell cycle because 

the homologous template is present. MMEJ is a “backup” repair pathway that 

HR deficient cells employ for DSB repair. Both HR and MMEJ share the same 

substrate, i.e., a resected double strand break with a 3’ overhang bound by 

ssDNA binding protein RPA. HR is an error-free repair pathway whereas 

MMEJ is an error-prone repair pathway. “Adapted from Higgins, G.S. et. al., 

Science 2018[60]”.  
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1.4 DNA replication stress and genome stability  

In eukaryotes, DNA replication originates at multiple origin of replication and 

at each origin two replication forks are formed which run in two opposite 

directions. Replication origins are licensed prior to S-phase (for more detail 

see section 1.1.1). However not all replication origins which are licensed fire 

in an unperturbed replication S-phase. These ‘dormant origins’ can be 

activated to fire upon replication stress to ensure the completion of a faithful 

round of DNA replication at stalled replication forks[74-76]. 

Replication stress is defined as the slowing down or stalling of replication fork 

progression and DNA synthesis and this leads to an accumulation of persistent 

ssDNA at the fork[5]. These ssDNA gaps are formed mainly by the uncoupling 

of CMG helicase and DNA polymerase. Replication stress can be generated 

by a variety of sources such as: limiting nucleotides, DNA lesions, 

ribonucleotide incorporation, repetitive DNA, fragile sites, oncogene-induced 

stress, DNA secondary structures, ongoing transcription and RNA: DNA 

hybrids. Persistent ssDNA gaps bound by RPA adjacent to a stalled newly 

synthesized double stranded DNA, activates replication stress response 

(Fig.1.7) [77]. This leads to the recruitment of replication stress response 

proteins such as Ataxia-telangiectasia-mutated (ATM) and ataxia 

telangiectasia and Rad3-related (ATR), which in turn phosphorylates RPA 

(Ser33) or Chk1 (Ser345) to inhibit cell cycle progression and suppress late 

origin firing to maintain genome stability (Fig.1.8). In addition, ATR also helps 

to stabilize and restart the stalled forks. Fork collapse can also lead to 

formation of DNA double strand breaks at the stalled fork or it can be 

remodeled into a reversed fork by chromatin remodelers. Though it is not yet 

clear whether reverse fork formation is protective or pathological for the cell.  



 28 

 

 

Figure1.7 Causes of replication stress and genomic instability. There are 

numerous intrinsic factors which pose a threat to the ongoing replication 

machinery and overall affecting genome stability. Some of the causes of DNA 

replication are limiting nucleotides, DNA lesions, ribonucleotide incorporation, 

repetitive DNA, fragile sites, oncogene-induced stress, DNA secondary 

structures, ongoing transcription and RNA:DNA hybrid. Some of the known 

pathways to resolve replication stress for each source of stress are indicated 

above in bold, marked with an arrow[5]. “Adapted from Zeman, M.K. et al., Nat 

Cell Biol 2014”. 
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Figure1.8 Replication impairment and S-phase checkpoints. Upon 

unwinding of the parental strands by CMG helicase, DNA polymerase a-

primase complex synthesizes a small RNA primer. Subsequent elongation of 

these primers is carried out by DNA polymerase d on the lagging strand and 

by DNA polymerase e on the leading strand, in coordination with the replisome 

machinery. Encountering an obstacle may lead to fork stalling or DSBs which 

triggers phosphorylation of CHK1 and CHK2 by ATM and ATR[58]. “Adapted 

from Gaillard, H. et al., Nat Rev Cancer 2015”. 
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1.5 Replication fork reversal as an intermediate for DNA 

damage response 

Ongoing DNA replication forks encounter several intrinsic and extrinsic DNA 

lesions which pose as obstacles for the replication machinery. Reverse fork 

formation is a key protective mechanism which allows the forks to reverse their 

course to promote DNA damage tolerance and prevent chromosomal 

breakage[78]. Reverse forks are formed by the coordinated annealing of the 

newly synthesized daughter strands into a four-way junction structure like a 

Holliday junction which can be restarted later (Fig.1.9)[79].  

The first experimental evidence for reverse fork was reported in E.coli 

hyperrecombination regions where replication forks terminate at tus-ter 

protein-DNA complex[80]. This observation led to the hypothesis that reverse 

forks formation occur at termination sites due to their involvement in 

recombination events. For a long time, reverse forks were observed only in 

prokaryotes and certain yeast mutants, however recent visualization of 

replication intermediates in metazoans using electron microscopy shed light 

on the global presence of reverse forks[81].  

When replication fork encounters a lesion and stalls, uncoupling of CMG 

helicase and DNA polymerase leads to an accumulation of ssDNA gaps 

behind the fork. ssDNA at the fork quickly gets coated by ssDNA binding 

protein RPA which in turn promotes the recruitment of E2-E3 ubiquitin 

conjugating enzymes which ubiquitinates PCNA. Mono or polyubiquitinated 

PCNA regulates the pathway choice between error-prone translesion DNA 

synthesis and error-free template switching mechanisms respectively[82, 83]. 

E2-E3 ubiquitin conjugating enzymes monoubiquitinates PCNA at lysine 164 
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(K164), as well as UBC13-dependednt polyubiquitination at lysine 164. 

Polyubiquitinated PCNA then interacts with chromatin remodeler ZRANB3 

which promotes replication fork reversal (Fig.1.9)[79]. Persistent ssDNA gaps 

can also be remodeled into a reverse fork by Smarcal1[84, 85]. Different 

chromatin remodelers such Smarcal1, ZRANB3, HLTF recognize different fork 

structure to remodel into a reverse fork[86-88]. However, depletion of 

Smarcal1 or ZRANB3 does not fully abrogate fork reversal suggesting that fork 

reversal is not mediated by one fork remodeler and that different fork structure 

might require different chromatin remodelers or more than one fork 

remodeler[84, 89]. The central recombinase factor Rad51 which was 

previously thought to be limited to its function in homologous recombination, 

has been shown to be involved in replication fork reversal[90]. HR factors, in 

particular Rad51, BRCA1/2, are key regulators in maintaining the tight link 

between replication fork remodeling and degradation[91, 92]. 
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Figure1.9 Model for mechanisms of reverse fork formation. Uncoupling of 

CMG helicase and polymerase leads to ssDNA gaps behind the fork. 

Accumulation of ssDNA at the fork coated by RPA promotes the recruitment 

of E2-E3 ubiquitin conjugating enzymes which ubiquitinates PCNA, that 

interacts with ZRANB3 promoting fork reversal. Persistent ssDNA gaps can 

also be remodeled into a. reverse fork by Smarcal1[79]. “Adapted from Quinet, 

A. et al., Mol Cell 2017”. 

 

 

 

 

 

 



 33 

1.6 Role of homologous recombination factors in reverse 

fork protection  

Homologous Recombination factors, in particular Rad51, BRCA1/2, are key 

regulators in maintaining the tight link between replication fork remodeling and 

degradation[91, 92]. The regressed arm of the reverse fork look like a one-

ended double strand break which must be protected from nuclease cleavage. 

In normal cells, BRCA2 promotes Rad51 binding to replicating DNA and 

stabilizes Rad51 nucleofilament on the regressed arm of the reverse fork and 

thereby protecting it from DNA exonucleases CtIP, MRE11, EXO1 based 

resection. The RECQ1, DNA2 and WRN stimulate reverse fork restart.  

Rad51 has two distinctive functions during DNA replication stress – a BRCA-

independent function in promoting the first step of reverse fork formation, and 

a BRCA-dependent function in protecting the reverse fork degradation by 

forming stable Rad51 nucleofilament on the regressed arm to prevent 

nucleolytic degradation[84, 93, 94].   

In BRCA2 deficient cells, regressed arm of the reverse arm is extensively 

degraded by CtIP, EXO1, MRE11[93]. MRE11 is recruited at the reverse fork 

by PTIP, MLL3/4 and RAD52[95]. Initial degradation of the regressed arm by 

MRE11 generates a reverse fork with 3’ ssDNA flap which is a substrate of the 

endonuclease MUS81[79]. MUS81 cleaved product produces a migrating 

bubble which promotes DNA synthesis by POLD3[96] (Fig.1.10). Therefore, 

HR factors play a crucial role in protecting the reversed forks from nucleolytic 

cleavage thereby maintaining genome stability.  
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Figure1.10 Model for mechanisms of reverse fork protection and restart. 

In WT cells, BRCA2 stabilizes Rad51 nucleofilament on the regressed arm of 

the reverse fork thereby protecting it from CtIP, MRE11, EXO1 based 

resection. Then RECQ1, DNA2 and WRN stimulate reverse fork restart. In 

BRCA2 deficient cells, regressed arm of the reverse arm is extensively 

degraded by CtIP, EXO1, MRE11 which generates a reverse fork with 3’ 

ssDNA arm which is a substrate of MUS81. MUS81 cleaved product produces 

a bubble which can be a template for DNA synthesis by POLD3 [79]“Adapted 

from Quinet, A. et al., Mol Cell 2017”. 
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1.7 Xenopus laevis egg extract system as a model system 

to study DNA replication and DNA damage response 

Cell free system based on vertebrate model system Xenopus laevis has been 

instrumental in elucidating biochemical basis of cell cycle check-point, DNA 

replication and repair [97]. Due to high levels of maternal proteins and mRNA 

molecules, X. laevis egg extract is able to recapitulate all cell cycle events such 

as nuclear assembly, semi-conservative DNA replication, chromosome 

condensation, spindle assembly and mitosis[98, 99]. Like other vertebrates, 

Xenopus laevis eggs are also arrested in Meiosis metaphase II, and the 

fertilized egg as well as egg extracts supplemented with sperm nuclei are able 

to initiate DNA replication and undergo 12 rounds of cell division until mid-

blastula transition (MBT) without transcription[100]. Therefore, this system 

becomes a valuable tool to study protein complex and it allows to study DNA 

replication intermediates spatially and temporally independent of replication-

transcription collision. Moreover, it offers an advantage to study essential 

proteins by depleting them from the protein-rich egg extract by 

immunodepletion, which in any other system would render them inviable. 

Owing to the ability of this embryonic system to replicate quickly, DNA 

replication dynamics can be monitored by chromatin binding assay of the 

different replication factors or by replication assays which is based on 

evaluating the incorporation of radiolabelled nucleotides. The use of cell free 

extracts can be combined with electron microscopy to visualize replication 

intermediates obtained from genomic DNA replicated in Xenopus extract[81, 

92, 101]. In this study, we mainly used these approaches to study the synthetic 

lethality between POLQ and BRCA by investigating the role of Polq in 

chromosomal DNA replication under stressful conditions. In particular, we 
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investigated the involvement of Polq at the ssDNA gaps and reverse forks by 

biochemical analyses of replicated chromatin in Xenopus extract and 

visualization of replication intermediates by electron microscopy.  
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Chapter 2. Materials and Methods 

2.1 Preparation of interphase Xenopus laevis egg extract 

Xenopus laevis interphase egg extract were prepared as previously 

described[102, 103]. Adult Xenopus laevis females were injected with 250U 

human chorionic gonadotropin (HCG) in the morning and a second injection of 

600U HCG six hours after the first injection. Each frog is placed in a single tank 

containing 100 mM NaCl for 12-16 hrs in an incubator at 20 °C. Next day 

morning, eggs are collected and freshly used for egg extract preparation. 

Xenopus laevis eggs are laid naturally arrested in metaphase II. The eggs were 

de-jellied in dejellying buffer (10 mM Tris pH8.0, 110 mM NaCl and 5 mM DTT) 

and rinsed three times in 50ml MMR (5 mM K-HEPES pH7.5, 100 mM NaCl, 

0.5 mM KCl, 0.25 mM MgSO4, 0.5 mM CaCl2, 25 μM EDTA). De-jellied eggs 

were released in interphase in presence of 5 μM Calcium Ionophore (Sigma 

A23187) for 5-10 mins, when animal pole becomes smaller indicating egg 

activation, they were washed three times with MMR and rinsed twice with 20 

ml ice cold S-buffer (50 mM K-HEPES pH 7.5, 50 mM KCl, 2.5 mM MgCl2, 

250 mM sucrose, 2 mM β-mercaptoethanol). Activated eggs were then 

compacked by centrifugation at 6000 x rpm for 8 secs and the excess of buffer 

was discarded. Eggs were then crushed at 13200 x rpm for 10 mins at 4 °C. 

The cytoplasmic fraction was collected and supplemented with 40 μg/mL 

cytochalasin B and gently mixed by inverting the tubes and centrifuged at 

70.000 x rpm for 18 mins at 4 °C in a TLA100.3 rotor (Beckman 349622). The 

interphase extract was obtained by collecting and gently mixing the cleared 

cytoplasmic fraction plus the nuclear membranes. Aliquots of Xenopus 

interphase egg extracts were snap frozen with 3% glycerol and stored liquid 

nitrogen for later use.  



 38 

2.2 Preparation of demembranated sperm nuclei  

Demembranated sperm chromatin was prepared from testes of male frogs 

primed with 50 U of Pregnant Mare Serum Gonadotropin (PMSG) 7 days 

before and with 300 U of Human Chorionic Gonadotropin (HCG) the day before 

the sperm preparation. Testes were rinsed three times in EB buffer (50 mM 

Hepes-KOH pH 7.5, 50 mM KCl, 5 mM MgCl2, 5mM EGTA, 2 mM ß-

mercaptoethanol) and finely chopped with a razor. The obtained material was 

homogenized in a homogenizer, filtered through 25 μM Nylon membrane and 

centrifuged for 5min in a swinging-bucket rotor (JS 13.1, Beckman) at 4250 x 

g at 4 °C. The pellet was resuspended in 1.5 ml of SuNaSp buffer (15 mM 

Hepes-KOH, pH 7.5, 250 mM Sucrose, 75mM NaCl, 0.5 mM Spermidine, 0.15 

mM Spermine) at room temperature and 50 μl of 10 mg/ml lysolecithin was 

added. The samples were incubated at room temperature for 5 mins. After the 

incubation sperm demembranation was tested by mixing 1.5 μl of sample with 

1.5 μl of Hoechst stain 33258 (1 μl/ml). Following demembranation of more 

than 95% sperm population, 10 ml of cold SuNaSp buffer supplemented with 

3% BSA was added to 1.5 ml sample and centrifuged for 5 mins in a swinging-

bucket rotor (JS 13.1, Beckman) at 4250 x g at 4 °C. Obtained pellet was 

resuspended in 1 ml of cold SuNaSp buffer supplemented with 0.3% BSA and 

centrifuged again for 5 mins at 4250 x g. The sperm pellet was resuspended 

in EB buffer supplemented with 30% glycerol. The sperm density was then 

counted to reach a final concentration of 200,000 nuclei/μl and aliquots were 

quickly frozen in liquid nitrogen and stored at -80 °C.  

2.3 Chromatin binding assay 

For chromatin binding assays 30 μl Xenopus laevis egg extract was incubated 

with 4000 sperm nuclei/ μl for required time points. At each defined time point 
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chromatin was isolated at the indicated time points. To do so, samples were 

diluted with 10 volumes of EB (100 mM KCl, 2.5 mM MgCl2, and 50 mM 

HEPES–KOH pH 7.5) containing 0.25% NP-40 (PanReac AppliChem) and 

centrifuged through a 0.5 M sucrose cushion at 10000 x g at 4 °C for 5 mins in 

a swinging backet rotor (TLA 100.3, Beckman). The supernatant and the 

dense sucrose layer were carefully removed without disturbing the pellet. 

Pellets were washed once with 300 μl EB and centrifuged in a benchtop 

refrigerated microcentrifuge at maximum speed for 5 mins. Resulting pellets 

were resuspended in Laemmli loading buffer. The samples were then 

denatured and resolved on a gradient SDS-PAGE and checked by WB. 

2.4 iPOND (isolation of proteins on nascent DNA) 

iPOND was performed as adapted from Sirbu, B. M. et. al., Nat Protoc, 

2012[104]. 100 μl extract was used for each sample and supplemented with 

CP, CPK, ChX. Sperm nuclei were then added to reach a final concentration 

of 4000 nuclei/μl. 30 mins after sperm nuclei addition 10 mins DNA labelling 

pulses were carried out supplementing the extracts with 40 μM Biotin-16-dUTP 

(Roche). After 10 mins labelling, samples were supplemented with 1.5 mM 

APH or DMSO as control. DNA replication reactions were stopped by diluting 

100 μl reactions with 200 μl cold EB-EDTA buffer (50 mM HEPES-KOH pH 

7.5, 100 mM KCl, 2.5 mM MgCl2, 1 mM EDTA). Samples were homogenized 

by using a cut p1000 tip and overlaid on 600 μl EB-EDTA-Sucrose buffer (EB-

EDTA buffer + 30% w/v sucrose). Nuclei were collected by centrifugation at 

10000rpm at 4 °C for 10 mins in a swinging-bucket rotor (TLA 100.3, 

Beckman). The supernatant was carefully removed and the nuclear pellet 

resuspended in 400 μl EB-NP40 buffer (50 mM HEPES-KOH pH 7.5, 100 mM 

KCl, 2.5 mM MgCl2, 0.25% NP40) to lysate nuclei. Samples were then 
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subjected twice to a 10 mins sonication step (30 s ON / 40 s OFF cycle and 

Max Power with a Bioruptor device, Diagenode). After sonication, 20 μl from 

each sample were kept apart (5% Input to be loaded as control for SDS-

PAGE). Biotinylated DNA fragments were then pulled-down by incubation with 

40 μl Dynabeads M-280 Streptavidin (Thermo Fisher, 11205D) for 30 min at   

4 °C. Dynabeads M-280 Streptavidin + the pull-down fractions were then 

washed three times with 200 μl EB-EDTA buffer and eventually resuspended 

with 30 μl of 1X denaturing loading buffer. The entire volume was eventually 

loaded on gel for SDS-PAGE and WB analysis.  

2.5 Replication assay  

DNA replication in Xenopus egg extract was performed as previously 

described[105]. Briefly, sperm nuclei (4000 nuclei/μl) were added to 10 μl of 

S-phase egg extract. Samples were supplemented with 0.1μl of α-32P-dATP 

(3000Ci/mmol) and incubated at 23 °C for different time points. Replication 

reaction was stopped with stop buffer (8 mM EDTA, 80 mM Tris pH 8.0, 1% 

w/v SDS), supplemented with 1 mg/ml Proteinase K and incubated at 37 °C 

for 2 hrs. Samples were frozen on dry ice and again thawed at 37 °C for 5 mins 

for a freeze and thaw cycle and then separated by electrophoresis through a 

0.8% agarose gel ran at 90V for 90 minutes. The agarose gel was then fixed 

in 30% TCA for 20 min, dried and exposed for autoradiography. For 

quantification of DNA replication efficiency, the gel was exposed to a 

phosphoscreen (GE Healthcare) for 12 hrs or longer if needed. The radioactive 

signal was monitored by phosphoImager (Typhoon) and quantified by Fiji 

software.  
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2.6 Cloning 

The cDNA sequence encoding Xenopus laevis Polq was obtained by 

retrotranscribing the RNA derived from Xenopus laevis eggs. The RNA was 

extracted from de-jellied eggs using the Trizol reagent (Thermo Fisher). cDNA 

first strand synthesis was done using oligo(dT)20 and superscript II reverse 

transcriptase (Thermo Fisher). The full-length sequence of Polq was amplified 

by PCR using Phusion High-Fidelity DNA polymerase (New England Biolabs) 

and Polq-N1 forward (CTGTGGATTATTATTGAGCCCCCG) and Polq-C2 

reverse (AAACCCTCTGGCCTCCTACAAGTC)  primers. The PCR product was 

cloned into pCR-BLUNT II – TOPO (Invitrogen) obtaining the ADA438 plasmid. 

The sequence encoding the Polq full length, N-terminal Helicase domain and 

C-terminal polymerase domain were amplified by PCR using Polq-for-aa1-

XhoI and Polq-rev-aa2590-stop-NheI, Polq-for-aa1-XhoI and Polq-rev-

aa1030-stop-NheI, Polq-for-aa1761-XhoI and Polq-rev-aa2590-stop-NheI 

respectively and cloned in pBAC-6H-MBP-TEV and pFH1 vectors obtaining 

the plasmids ADA444 (pBAC-6H-MBP-Polq-FL1-2590 for the expression of 6H-

MBP-Polq-FL), ADA445 (pFHis- Polq-Helicase1-1030 for the expression of 6H-

Polq-Helicase), ADA446 (pFHis- Polq-Polymerase1761-2590 6H-Polq-

Polymerase), ADA447 (pBAC-6H-MBP-Polq-Helicase1-1030 for the expression 

of 6H-MBP-Polq-Helicase) and ADA448 (pBAC-6H-MBP-Polq-

Polymerase1761-2590 for the expression of 6H-MBP-Polq-FL-Polymerase). All 

the sequences were checked by DNA sequencing. Cloning experiments were 

done in collaboration with Dr. Anna De Antoni.    
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2.7 Oligo extension assay  

DNA polymerase oligo extension assay was performed as described 

previously[85, 106] . Reaction mixture for DNA polymerase assay was 

prepared by mixing pre annealed TET labelled forward (5’ 

GCGGCTGTCATAAG 3’) and reverse (3’ GCGCCGACAGTATTCCGCCAG 

5’) template (final concentration 100 nM), 200 μM dNTPs, 2x reaction buffer 

(40 mM Tris-HCl pH 8, 50 mM KCl, 20 mM MgCl2, 2 mM DTT), H2O in a 

reaction volume of 5μl. The reactions were then supplemented with 5μl of 100 

nM recombinant 6H-MBP-Polq (FL) or 100 nM 6H-Polq polymerase domain. 

The samples were incubated at 37 °C for defined time points. The reaction was 

stopped by adding 10 μl of 2x Gel Loading Buffer II (Thermo Fisher AM8546G) 

containing 95% formamide and denatured by boiling at 95 °C for 5 mins. The 

products were electrophoresed on a denaturing 15% TBE-Urea 

Polyacrylamide Gel (Bio-Rad 3450086) in 1x TBE.  

2.8 Protein overexpression and purification 

6H-MBP-Polq (FL), 6H-MBP-Polq-Helicase and 6H-Polq-Polymerase 

from Xenopus were expressed in High Five insect cells (Invitrogen, B85502) 

infected with the respective recombinant baculoviruses by Silvia Monzani of 

the Crystallography Unit of the European Institute of Oncology. Briefly, for the 

MBP-fusion proteins, the cell pellet from 1L cell culture was resuspended in 

lysis buffer (50 mM HEPES, 200 mM NaCl, 1 mM EDTA, 10% glycerol, 2 mM 

2-merceptethanol) supplemented with protease inhibitor (Calbiochem), lysed 

by sonication and cleared by centrifugation. The supernatant was added to 

0.75 ml prewashed Amylose resin (New England Biolabs) for 3 hrs at 4 °C. 

The resin was then washed twice with lysis buffer-1 and the bound proteins 

were eluted with 10 mM maltose (Sigma, M5885). Relevant fractions were 
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concentrated in 50 kDa molecular mass cut-off Amicon ultra centrifugal filters 

(Millipore). The protein was further purified by SEC on Superdex-200 column 

(GE Healthcare) pre-equilibrated in SEC buffer (50 mM HEPES, 200 mM 

NaCl, 10% glycerol). The eluted peak fractions were pooled, concentrated and 

stored at −80 °C in small aliquots. For the 6H-Polq-Polymerase proteins, the 

cell pellet from 1L cell culture was resuspended in lysis buffer (50mM HEPES, 

300 mM NaCl, 10% glycerol, 2 mM 2-merceptethanol, 5 mM Imidazole) 

supplemented with protease inhibitor (Calbiochem), lysed by sonication and 

cleared by centrifugation at 14000 x g for 1hr at 4 °C. The supernatant was 

added to 1.5 ml prewashed Talon beads (New England Biolabs) for 2 hrs at    

4 °C. The beads were then washed twice with lysis buffer and the bound 

proteins were eluted with 200-300 mM imidazole in lysis buffer. 5 mM EDTA 

was added to the relevant fractions and were concentrated in 50 kDa 

molecular mass cut-off Amicon ultra centrifugal filters (Millipore). The protein 

was further purified by SEC on Superdex-200 column (GE Healthcare) pre-

equilibrated in SEC buffer (50 mM HEPES, 150 mM NaCl, 10% glycerol  - 

filtered with 0.2 μm filter). The eluted peak fractions were pooled, concentrated 

and stored at −80 °C in small aliquots. All the protein purification experiments 

were performed in collaboration with Dr. Anna De Antoni. 

2.9 Antibodies 

Rabbit polyclonal antibodies against Xenopus laevis Polq were raised by 

BioGenes GmBH using the recombinant protein 6H-TEV-Polq1761-2590 

containing the C-terminal region of the protein. Antibodies against Xenopus 

ATM, Pola Pold, Pole, ORC1, MCM7, Cdc45, RPA70, Smarcal1, Rad51, 

PCNA, H2B, gH2AX have been previously described [84, 92, 107].  
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2.10 Western Blotting  

Unless otherwise specified throughout this study 4 - 20% Bis – Tris Poly 

Acrylamide gels (Biorad) were used for SDS-PAG Electrophoresis. All gels 

were run at 120V to allow proper migration of different molecular weight 

proteins until the dye front reached the bottom of the gel. Proteins from gel 

were transferred on Nitrocellulose membrane 0.2 μM (Bio-Rad) by semi-dry 

method using the TransBlot Turbo apparatus (Bio-Rad). Transferred 

membrane was washed twice with TBST (1x Tris Buffered Saline 

supplemented with 0.1% Tween-20). The membranes were incubated for 1 hr 

in 25 ml with 5% w/v nonfat dry milk blocking solution or 5% BSA in TBST (for 

detection of phosphorylated proteins). After blocking, the membranes were 

incubated with specific antibodies at 4 °C overnight. Again, the membranes 

were rinsed thrice for 15 mins with TBST and incubated with an HRP 

conjugated secondary antibody (1:10,000) in blocking solution for 1 hr at room 

temperature. Afterwards signals were detected using ECL-Western blot 

detection reagents according to the manufacture’s guidelines (GE Healthcare).  

2.11 Immunoprecipitation of nuclear proteins 

100 μl extract was used for each sample and supplemented with energy mix. 

Sperm nuclei were then added to reach a final concentration of 4000 nuclei/μl. 

45 mins after sperm addition samples were supplemented with 1.5 mM APH 

or DMSO. After 45 mins, the reaction was stopped by adding 1:10 cold EB 

buffer supplemented with protease inhibitors. Samples were then centrifuged 

through a 0.5 M sucrose cushion at 10000 x g at 4 °C for 5 mins in a swinging 

bucket rotor.  Pellets were washed once with EB and resuspended in 

Resuspension buffer and sonicated using Bioruptor with cooling system 

(Diagenode) (15sec on/30 off), highest intensity, 3 cycles. Samples were 
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treated with benzonase (25U/ μl) and incubated for 1hr at 4 °C. Samples were 

then mixed with Dynabeads-ProteinA (Thermo Fisher, 10002D) conjugated 

with affinity purified rabbit Anti-Polq antibody/Anti-Smarcal1 antibody and 

incubated at 4 °C for 2-3 hrs in a wheel at slow motion. Beads used for 

immunoprecipitation were extensively washed and suspended in Laemmli 

loading buffer and resolved through SDS-PAGE and probed for antibodies of 

interest.  

2.12 Immunodepletion  

To immunodeplete Polq from the Xenopus laevis egg extract, 40 μg of affinity 

purified Polq antibody (Rabbit 29047) was incubated with 150 μl Protein A 

Dynabeads slurry (Thermo Fisher 10002D) overnight at 4 °C. 150 μl of Protein 

A Dynabeads conjugated to the antibody were divided into two Eppendorf 

tubes and unbound IgGs were removed by placing the dynabeads on a 

magnetic rack and washing with PBS buffer. Then 400 μl of extract was added 

to the antibody bound dynabeads and incubated on a rotating wheel at 4 ºC. 

Two rounds of depletion were performed for 60 mins and 45 mins. Mock 

depletion was performed in parallel using the same protocol with Dynabeads-

Protein A conjugated with affinity purified random rabbit IgG. The resulting 

supernatant was used as immunodepleted extract for downstream 

experiments. A chromatin binding reaction was performed simultaneously to 

follow the efficiency of Polq depletion by western blotting.  

2.13 hTRIM assay  

hTRIM21 is an E3 ubiquitin ligase which binds strongly to the constant region 

of antibodies and recruit’s ubiquitin-proteosome system to antibody bound 

antigens leading to their degradation[108]. It’s a technique for rapidly depleting 
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the endogenous proteins as opposed to canonical dynabeads 

immunodepletion which takes longer and mechanically stressful for the egg 

extract, thereby reducing its replication efficiency. To deplete Polq from the 

Xenopus laevis egg extract, 20 ng of affinity purified Polq antibody/ μl extract 

(Rabbit 29047) was incubated with 40 μg 6H-hTRIM/ μl extract at 23 °C for 30 

minutes. The immunodepleted extract was used to perform downstream 

experiments. A chromatin binding reaction was performed simultaneously to 

follow the efficiency of Polq depletion by western blotting. 

2.14 Electron microscopy sample preparation and analysis of 

replication intermediates  

The protocol for DNA electron microscopy analysis was adapted from 

Hashimoto et al., 2010[92]. Briefly, to visualize replication intermediates, 

sperm nuclei (4000 nuclei/μl) were incubated at 23 °C in 200 μl egg extract for 

60 mins. After 60 mins, the samples were diluted with 400 μl of EB buffer, 

layered onto 600 μl EB-EDTA (EB buffer + 1 mM EDTA) + 30% (w/v) sucrose 

and centrifuged at 10000rpm for 10 mins at 4 °C in a swinging bucket rotor. 

Supernatant was removed and nuclear pellets were resuspended in 100μl 

(final volume) cold EB-EDTA and then transferred to a pre-chilled 96-well 

microplate and subjected to four 4,5′,8-Trimethylpsoralen (TMP) crosslinking 

cycles. For each cycle, 5 μl of TMP stock (200 μg/ml) was added to each       

100 μl nuclei suspension at 10 μg/ml TMP final concentration and mixed with 

a cut tip. Samples were incubated for 5 mins in the dark on ice and irradiated 

with UV-A (366 nm) for 7 mins (Max power with the Strata linker UV2400). 

Nuclei suspensions were then recovered and the wells washed with 300 μl of 

EB-EDTA buffer. Samples were then supplemented with 0.1% (w/v) SDS to 

lyse nuclei and 250 μg/ml RNase A and incubated for 1 hr at 37 °C, then further 



 47 

supplemented with proteinase K (1 mg/ml) and incubated for 2 hrs at 50 °C for 

complete protein digestion. Genomic DNA was extracted by adding one 

volume of 1:1 (v/v) chloroform-isoamylalcohol mixture, precipitated with 1 

volume of isopropanol and 1:10 volume of 3M NaAc pH5.2, washed with 

prechilled 70% ethanol and resuspended overnight with 100 μl TE buffer. 

Samples were digested with the Ndel enzyme for 3 hrs at 37 °C in a final 

volume of 250 μl. Digested genomic preparations were then purified by means 

of Qiagen 20/G columns. Qiagen 20/G columns were equilibrated with 1ml of 

QBT buffer and then washed three times with 1 ml of 10 mM Tris pH 8.0, 1M 

NaCl and eventually equilibrated by washing three times with 1 ml of 10mM 

Tris pH 8.0, 300 mM NaCl. Each digested DNA mix was supplemented with 15 

μl of 5M NaCl to bring the salt up to 300 mM NaCl and the final volume was 

adjusted to 1 ml by adding 10 mM Tris pH 8.0, 300 mM NaCl. DNA mix was 

loaded on the 20/G tip columns and let to flow by gravity. Columns were then 

washed 2 times with 1 ml of 10 mm Tris pH 8.0, 500 mM NaCl. DNA samples 

were eventually eluted with 2 x 600 μl of 10 mM Tris pH 8.0, 1M NaCl, 1.8% 

caffeine. DNA obtained from Qiagen 20/G column purification was then further 

cleaned and concentrated using Amicon 100k size-exclusion devices. 

Samples were washed twice with 200 μl TE buffer and then centrifuged for 10 

mins at 10000 x g to minimally reduce sample volume. Concentrated DNA mix 

were recovered by spinning the Amicon devices upside down and 5 μl of each 

DNA sample were loaded on a 0.8% agarose gel to check for DNA 

concentration and quality. Purified DNA was later processed for electron 

microscopy. Electron microscopy grid shadowing was done with Leica MED20 

and images were acquired using FEI Tecnai 20 EM microscope equipped with 

a GATAN high-resolution camera. All the electron microscopy experiments 

were performed in collaboration with Dr. Vincenzo Sannino.  
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Chapter3. Results 
 
3.1 Protein sequence comparison between Human and 

Xenopus laevis Polq 

Proteins with high sequence identity posses functional similarity and are 

often evolutionary conserved[109, 110]. To understand the sequence 

conservation between Xenopus laevis Polq and it’s mammalian 

counterparts Mus Musculus and Homo sapiens, we retrived Polq protein 

sequences from NCBI and subjected it to multiple sequence alignment 

tool on Clustal Omega program. Xenopus laevis Polq shows 72% 

sequence identity with human Polq, this percentage was calculated 

using the Basic Local Alignment Seach Tool (BLAST).  In particluar, the 

Helicase-like and the polymerse domain of Xenopus laevis and Homo 

sapiens  Polq are higly identical (upto 85% sequence identity) and most 

of the sequence diversion is seen in the central spacer region whose 

functions are not yet well characterized. The human sequnece codes 

for a protein of 2590 amino acids, while that of Xenopus for a protein of 

2541 amino acids. Fig.3.1A shows the tripartite domain structure of 

Xenopus laevis Polq and Fig.3.1B shows the multiple sequence 

alignment between Xenopus laevis, Homo sapiens and Mus Musculus 

Polq. The highlighted portion in green on the N-terminus is the Helicase-

like domain, while the highlighted portion in yellow on the C-terminus is 

the polymerase domain.  
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Figure 3.1 Tripartite structure and sequence conservation in vertebrate 

Polq. (A) Domain structure of Xenopus laevis Polq, with a Helicase-like domain 

on the N-terminus harboring a Rad51intercating domain and, Polymerase 

domain on the C-terminus, conjoined by the central spacer region. (B) Multiple 

sequence alignment between Xenopus laevis, Homo sapiens and Mus 

Musculus Polq showing indiviual domains. The highlighted portion in green on 

the N-terminus is the Helicase-like domain, while the highlighted portion in 

yellow on the C-terminus is the polymerase domain. 
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3.2 Cloning and protein purification of Xenopus laevis Polq 

Specific antibodies are an invaluable tool in a biochemistry lab to be used in 

multiple antibody-based techniques such as western blotting, 

immunodepletion, chromatin immunoprecipitation etc. We use Xenopus laevis 

as a model system, and since there were no commercial antibodies available 

against Xenopus Polq, we decided to generate Polq antibody to establish a 

toolkit for the upcoming experiments. We synthesized total cDNA from the 

RNA extracted from Xenopus eggs and cloned Polq in a pCR™Blunt II-

TOPO® vector. We then cloned Polq full length (FL), helicase-like, and 

polymerase domain in pFH1 and pBAC-6H-MBP-TEV baculovirus vectors and 

verified it by DNA sequencing Fig.3.2. 6H-MBP-Polq (FL), 6H-MBP-Polq-

Helicase and 6H-Polq-Polymerase plasmids were used to transfect Sf9 insect 

cells to overexpress the proteins with the Baculovirus expression vector 

system. 6H-MBP-Polq-FL, 6H-MBP-Polq-Helicase were purified using 

amylose-affinity chromatography followed by size-exclusion chromatography, 

whereas 6H-Polq-Polymerase was purified using talon-affinity 

chromatography followed by size-exclusion chromatography on Superdex-200 

column. The detailed experimental methodology is summarized in Chapter2.7. 

The result of the purification of the recombinant protein 6H-MBP-Polq (FL), 6H-

MBP-Polq-Helicase and 6H-Polq-Polymerase are reported in Fig.3.3. the 

obtained recombinant proteins showed a molecular weight corresponding to 

their expected size of 323.8 kDa, 157.6 kDa and 91.3 kDa respectively. From 

one liter of insect cells 1 mg of 95% pure recombinant protein was obtained. 
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Figure 3.2 Cloning Xenopus laevis Polq. Agarose gel electrophoresis of 

PCR products encompassing Polq full length (FL), Polq helicase-like domain 

and Polq polymerase domain sequences, used for cloning in pFH1 and pBAC-

6H-MBP-TEV vectors.  
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Figure 3.3 Purified recombinant Xenopus laevis Polq. Coomassie Brillant 

blue stained SDS-PAGE gel showing pre-stained marker and purified 

recombinant protein 6H-MBP-Polq-FL, 6H-MBP-Polq-Helicase and 6H-Polq-

Polymerase of molecular weight 323.8 kDa, 157.6 kDa and 91.3 kDa 

respectively. 
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3.3 Antibody production and characterization for Xenopus 

laevis Polq 

The purified recombinant protein 6H-Polq-Polymerase was used to immunize 

two rabbits (individuals 29046 and 29047) by BioGenes GmBH to raise 

polyclonal Anti-Polq antibody (see section 2.8). All antibodies were purified by 

affinity chromatography (by Giuseppe Ossolengo, IFOM proteomic facility) 

against 6H-MBP-Polq-Polymerse from final bleeds and tested for western 

blotting. The recombinant protein (20 ng) and the interphase extract from 

Xenopus laevis eggs (1µl) were loaded onto a 4-15% gradient polyacrylamide 

gel for protein electrophoresis and subsequently characterized by western 

blotting. Both anti-Polq rabbit 29046 and 29047 could recognize the 

recombinant protein (6H-MBP-Polq-FL, 323.8 kDa) but not the endogenous 

Polq in the total extract (data not shown). Then we hypothesized it could be 

because the endogenous Polq is less than 2nM in the Xenopus egg extract 

[111] and hence could possibly be below the detection limit in the total extract. 

So, we performed a chromatin binding experiment to enrich DNA-bound 

proteins and upon immunoblotting a band was observed at the predicted Polq 

molecular weight >250 kDa in reference to the loading marker. To test the 

specificity of the antibody, we performed an immunodepletion of Polq by both 

the canonical Protein A Dynabeads method (Fig.3.5), and by hTRIM21 based 

rapid degradation of endogenous proteins (Fig.3.4). hTRIM21 is an E3 

ubiquitin ligase which binds strongly to the constant region of antibodies and 

recruits ubiquitin-proteosome system to antibody bound antigens leading to 

their degradation[108].  As expected, the antibody (Rabbit 29046) recognized 

a clear band both in the mock-depleted extracts and also the recombinant 6H-

MBP-Polq-FL while no band was detected in the Polq depleted lanes. The 
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purified rabbit polyclonal anti-Polq antibody exhibited high specificity and 

sensitivity against Xenopus Polq. For all the experiments in this study, affinity 

purified anti-Polq Rabbit 29046 was used for western blotting and affinity 

purified anti-Polq Rabbit 29047 was used for immunodepletion.   

 

 
 
 
 
 
 
 
 

 
 

Figure 3.4 Xenopus laevis Polq antibody characterization. Western blot 

analysis of hTRIM21 based depletion of Polq using the affinity purified 

polyclonal anti-Polq antibody (r29047). First lane shows 20ng of recombinant 

protein while the other lanes display proteins from the chromatin bound 

fractions. For the immunodetection the anti-Polq antibody (r29046) was used. 

On the bottom part ponceau staining of the filter showing equal amount 

loading. 
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Figure 3.5 Xenopus laevis Polq antibody characterization by Protein A 

Dynabeads based depletion. 1 μl of egg extract, chromatin bound fractions 

from mock depleted extract and Polq depleted extract are loaded in 4-15% 

SDS-PAGE gel and immunoblotted to test the level of depletion.  
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3.4 DNA polymerase activity of Polq 

Polq is a Family A polymerase which is classified as family of replication and 

repair polymerases[112]. To test the polymerase activity of the purified 

recombinant proteins 6H-MBP-Polq-FL and 6H-Polq-Polymerase, we 

performed fluorescent primer extension assay. The detailed protocol is 

summarized in section2.6. 6H-MBP-Polq-FL extended the GC rich primer up 

to 6 nucleotide bases, though the extension length was limited by the length of 

the complementary strand. Then we examined if the Polq polymerase domain 

alone can catalyse DNA synthesis on these primers. Indeed, 6H-Polq-

Polymerase was independently sufficient to elongate ssDNA. In fact, 

recombinant polymerase domain seems to catalyse the reaction faster when 

compared to the full length (Fig.3.6). We also observed degradation of this 

newly synthesized 20mer oligonucleotide at longer time points (data not 

shown), suggesting an inbuilt exonuclease function. Although, Maga, et al. 

2002[53] has also suggested an intrinsic 3’ to 5’ exonuclease activity in hPolq, 

in contrast to Seki, et al. 2003[52] where the authors ruled out any possible 

exonuclease activity in Polq. Polq has an exonuclease domain in the C-

terminal third of the protein, the exonuclease activity we observed could be 

either because of the functionality of this domain or it could be due to co-

purification of an associated exonuclease. Further studies are required to 

distinguish between the two cases. These experiments indicated that both 6H-

MBP-Polq-FL and 6H-Polq-Polymerase could catalyse oligo extension. Polq 

has an ability to add nucleotides on the 3’ end of ssDNA, primed by a short 

stretch of dsDNA (Fig.3.6). 
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Figure 3.6 DNA polymerase activity of Polq. (A) Template used for the 

primer extension assay. 5’ of the forward primer was modified with a TET 

(tetrachlorofluorescein) fluorophore. (B) Schematic design of the the in vitro 

fluorescent-oligo extension assay. (C) TBE-urea-polyacrylamide gel 

electrophoresis showing elongated primer products. The gel was imaged using 

520/30 filter on ChemidocXRS+ imager after UV excitation. 
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3.5 Recombinant 6H-MBP-Polq-FL, 6H-MBP-Polq-Helicase 

and 6H-Polq-Polymerase bind to the replicating chromatin 

Xenopus laevis egg extracts are a very powerful tool to investigate dynamics 

of chromatin bound proteins in various cellular processes such as DNA 

replication, chromatin remodelling and DNA damage response  [98, 113]. In 

order to characterize the biochemical dynamics of loading of the recombinant 

Polq proteins on chromatin, during DNA replication, chromatin binding 

experiments were performed (see section 2.3). As shown in Fig.3.7, Fig.3.8, 

Fig.3.9, 6H-MBP-Polq-FL, 6H-MBP-Polq-Helicase and 6H-Polq-Polymerase 

associate with replicating chromatin and their binding is similar to Rad51, 

RPA70 and Smarcal1. These experiments showed that Polq was already 

loaded on the chromatin at 30 mins after the start of the replication reaction 

and remains there for up to 120 minutes. We also observed a delay in 

replication timing upon 6H-MBP-Polq-FL overexpression as previously shown 

by Lemeé, et al., 2010[71]. We also monitored the chromatin association of 

Polq in the presence of replication fork stalling agents namely Aphidicolin 

(APH). Aphidicolin treatment led to an increase in Polq loading onto the 

chromatin. APH is an inhibitor of replicative polymerases that stalls fork 

progression[114]. Hence the data confirmed that the recombinant 6H-MBP-

Polq-FL, 6H-MBP-Polq-Helicase and 6H-Polq-Polymerase bind to the 

replicating chromatin.  
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Figure 3.7 6H-MBP-Polq-FL associates with replicating chromatin.  

Chromatin binding time course with or without recombinant 6H-MBP-Polq-FL 

(6.5ng/μl). 20ng recombinant 6H-MBP-Polq-FL was loaded as a positive 

control in lane 2. Western blotting was carried out with the chromatin fraction 

from 30 μl of extract incubated with 4000 nuclei/μl for the indicated times. To 

detect the recombinant protein anti-MBP antibody was used. Western blot 

analysis shows loading dynamics of different DNA replication and repair 

factors. NS: no sperm nuclei.  
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Figure 3.8 6H-MBP-Polq-Helicase associates with replicating chromatin.  

Chromatin binding time course with or without recombinant 6H-MBP-Polq-

Helicase(10.5ng/μl)., and 1.5mM aphidicolin. APH was added at time 45 into 

the egg extract. Western blotting was carried out with the chromatin fraction 

from 30 μl of extract incubated with 4000 nuclei/μl for the indicated times. To 

detect the recombinant protein anti-MBP antibody was used. Western blot 

analysis shows loading dynamics of different DNA replication and repair 

factors. NS: no sperm nuclei.  
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Figure 3.9 6H-Polq-Polymerase associates with replicating chromatin.  

Chromatin binding time course with or without recombinant 6H-Polq-

Polymerase (12.5ng/μl)., and 1.5mM aphidicolin. APH was added at time 45 

into the egg extract 45 min after sperm nuclei addition. Western blotting was 

carried out with the chromatin fraction from 30 μl of extract incubated with 4000 

nuclei/μl for the indicated times. To detect the recombinant protein anti-Polq 

antibody was used. Western blot analysis shows loading dynamics of different 

DNA replication and repair factors.  
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3.6 Polq is recruited at DNA double strand breaks  
 
Polq is a crucial player in microhomology mediated end-joining (MMEJ) repair 

pathway, an alternate route in homologous-recombination (HR) deficient cells 

that appear to defend against DNA double strand breaks (DSBs)[51]. 

Biochemical studies imply that HR and MMEJ share the same substrate: 

resected DSBs with short single-stranded DNA (ssDNA) 3’ overhangs bound 

by RPA[57]. To reconfirm the role of Polq at DSBs, we performed a chromatin 

binding assay using restriction enzymes EcoRI and EcoRV to mimic DSBs by 

creating blunt and sticky ends respectively on the Xenopus laevis sperm DNA. 

These treatments lead to an increase in Polq loading on the chromatin as 

compared to the mock treatment (Fig.3.10), suggesting that in egg extracts 

Polq responds to DNA double strand breaks as previously described in the 

literature using mammalian cells.  We also observed that Polq stays on the 

chromatin up to later time points unlike Pola and Pold which disassociate from 

the chromatin after one complete cycle of DNA replication at time 60/90 mins 

based on the quality of the egg extract. The enrichment of Polq on the 

chromatin is higher upon treatment with EcoRV as compared to EcoRI which 

could imply that Polq has a stronger affinity for blunt ends as opposed to 

resected 3’ overhangs, or it could be a technical limitation which is specific for 

these enzymes. The experiment needs to be repeated with another set of 

restriction enzymes which cut in blunt and sticky end fashion.  
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Figure 3.10 Polq is enriched on the chromatin upon DNA double strand 

breaks. (A) Chromatin binding time course with or without EcoRI/EcoRV 

(0.05U/μl), added at time 0 into the egg extract. Western blotting was carried 

out with the chromatin fraction from 30 μl of extract incubated with 4000 

nuclei/μl for the indicated times. (B) Histograms represents the quantificationof 

chromatin bound Polq (normalized with H2B) carried out through Fiji software.  
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3.7 Endogenous Polq is enriched at stalled replication forks 

induced by aphidicolin 

Polq is synthetically lethal with BRCA mutations[51]. The explanation in the 

literature points out at Polq functions in a backup DNA repair pathway (MMEJ) 

in the absence of HR. However, our lab has previously demonstrated that 

homologous recombination DNA repair factors such as Rad51, BRCA2 and 

the MRN complex are also required to ensure complete and faithful 

replication[84, 92]. BRCA1/2 defects are also associated with replicative 

defects (gaps and collapsed forks), contributing to the essential role of 

BRCA1/2 in replication in addition to their role in HR[115, 116]. Given the 

widespread overexpression of Polq in cancer[68, 69], we asked whether Polq 

could also suppress BRCA1/2 replicative defects in addition to promoting DSB 

repair. Therefore, to understand the involvement of Polq  in replication, we 

performed a chromatin binding experiment in normal and replication stress 

conditions. Replication stress was induced by high dose of aphidicolin (APH). 

APH is a potent inhibitor of DNA replication and strongly binds to the binary 

complex of Pola-DNA, thereby stalling replication fork [114, 117, 118]. 

Chromatin binding time course experiment showed an enrichment in the 

loading of endogenous Polq on the chromatin upon APH (1.5mM) treatment 

as compared to the control, suggesting a role of Polq at the stalled or collapsed 

replication forks (Fig.3.11).  
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Figure 3.11 Polq is enriched on the chromatin upon replication stress 

induced by Aphidicolin. (A) Chromatin binding time course with or without 

Aphidicolin (1.5mM), added at time 45 into the egg extract. Western blotting 

was carried out with the chromatin fraction from 30 μl of extract incubated with 

4000 nuclei/μl for the indicated times. NS: no sperm nuclei. (B) Histogram 

represents the quantification of chromatin bound Polq with respect to H2B, 

carried out through Fiji software. 
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3.8 Aphidicolin does not inhibit DNA synthesis by Polq 
 
Chromatin binding time course experiment showed an increase in the loading 

of Polq on the chromatin upon treatment with high dose (1.5mM) of APH, 

implying a role of Polq at the stalled replication forks (Fig.3.11). Then we asked 

whether Polq is catalytically active or not at the stalled replication forks, if its 

enrichment of Polq at the stalled replication forks could be due to a mere 

chelation at the forks, like it happens for Family B polymerases such as Pola 

and Pold or it is catalytically active at the stalled replication forks. To test this 

hypothesis, we performed a fluorescence-based oligo extension assay using 

the purified recombinant proteins 6H-MBP-Polq-FL and 6H-Polq-Polymerase 

in APH titration background. The complete protocol is summarized in 

section2.6. 6H-MBP-Polq-FL extended the GC rich primer even in the 

presence of 3mM APH. Then we examined if the Polq polymerase domain 

alone can also catalyse DNA synthesis on these primers in APH background. 

Indeed, 6H-Polq-Polymerase was independently sufficient to elongate the 

annealed primers even in the presence of APH. In fact, recombinant 

polymerase domain seems to catalyse the reaction faster when compared to 

the full length. To summarize, Polq is able to polymerize even in the presence 

of high dose of Aphidicolin up to 3mM (Fig.3.12). Hence the data confirm that  

Polq is actively engaged at stalled forks in replication stress response, likely 

polymerizing at the ssDNA gaps generated at the fork.  
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Figure 3.12 Aphidicolin does not inhibit DNA synthesis by Polq. (A) 

Schematic representation of the the in vitro fluorescent-oligo extension assay. 

(B) Denaturing TBE-urea-polyacrylamide gel electrophoresis showing 

elongated primer products in the presence of APH. The gel was imaged using 

520/30 filter on ChemidocXRS+ imager after UV excitation. 

 
 
 
 
 
 
 
 

15 
150 
1500 
3000 

6H-MBP-Polθ-FL
20 min

0No enzyme
15 
150 
1500 
3000 

6H-Polθ-Polymerase

0No enzyme

APH(μM)

+    Polθ 5’ 3’ 
5’ 3’ 5’ 3’ 

5’ 3’ 

A 

B 
 



 71 

3.9 Polq is located at the replication fork 
 

To ask whether the enrichment of Polq on the chromatin upon APH treatment 

is a specific enrichment at the replication fork, we performed iPOND 

experiments. iPOND, as the name reveals is a technique for isolation of 

proteins on nascent DNA[119, 120]. iPOND allows us to study proteins on the 

newly synthesized DNA with a spatial and temporal resolution[104, 121, 122]. 

The schematic representation of the iPOND experiment performed using 

Xenopus laevis egg extract is shown in Fig.3.13A. 

In initial stages of Xenopus embryos, replication origins are activated in 

clustered and origins within each cluster are stochastically fired every 5-15kb 

to complete fast and faithful duplication of the genome[123, 124]. In somatic 

mammalian cells, origins are fired every 5—150kb, hence slowing down the 

overall duplication of the genome[10, 125]. However, the replication fork 

progression rate is ~1.2kb/min in the Xenopus system as opposed to ~2kb/min 

in mammalian cells[104, 124, 125]. Considering the similar fork progression 

rate in Xenopus embryonic and somatic mammalian cells, we adapted the 

iPOND protocol used in mammalian cells for the Xenopus system[104].  

Extracts were supplemented with 1.5mM APH 40 min after nuclei addition and 

pulse-labeled for 10 min with biotin-dUTP as indicated. At 0’, 15’, 30’ and 45’ 

min chromatin was fractionated, sonicated and nascent chromatin was pull-

down with streptavidin beads. The eluted samples were immunoblotted for 

Polq, Pola, Pold, Pole, ATR, H2B as shown in Fig.3.13B. P-Chk1 activation 

upon APH treatment is also shown in total extract. Interestingly, we observed 

a reproducible binding of Polq at the replication fork, together with other 

components of replisome, upon replication stress conditions. These results 

emphasize the role of Polq in replication stress, beside its role in DSB repair. 
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Figure 3.13 Polq is at the replication fork in replication stress conditions 

(A) Schematic representation of the iPOND assay. (B) iPOND showing 

proteins bound to chromatin containing nascent DNA following biotin pull- 

down with streptavidin beads. Extracts were supplemented with 1.5mM APH 

40 min after nuclei addition and pulse-labeled for 10 min with biotin-dUTP as 

indicated. At 0’, 15’, 30’ and 45’ min chromatin was fractionated and nascent 

chromatin was pull-down with streptavidin beads. The eluted samples were 

analyzed by WB. P-Chk1 activation upon APH treatment is also shown in total 

extract. 
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3.10 Polq depletion does not affect affect bulk DNA synthesis 

in Xenopus laevis extract 

To verify the role of Polq in DNA replication, we assessed the replication 

efficiency and loading of replicative polymerases on the chromatin of Xenopus 

laevis extracts depleted of Polq or by chemically inhibiting Polq in comparison 

with mock-depleted extracts. As shown in Fig.3.14, Polq was immunodepleted  

>95% from the X. laevis egg extract (for detailed protocol see section 2.11).  

These extracts were subjected to a chromatin binding assay in which the level 

of chromatin bound proteins were assessed by WB. Mock and Polq depleted 

extracts were also treated with 1.5mM APH to induce replication stress. The 

chromatin binding results show that Polq depletion does not overall affect the 

loading of replicative polymerases on the chromatin. Polq is enriched on the 

chromatin upon APH as shown previously in Fig. 3.11. A slight increase in the 

levels of chromatin bound RPA70 and Rad51 was also observed in Polq 

depleted extracts. A slight increase in the levels of RPA70 was also observed 

upon chemical inhibition of Polq (5μM) as shown in Fig. 3.14B suggesting the 

presence of ssDNA upon Polq inhibition. Polq inhibited extracts were also 

subjected to DNA replication assay to measure the DNA replication efficiency 

based on the incorporation of α32P – dCTP. The assessment from the non-

denaturing agarose gel electrophoresis suggests that Polq inhibition does not 

overall affect the rate of DNA replication in Xenopus laevis egg extracts 

(Fig.3.15A). These experiments confirmed that Polq is not required for bulk 

DNA replication.  
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Figure 3.14 Polq depletion does not affect loading of replicative 

polymerases in Xenopus laevis egg extract. Chromatin bound 

fractions from mock depleted extract and Polq depleted extract (using 

0.4μg/μl Anti-Polq Rabbit 29047) in the presence or absence of 1.5mM 

APH, are loaded in 4-15% SDS-PAGE gel and immunoblotted to test the 

level of Polq depletion and for other replication factors. NS: no sperm 

nuclei.  
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Figure 3.15 Chemical inhibition of Polq does not affect bulk DNA 

synthesis in Xenopus laevis egg extract. (A) Interphase extract was 

supplemented with sperm nuclei (4000 nuclei/μl) and 0.1μl of α32P – dCTP 

(3000Ci/mmol) in the presence or absence of Polqi (5μM) for indicated time 

points and DNA synthesis was monitored by Neutral Agarose Gel 

Electrophoresis. (B) Chromatin bound fractions from mock and Polqi extract, 

are loaded in 4-20% SDS-PAGE gel and immunoblotted to test the level 

chromatin bound replication factors.  
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3.11 Aphidicolin induced fork-stalling leads to large ssDNA 

accumulation at the fork and replication fork reversal in 

Xenopus laevis egg extracts  

Aphidicolin is a highly specific inhibitor of DNA Polymerase a and strongly 

binds to the binary complex of Pola-DNA, thereby stalling replication forks[114, 

126]. Since Family B polymerases are structurally similar[127, 128], 

Aphidicolin also weakly inhibits DNA Polymerase d and e without affecting the 

exonuclease activity of Pol e[129, 130]. Considering the specificity of aphidicolin 

towards Family B polymerases, we set out to know the length of ssDNA behind 

and at the fork when the replicative polymerases are inhibited by Aphidicolin. 

Knowing the length of ssDNA at the replication fork in the presence of 

Aphidicolin will allow us to understand the role of Polq at the ssDNA gaps 

because as we have shown in Fig. 3.12, Polq is not inhibited by aphidicolin. 

Hence, we titrated the concentration of APH and monitored the level of ssDNA 

proteins on the chromatin and Pola accumulation. 1.5mM APH at time 60 mins 

into the replication reaction was optimized to induce fork stalling but without 

disturbing the nuclear assembly in Xenopus laevis egg extracts. The samples 

were collected 60 mins after APH treatment to be processed for electron 

microscopy sample preparation (for detailed protocol see section2.12). A 

representative normal fork and stalled fork with ssDNA gap on the daughter 

strand is shown in Fig.3.16 and Fig.3.17 respectively. Aphidicolin mediated 

fork stalling induced ssDNA gaps of an average length of 0.25-0.75kb, and 

nearly 15-20% of the forks showed extensive ssDNA gaps of 1.5-2.5kb (Fig. 

3.18). Fork stalling by 1.5mM APH treatment also led to the formation of about 

15% reverse fork formation (Fig.3.22).   
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Figure 3.16 Electron Microscopic visualisation of a normal replication 

fork. Representative replication intermediate isolated from Xenopus egg 

extracts from control extracts. Letter P indicate the parental strand, D indicates 

the daughter strands.  
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Figure 3.17 Electron Microscopic visualisation of ssDNA accumulation 

at the replication fork in APH treated extracts. Representative replication 

intermediate isolated from Xenopus egg extracts treated with 1.5mM APH at 

time 60min into the reaction. Letter P indicate the parental strand, D indicates 

the daughter strands.  
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Figure 3.18 Aphidicolin induced fork-stalling leads to large ssDNA 

accumulation at the fork. Scattered plot distribution showing ssDNA gap 

length in nnucleotides (nt), obtained from Electron Microscopic data of >300 

replication forks, in control and 1.5mM APH treated egg extracts.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 80 

3.12 ssDNA at replication forks induced by aphidicolin is 

suppressed by overload of Polq full length  

Since we observed an enrichment of endogenous Polq on the chromatin upon 

replication stress conditions induced by aphidicolin treatment (Fig.3.11). We 

also proved that the polymerase activity of Polq is not blocked by aphidicolin 

(Fig.3.12). Furthermore, we also observed an enrichment of ssDNA binding 

proteins such as RPA70 and Rad51 on the chromatin upon Polq depletion, 

suggesting the possibilty of larger ssDNA gaps in the absence of Polq. So we 

envisaged although Polq does not play a role in bulk DNA replication, could it 

be involved in preventing large ssDNA at the replication fork under replication 

stress conditions. To test our hypothesis, we performed an electron 

microscopy (EM) experiment by overloading 6H-MBP-Polq-FL (6.5ng/µl) to 

the Xenopus extract in 1.5mM aphidicolin background to induce replication 

stress. We then analyzed EM DNA replication intermediates isolated from the 

above mentioned treatment. Electron micrographs showing ssDNA 

accumulation at the replication fork upon 6H-MBP-Polq-FL overload is shown 

in Fig.3.19. Aphidicolin mediated fork stalling induced ssDNA gaps of an 

average length of 0.25-0.75kb, whereas upon Polq overload the average 

length of ssDNA gaps reduced to <0.25kb (Fig.3.20). The experiment was 

repeated three times for statistical significance. Overall the data clearly 

suggests that Polq overload is required to prevent ssDNA gaps accumulation 

at the forks upon replication stress.   
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Figure 3.19 Electron Microscopic visualisation of ssDNA accumulation 

at the replication fork in Polq overload. A Representative electron 

micrograph showing a replication intermediate isolated from Xenopus egg 

extracts supplemented with 6H-MBP-Polq-FL (6.5ng/µl) at time 0 min and 

1.5mM APH at time 60min into the reaction. Letter P indicate the parental 

strand, D indicates the daughter strands.  
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Figure 3.20 ssDNA at replication forks induced by APH is suppressed by 

overload of Polq full length. (A) Scattered plot distribution showing ssDNA 

gap length in nucleotides (nt), obtained from Electron Microscopic data of >300 

replication forks, in control and 1.5mM APH treated egg extracts. (B) 

Histograms showing the distribution of length of ssDNA at fork as measured in 

nucleotides in control and Polq-FL overload conditions upon APH treatment.  
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3.13 Reverse forks induced by aphidicolin are partially 

suppresses by overload Polq of full length 

Replication stress is defined as the slowing down or stalling of the DNA 

replication fork and it may happen due to many circumstances such as 

depletion of the nucleotide pool, double stand breaks, lesions on the template 

DNA, conflicts between replication and transcription machineries etc. [5, 77, 

131]. One of the ways cells cope with replication stress is by replication fork 

reversal, as a method to promote DNA damage tolerance and repair during 

DNA replication [78, 132]. Reverse forks are four-way junction structures 

formed by the coordinated annealing of the newly synthesized daughter 

strands[79, 133].  And since our in vitro experiments showed a decrease in 

reverse fork number upon overexpression of Polq (data not shown), we 

hypothesized overexpression of Polq would prevent fork regression in 

replication stress conditions mimicked by the Xenopus egg extract treated with 

APH. To test our hypothesis, we did an electron microscopy experiment 

mimicking Polq overexpression by supplementing purified recombinant 6H-

MBP-Polq-FL in the replicating Xenopus extract. 45 minutes later, replicating 

extract was supplemented with 1.5mM APH to induce replication stress. An 

hour later samples were collected and processed to be observed under 

electron microscope. We observed a slight reduction in reverse fork (RF) 

number upon Polq overload (Fig.3.22) The experiment was repeated three 

times for the statistical significance of the results.  
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Figure 3.21 Overexpression of Polq counteracts reverse fork formation.  

A representative electron micrograph showing four branched structure after 

overload of Polq in replication stress conditions caused by high dose of APH 

treatment. Letter P indicate the parental strand, D indicates the daughter 

strands, and R indicates the reversed fork.  
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Figure 3.22 Reverse forks induced by aphidicolin are partially 

suppresses by Polq overload. Graph showing reverse fork quantification in 

control and Polq-FL overload conditions upon APH (1.5mM) treatment.  
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Chapter 4. Discussion 

4.1 Polq fills in ssDNA gaps at the replication forks 
 

Somatic mutation theory of cancer implies all cancers are caused by somatic 

mutations in normal cells. Moreover, cancer genome sequencing projects have 

identified different ‘signature’ mutations that are recurrent in a specific cancer 

type [134, 135]. Tumor cells carrying inactive BRCA1/2 mutations display 

hypermutagenicity, which is evenly distributed across all genome[136-139]. 

This pattern of somatic mutations cannot be explained by simple role of 

BRCA1/2 in repairing DSBs. We hypothesize this hypermutagenicity in 

BRCA1/2 defiecient tumors arises from the accumulation of ssDNA gaps, 

which are then filled by low fidelity polymerases including Polq. This 

polymerase in particular, would be extremely well suited to perform this task 

as it localizes right at replication forks, where ssDNA gaps arise in the absence 

of BRCA1/2[115, 140]. Previous finding from our lab have elucidated the role 

of BRCA2/Rad51 in normal replication process by biochemical analyses of 

replicated chromatin in Xenopus extract and visualization of replication 

intermediates by electron microscopy. Although bulk DNA replication is 

unaffected in either Rad51 or BRCA2 depleted extracts, two types of ssDNA 

gaps are clearly observed in more than 50% of the replication forks. These 

ssDNA gaps are seen either behind the replication fork and at the replication 

fork junction [84, 92]. These findings have also been confirmed in mammalian 

cells defective for BRCA1 and BRCA2 [141, 142]. Gaps behind the replication 

forks accumulate mainly because of Mre11-dependent degradation of the 

nascent DNA in the absence of Rad51 [92]. Gaps at fork junctions instead do 

not depend upon Mre11 activity. As it has been previously shown that Rad51 

interacts with polymerase a thereby controlling lagging strand DNA synthesis, 
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it is possible, however in the absence of BRCA1/2 and/or RAD51, ssDNA 

accumulates due to incomplete lagging strand DNA synthesis. Alternatively, 

ssDNA on lagging strands could accumulate due to increased fork speed 

driven by unrestrained leading strand progression. In this case the lagging 

strand would struggle to keep up with the speed of the leading strand and 

would therefore accumulate ssDNA gaps.  In either condition a backup 

polymerase which is able to fill in the gaps could prevent the deleterious 

accumulation of ssDNA at forks, which ultimately become the substrate of 

nucleases resulting in fork cleavage.  

In order to investigate the involvement of Polq at the ssDNA at the forks, we 

analyzed ssDNA gaps in 6H-MBP-Polq-FL overexpression conditions, 

obtained by the addition of the recombinant FL protein, in APH treated 

conditions. APH induces the formation of ssDNA gaps at fork junctions, 

mimicking what happens when BRCA1/2 and RAD51 are not bound to DNA.  

Strikingly, we observed a reduction in ssDNA gaps at fork junction upon 6H-

MBP-Polq-FL overexpression. So, it is possible that Polq fills in ssDNA gaps 

to allow the lagging strand to be completely replicated in the absence of 

functional BRCA1/2. In physiological conditions the gaps on the lagging strand 

could be due to the presence of DNA lesions such as abasic sites, which can 

be formed on ssDNA by the SMUG1 enzyme[143, 144]. Abasic sites 

accumulating on the ssDNA would be exposed to the attack of DNA processing 

enzymes such as APE1, which cleaves DNA on ssDNA containing abasic 

sites, leading to the formation of DSBs. Consistent with this, suppression of 

SMUG1 has been shown to alleviate the lethality associated with replication 

stress in BRCA1/2 defective cells[145].  Polq would be useful in this context 

also due to its ability to bypass and replicated across abasic sites[146, 147]. 
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4.2 Polq prevents reverse fork formation  
 

Replication stress is defined as the slowing down or stalling of replication fork 

progression and DNA synthesis that results in an accumulation of persistent 

ssDNA at the fork. Given our results it is likely that Polq fills the gaps at fork 

junctions by extending the 3’ end of stalled okazaki fragments on the lagging 

strands or 3’ of the leading strand (See Figure 4.1). Polq could work on normal 

template like in the case of DNA synthesis stalled by APH or by bypassing and 

synthesizing across an abasic site, which could be the cause of an unprovoked 

stalling event. The filling-in of the gaps, which are more frequent in BRCA1/2 

cells, might be important to prevent further processing of stalled forks. In 

particular, Polq could prevent the formation of persistent ssDNA at forks. 

Persistent ssDNA at the fork is remodeled into reverse forks by the coordinated 

annealing of the newly synthesized daughter strands into a four-way junction 

structure like a Holliday junction. Although it is still unclear whether replication 

fork reversal is a protective or a pathological condition for the cell. In a positive 

outlook, when DNA replication is challenged, transient replication fork reversal 

could be a way to prevent ssDNA exposure and subsequent cleavage by DNA 

exonucleases including SLX4, Mus81, Mre11 and others, thereby maintaining 

genome stability. Since Polq fills in the gaps, persistent ssDNA is shortened 

thereby sequestering the substrate for chromatin remodelers to form a reverse 

fork (See Fig.4.1).  Preliminary results show that the reverse forks in the 

absence of Polq are cleaved by DNA endonucleases. Therefore, it is likely that 

overexpression of Polq helps cells to cope with replication stress by preventing 

the formation and subsequent processing of reversed forks since these cells 

mostly lack BRCA1/2 which are the main players in resolving reverse fork 

structures. 
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4.3 Conclusion and future perspectives 
 
To conclude, in this study, using Xenopus egg extract-based system and 

electron microscopy, we uncovered the role of Polq in coping with DNA 

replication stress. We first generated and validated the specificity of Anti-Polq 

antibody. We characterized the low-fidelity polymerase activity of Polq even in 

the presence of Pola inhibitor - Aphidicolin. We showed an enrichment of Polq 

on the chromatin in replication stress conditions generated by treatment with 

APH. We also demonstrated both that Polq is at the replication fork, using 

iPOND assay. We furthermore demonstrated by electron microscopy that Polq 

fills in ssDNA gaps at the replication fork and counteracts fork reversal upon 

replication stressed induced by APH. So, our working hypothesis (see Fig.4.1) 

is that the synthetic lethal relationship between POLQ and BRCA, is not limited 

to DSB repair but it also prevents DSB by ssDNA gap fill-in and thereby 

suppressing reverse fork formation. In breast and ovarian cancers Polq 

overexpression provides an advantage to tumor cells in coping replication 

stress resulting from chemotherapeutic drugs. This basic knowledge can be 

used to understand how to selectively target compensatory functions of Polq 

to neutralize BRCA defective tumor growth. 

In the future, we plan to study, using electron microscopy, the differential roles 

of Polq at leading or lagging strands since ssDNA gaps are mostly observed 

on one side of the replication fork. We are also interested in understanding if 

the reduction in reverse fork number upon Polq  overexpression could be 

attributed to Polq helicase-like domain. In addition, we plan to study the 

structural consequences of Rad51 and Polq absence upon replication stress. 
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Figure4.1 Model for Polq function at stressed replication forks. 

Replication stress leads to accumulation of ssDNA gaps at the fork either on 

the leading strand or the lagging strand. Overload of recombinant Polq leads 

to ssDNA gap fill-in at the replication fork, and a reduction in reverse fork 

formation. However, in the absence of both Polq and BRCA1/2, these 

persistent ssDNA gaps and reverse fork could be targeted by endonucleases 

and Holiday junction resolvases leading to genome stability. Hence, we 

hypothesize Polq does not only repair DNA DSBs but also prevents their 

formation by ssDNA gap fill-in. 
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