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Introduction 
DNA replication is a very critical process in the cell cycle, necessary for equal distribution 
of the genome to daughter cells. In healthy cells, it is very tightly regulated, to ensure 
normal rates of cell division. In cancer, however, DNA replication is often misregulated, 
which is one of the factors that allows cancer cells to undergo uncontrolled cell division 
cycles. This is the reason why many anti-cancer therapies target DNA replication in 
modern times. The initiation of DNA replication is very tightly regulated, to ensure that it 
occurs once per round of cell division. Most studies about DNA replication have focused 
on model organisms like yeast and Xenopus, and there is a paucity of studies in the 
human system. A detailed mechanistic understanding of DNA replication initiation in 
humans, and of the functions of each protein involved, is most important in order to pave 
the way for devising new therapeutic strategies against cancer. 

One of our two studies is focused on investigating the role of TIMELESS (TIM) protein 
in replication initiation in human cells. Our other study uncovers the non-catalytic role of 
DNA polymerase epsilon (POLE) in replication initiation in human cells. In both studies, 
we have employed a mini-auxin inducible degron-based strategy to create a conditional 
depletion system capable of rapid and complete degradation of the target protein. 
The presented work shows that TIM is required for efficient S phase entry, and for the 
loading of TIPIN, CLASPIN and PCNA during replication initiation. Additionally, our 
findings also show that POLE is dispensable for CMG assembly in humans, unlike in yeast. 
However, the non-catalytic domain of the catalytic subunit POLE1 can support very slow 
DNA synthesis in the absence of the full length POLE1.  

The work presented in this thesis sheds light on the roles of TIM and POLE1 in DNA 
replication initiation in human cells. Such studies not only improve our understanding of 
this clinically relevant process, but also lay the foundation for developing future therapies 
against diseases that involve aberrant replication, such as cancer. 
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1   Review of literature 

1.1   DNA replication and its clinical relevance 
DNA replication is a cellular process of generating two identical copies of the genome for 
their later distribution to each daughter cell during cell division. This process enables the 
generation of new cells from preexisting cells, and consequently the survival and 
propagation of the entire organism. This process must be carried out with extremely high 
fidelity [1] every single time, as errors occurring during DNA replication may cause DNA 
damage, and harmful mutations that could be inherited by the organism’s offspring if 
such a mutation happens in germ cells [2]. Strikingly, dysregulated DNA replication [3], 
or somatic mutations during DNA replication [4], [5], may give rise to cancer, one of the 
most feared diseases that afflict mankind. Tightly controlled mechanisms are in all 
organisms from bacteria [6] to humans [7], [8], that ensure the fidelity and accuracy of 
DNA replication at every single round of cell division, as well as a single round of DNA 
replication per cell division. 

The process of DNA replication is carried out by a large multi-protein complex known 
as the ‘replisome.’ The replisome complex assembles at the time of replication initiation, 
as cells transition from G1 phase to S phase of the cell cycle, at pre-marked sites in the 
genome called ‘replication origins’. Replication is initiated from these origin sites in a 
process called ‘origin firing.’ Origin firing results in the establishment of replication forks, 
that then slide along DNA by unwinding the duplex, and synthesize new DNA using 
parental DNA strands as templates [9], [10]. The entire genome is duplicated during  the 
S phase of the cell cycle. When converging forks meet, replication is terminated by 
coordinated disassembly of the replisome complex [11]. At the end of this phase, there 
are two full copies of the genome  DNA present in cells, which marks the G2 phase of the 
cell cycle, with cells ready to divide. In subsequent mitosis phase the two duplicated 
copies of the genome are carefully distributed equally to the two daughter cells [12].  

The development of an organism from conception through embryo state to adult 
depends upon regulated cellular division and proliferation. Failures or inadequacies in 
DNA replication, as happen in case of mutations in DNA replication genes, are known to 
be responsible for many types of developmental abnormalities or genetic diseases, as 
described in great details in excellent reviews  [13], [14]. Meier Gorlin syndrome, 
characterized by dwarfism, small facial features, and hypoplasia of different tissues, and 
Seckel syndrome, characterized by microcephaly and mental retardation are classic 
examples. Other examples are conditions such as various skeletal and limb abnormalities, 
hypoplasia of reproductive organs, craniofacial abnormalities and short stature [14], [15], 
as also progeroid syndromes, characterized by accelerated ageing [16]. Recent advances 
in genome sequencing and whole exome sequencing are accelerating the identification 
of the huge repertoire of genes known to be associated with such conditions. 

Mutations in replication proteins, especially in genes whose products are involved in 
DNA damage checkpoints and DNA repair pathways, are known to cause a heightened 
predisposition to cancer [17], [18], [19]. Mutations in the catalytic and proofreading 
domains of replicative polymerases, for instance, are known to cause mutagenesis and 
predisposition to cancer [20], [21], [22]. Among the different hallmarks of cancer, 
sustained proliferation and genomic instability are of prime importance. A variety of DNA 
repair and tumor suppressor mechanisms [23], [24], [25], have evolved in organisms, and 
have remained conserved in evolution, underlining their importance for maintaining 
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genomic stability and freedom from malignant transformation. Defects in DNA repair 
pathways cause great increases in the spontaneous mutation rate and DNA lesions [26], 
and this may be one of the mechanisms of how cancer arises in the first place.  

Replication stress can, on the other hand, be exploited as an Achilles heel for targeting 
cancer cells using chemotherapy [27], [28], [29]. Different drugs that induce DNA damage 
[30] or compromise DNA repair pathways in cells [31], [32], are being used clinically or
are being developed, as therapies against cancer. The strategy of targeting DNA
replication for cancer therapy exploits the fact that cancer cells have high replication
stress, are in greater need of active DNA repair pathways, and most of the times
proliferate faster than normal cells, and thus aims to selectively target cancer cells and
spare normal cells in the patient’s body.

Interestingly, upregulation of DNA replication or repair-supportive proteins is a 
strategy commonly used by cancer cells to escape from drugs and continue unchecked 
proliferation. For instance, overexpressed TIM provides cancer cells with resistance to 
DNA damage-inducing drug cisplatin [33], while overexpressed CLASPIN promotes tumor 
progression [34]. Studies to expand our understanding of DNA replication on the 
molecular level are crucial to pave the way for new therapies for replication-related 
diseases. 

1.2   DNA replication initiation and structure of the replication fork 
The initiation of DNA replication is tightly controlled, to be allowed to happen once and 
only once per cell division. It is this step that is deregulated in many replication-related 
abnormalities that give rise to genome instability and even cancer [35], [36]. The process 
of DNA replication initiation involves a cascade of steps that begin in G1 phase of the cell 
cycle and lead to the entry of cells into S phase, as illustrated in Fig. 1. 
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To begin the process of DNA replication, different positions in the genome are marked 
as potential replication origin sites in the G1 phase of the cell cycle, by loading of Origin 
Recognition Complex (ORC) [37] to these sites. Later during the course of G1 phase, 
the heterohexameric MCM complex, which is the primary constituent of the helicase 
complex that would later unwind DNA to begin DNA replication, loads to these ORC 
complexes [38], [39]. Two copies of the MCM hexamer meet each other on DNA as MCMs 
slide along DNA [39]. MCM loading ‘licenses’ origins so that they can be later activated 
for initiating replication. Many more origins are licensed during G1 phase than would 
actually fire later during replication initiation; cells keep a surplus of extra origins which 
would serve as alternative origins that would fire in case of replication stress [40]. 
A portion of the licensed origins fire to initiate replication, which marks the beginning of 
S phase. For origin firing, two critical proteins, CDC45 and GINS, are recruited to each of 
the two MCM hexamers positioned on DNA next to each other [41], [42]. MCM, CDC45 
and GINS together form the active CMG helicase, capable of unwinding the two parental 
strands of DNA so that new daughter DNA strands can be synthesized on each parental 

Figure 1: Steps in DNA replication initiation in human cells 

Sequential steps in the process of DNA replication initiation are depicted. 1. Two MCM 
hexamers are loaded onto Origin Recognition complexes (ORC) present on various sites in the 
genome, and this step leads to the licensing of origins, some of which would fire later. 2. 
CDC45 and GINS load onto the MCMs, which leads to the assembly of the CMG helicase. This 
step requires CDK activity and the presence of accessory factors TOPBP1, TICRR, MTBP, 
RECQL4. After activation of CMG helicases via MCM-phosphorylation by CDC7-DBF4 kinase, 
the two CMG helicases begin to unwind DNA and start moving. Additionally, DONSON loads 
DNA polymerase epsilon to the CMG complex at this step. 3. Accessory factor MCM10 join the 
CMG complex, which assists in replication bubble formation and lagging strand ejection out 
of the CMG helicase. As the two CMG helicases continue to move, they bypass each other. 
Simultaneously, the DNA polymerase alpha-primase complex synthesizes RNA primers and a 
short stretch of DNA. 4. DNA polymerase delta joins the complex, and performs initial DNA 
synthesis at both the leading and the lagging strands. 5. DNA polymerase epsilon takes over 
the synthesis of the leading strand from DNA polymerase delta, in a ‘polymerase switch’ step. 
This leads to the establishment of two independent replication forks, moving in the opposite 
directions. 
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strand. Kinases CDC7-DBF4 (together known as DDK), CDK2 and CDK1 are important for 
CMG assembly in humans, their actions are reviewed in [43]. Additionally, accessory 
factors TOPBP1, Treslin, DUE-B and MTBP are required for CMG assembly in humans [44], 
[45], [46], [47], [48], reviewed in [43]. DNA polymerase epsilon, the leading strand DNA 
polymerase, is loaded at the same time as CMG assembly [49], [50], and in yeast also 
assists GINS loading [51]. 

CMG helicase is then activated and stabilized by phosphorylations of MCM by DDK and 
CDK2 kinases [41]. CMG assembly and phosphorylations activate the helicase and provide 
the stimulus for untwisting of the DNA double helix, to begin the process of DNA melting 
and separation of the two DNA strands [52]. After helicase activation, the accessory factor 
MCM10 loads to the CMG complex. The subsequent steps are not well understood in 
humans, and most of our understanding comes from yeast studies. Presumably, 
replication bubble formation due to separation of parental DNA strands is going on 
simultaneously, and MCM-10 assists the CMG helicase in ejecting the lagging strand from 
its pore. After this, each of the two CMG helicase molecules sits on one of the two 
parental strands, which becomes the respective leading strand for that CMG. The DNA 
polymerase alpha (polA)-primase complex also loads at this time, leading to the assembly 
of the full replisome [53]. RNA primers are synthesized by primase, to which PolA adds 
the first short stretch of DNA. 

PCNA, the ring shaped molecule that encircles polymerases and ensures their 
processivity, is then loaded by Replication Factor C (RFC) onto these template-primer 3’ 
end sites [54]. PCNA loading stimulates the loading of DNA polymerase delta (POLD)  [55] 
[56], the main lagging strand polymerase. DNA polymerase delta takes over DNA 
synthesis from DNA polymerase alpha at each Okazaki fragment. The two CMG 
complexes start sliding towards each other and eventually bypass each other, which 
marks the beginning of two independent replication forks. As the CMG complexes move 
past one another, the initial DNA synthesis on both leading and lagging strands is 
performed by DNA polymerase delta [57]. DNA polymerase epsilon (POLE), the main 
leading strand DNA polymerase, which is already loaded at the time of CMG assembly, 

Figure 2: Structure of the human replication fork 

The cryo-EM structure of the human replisome, published in [61], is shown on the right, and a 
model of the same is illustrated on the left. The positions of the main proteins present at the 
replisome are shown, namely FPC components TIM, TIPIN and CLASPIN, DNA polymerases 
epsilon, alpha and delta, CMG helicase components MCM, CDC45 and GINS, AND-1, PCNA, and 
ssDNA coated with Replication Protein A (RPA). 
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then takes over leading strand DNA synthesis from DNA polymerase delta [58], in a 
‘polymerase switch’ step. After this point of full replisome assembly, two replication forks, 
sliding away from each other, moving in opposite directions, are established, and the 
elongation phase of replication commences. Fig. 1 depicts the process of DNA replication 
initiation in humans, as per our current understanding, and Fig. 2 depicts the structure of 
the fully assembled replisome at the fork, based on recent structural studies [59], [60], 
[61]. 

Cancer cells initiate considerably more replication cycles compared to most normal 
cells in the body, and so the process of replication initiation is an attractive target for 
chemotherapy. This is also the reason why more studies are urgently needed to expand 
our understanding of the mechanistic details of the process of replication initiation in 
humans. 

1.3   TIMELESS protein in DNA replication 
TIMELESS protein (TIM) was initially discovered in Drosophila, named dTIM in Drosophila, 
where studies focused on its role in maintaining the rhythm of the circadian clock in flies. 
Mammalian TIM is functionally more similar to a homolog of dTIM found in flies –
TIMEOUT [62]. TIM in mammals has well recognized roles in maintaining the integrity of 
the genome under conditions of replication stress or DNA damage, and loss of TIM causes 
severe replication stress [63]. 

TIM performs its replication-related roles in concert with its obligate binding partner 
TIPIN [63], [64]. TIM-TIPIN, together with a third replication-protective protein, CLASPIN, 
constitute the Fork Protection Complex (FPC) [65]. The FPC is believed, based on 
structural studies, to be positioned at the leading edge of the replication fork, ahead of 
MCM in the CMG helicase, and binding to and gripping the DNA double helix [59]. 
However, TIM-TIPIN are also revealed by biochemical studies to bind to and stimulate the 
activities of DNA polymerase epsilon [66], although it is hard to imagine how TIM which 
is positioned ahead of MCM could interact with DNA polymerase epsilon located behind 
MCM (Fig.2) Our study exploring the roles of TIM in supporting replication initiation, 
a part of this thesis, sheds some light on this enigma. TIM has mainly been studied in the 
context of protection of fork integrity at times when the fork has to move through 
genomic barriers, either intrinsic barriers such as G quadruplex regions, or extrinsic DNA 
lesions caused by genotoxic agents [67]. It is also known to sense DNA damage and 
engage cell cycle checkpoint pathways, such as the ATM pathway  [68] and the ATR 
pathway [69]. The roles of TIM-TIPIN in protecting normal replication as well as replication 
under stress are reviewed in our recent review [70], a part of this thesis. 

Much less is known about the possible role of TIM in supporting the initiation of DNA 
replication. Depletion of TIM is known to cause a defect in S phase entry, reducing the 
percentage of cells being able to successfully transition from G1 phase into S [71]. This 
indicates that TIM plays a role in this transition, or specifically, in DNA replication 
initiation. Exactly what role TIM plays in the cascade of origin firing has hardly been 
explored before, to the best of our knowledge. It has only been reported that loss of TIM 
leads to a shortened intra-origin distances in asynchronous cells, which is indicative of 
excessive origin firing [72], and is likely the consequence of slower replication forks.  

Interestingly, overexpression of TIM is known to contribute to resistance of cancer cells 
to anti-cancer drugs. TIM upregulation in cancer cells results in their resistance to 
cisplatin, a DNA-damaging anti-cancer drug [73], [33]. The molecular mechanism behind 
this is as yet unestablished, but is presumably connected to TIM’s role in protecting DNA 
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from extrinsic damage. Overexpression of TIM is associated with greater survival, 
proliferation and metastasis of cancer cells [74], as well as loss of differentiation of cells 
of different tissues [75]. 

Many details about TIM loading and role during replication initiation are not clearly 
understood. Firstly, its role in promoting S phase entry, and what step in replication 
initiation it may support, is not well studied. Secondly, at what point during origin firing 
TIM loads to DNA has hardly been investigated. Lastly, TIM’s canonical position at the 
leading edge of the fork does not align with its biochemically observed function of 
coupling helicase and polymerase activities by physical interaction with both. Therefore, 
TIM’s exact position at the fork needs to be investigated in more depth, especially in 
cell-based studies. Our study about the role of TIM in replication initiation, a part of this 
thesis, sheds some light on these questions. 

1.4   DNA polymerase epsilon and its non-catalytic regions in DNA 
 replication 

DNA polymerase epsilon synthesizes DNA at the leading strand of the replication fork. 
This polymerase is one of the most accurate DNA polymerases in the cell for single base 
pair errors, due to its high intrinsic base selectivity [76]. Its exonuclease domain provides 
additional proofreading activity. However, it is not completely immune to making errors, 
and as expected, errors made by a DNA polymerase lead to mutations. Interestingly, 
in many forms of cancer, DNA polymerase epsilon is found to have mutations in its 
proofreading domain, which makes it error-prone, and causes a high number of mutations 
during DNA replication, known as ‘ultramutation’ [20].  

Insufficiencies in this polymerase are found to cause syndromes characterized by 
hypoplasia of different tissues, immune insufficiency, adrenal dysfunction, genitourinary 
abnormalities and other signs characteristic of deficiencies of DNA replication-critical 
factors [77], [78], [79]. Mutations in the catalytic domain of the polymerase are relatively 
well studied, since they are associated with cancer-linked ultramutagenesis [20], however, 
consequences of mutations in the non-catalytic domain have not been widely explored, 
as they appear rarely in cancer cases. As with TIM,  overexpression of DNA polymerase 
epsilon has been found to promote tumor progression in cancer [80]. 

DNA polymerase epsilon is a multisubunit complex comprising of four subunits: 
the catalytic subunit POLE1 in humans (pol2 in yeast), and three other subunits POLE2 
(dpb2 in yeast), POLE3 (dpb3  in yeast) and POLE4 (dpb4 in yeast) [81], [82]. During 
replication initiation, DNA polymerase epsilon takes over leading strand DNA synthesis 
from DNA polymerase delta after initial DNA synthesis by POLD, as per findings in yeast 
[53], and then it functions as the main leading strand DNA polymerase in both yeast and 
humans. Both PCNA and the FPC are known to stimulate the its polymerase activity [66], 
[83], [84].  

DNA polymerase epsilon is believed to have important non-catalytic functions in 
addition to its catalytic function during leading strand DNA synthesis. In yeast, DNA 
polymerase epsilon loads at the origins during the step of CMG assembly, and is essential 
for the loading of GINS [51]. In humans, however, the dependance of GINS loading on 
DNA polymerase epsilon has not been studied to the best of our knowledge. Moreover, 
DNA polymerase epsilon also functions to directly activate CMG helicase during origin 
firing, in yeast  [85], and human studies about this function are lacking. The N-terminal 
catalytic domain of the catalytic subunit (POLE1 / pol2) of DNA polymerase epsilon is 
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dispensable for survival in yeast, but the C-terminal non-catalytic domain is essential [86]. 
The exact role of the non-catalytic domain has remained more enigmatic, in both yeast 
and humans. It is believed that this domain mediates interaction of the catalytic subunit 
with another subunit of the polymerase, POLE2. Our work on the role of the non-catalytic 
domain of POLE1 in humans, a part of this thesis, sheds some light on its function in 
replication initiation. 
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2   Aims of the study 
The aim of the work performed in this doctoral thesis was to investigate the details of the 
roles of critical replication proteins TIMELESS and DNA polymerase epsilon in the process 
of DNA replication initiation. Specifically, the aims were as follows: 

• To understand the role of TIMELESS protein in DNA replication initiation in
human cells.

• To understand the non-catalytic role of DNA polymerase epsilon in DNA
replication initiation in human cells, with emphasis on the role played by the
C-terminal non-catalytic domain of subunit POLE1.

• To provide a comprehensive review of the roles played by TIMELESS protein in
genome maintenance and various other cellular processes.
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3 Materials and methods 
The following methods were used in our studies, and are described in detail in our 
publication I and manuscript III: 

• Molecular cloning (PCR- restriction enzyme-based and Gibson Assembly-based)
– (I and III)

• Western blotting – (I and III)

• CRISPR-based homology-directed knock-in – (I and III)

• Mammalian cell culture – (I and III)

• Transfection – (I and III)

• Cell line generation with single cell cloning – (I and III)

• DNA fiber analysis and immunofluorescence-based staining – (I)

• Flow cytometry – (I and III)

• Protein mutant design – (I and III)

• Cell lysis, fractionation, insoluble chromatin isolation – (I and III)

• Cell synchronization – (I and III)
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4 Results 

4.1   Results obtained in III 
‘TIMELESS recruits the Fork Protection Complex to the replisome during DNA replication 
initiation in human cells’ 

• TIMELESS (TIM) is required for normal S phase entry in human cells.

• TIM recruits TIPIN and CLASPIN to chromatin during replication initiation.

• The presence of TIM in G2 phase/mitosis is required for PCNA loading to
chromatin at S phase entry.

• TIM, TIPIN and CLAPSIN load to chromatin during replication initiation partially
at the time of CMG assembly, and partially after DNA synthesis begins. Their
loading partially depends on the activity of kinases CDK1, CDK2 and CDC7.

• TIM-MCM interaction is required for TIM, TIPIN and CLASPIN recruitment to
chromatin during replication initiation.

4.2   Results obtained in I 
‘The non-catalytic role of DNA polymerase epsilon in replication initiation in human cells’ 

• DNA polymerase epsilon (POLE) is not required for CMG assembly in human
cells.

• In the absence of POLE1 catalytic domain, the C-terminal non-catalytic domain
of POLE1 can support very slow forks.

• The POLE1 non-catalytic domain performs this function via its interaction with
subunit POLE2.

4.3   Main points in II 
‘The TIMELESS Roles in Genome Stability and Beyond’ 

• TIM is required to protect the integrity of DNA replication forks. It protects forks
both under extrinsic replication stress and under normal replication conditions.

• TIM , as part of the Fork Protection Complex, plays critical roles in the repair of
damaged DNA. It detects DNA damage and engages checkpoint responses and
DNA repair pathways at damaged regions of the genome.

• TIM is also involved in multiple cellular processes other than DNA replication
and repair, such as sister chromatid cohesion, mitosis, meiosis, recombination,
transcription, and maintenance of circadian rhythm, among others.

• Upregulation of TIM is a strategy used by many different forms of cancer, and it
is protumorigenic. It also confers upon cancer cells resistance to genotoxic
cancer drugs.

• The molecular mechanisms behind TIM’s various functions are not well
understood, and more studies need to focus on this.
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5 Discussion 

5.1   The role of TIMELESS protein in replication initiation 
Most previous studies have focused on the role of FPC components in protecting forks 
from disintegration when faced with stressed DNA regions, or difficult-to-pass barrier 
regions in DNA. Not many studies have been devoted to the roles of the FPC in maintaining 
normal DNA replication under unstressed conditions, and even lesser efforts have been 
devoted to understanding their role at the step of replication initiation, a step very relevant 
for cancer as deregulation of this step is known to alter the frequency of replication. 

Our work has explored the role of TIMELESS protein in the initiation of DNA replication 
in human cells. To study this, we have made use of a rapid and conditional TIM-depleting 
system, the mini-auxin inducible degron system [87], [88]. This system enabled us to 
deplete TIM in human cells to near-complete levels, and study the consequences of loss 
of TIM for replication initiation. The findings presented in this thesis show that the 
efficiency of S phase entry is compromised upon loss of TIM, with a higher proportion of 
cells being trapped in G1 phase and unable to transition into S phase, compared to 
control having normal levels of TIM. This indicated to us that a critical step in the initiation 
of DNA replication, which marks the beginning of S phase, could require the presence of 
TIM. 

Replication initiation is in essence a cascade of steps, going from initial marking of 
replication origin sites on DNA, to assembly and activation of the CMG replicative 
helicase, to loading of leading and lagging strand polymerases and accessory factors, 
up to the establishment of two full replisomes sliding on DNA in opposite directions to 
synthesize daughter strands (illustrated in Fig. 1). To better understand what step in this 
replication initiation cascade might be supported by TIM, we studied the loading of 
replication initiation-critical proteins to chromatin in the absence of TIM. The presented 
data suggest that other components of the Fork Protection Complex, CLASPIN and TIPIN, 
are unable to load to chromatin in the absence of TIM. TIM is required for the loading of 
these two components, irrespective of whether their cellular levels are reduced or 
unaffected, indicating that TIM actually recruits, or at least stabilizes, these two proteins 
onto DNA during replication initiation. TIPIN is the obligate binding partner of TIM and 
interacts with TIM throughout S phase [72], so we believe that TIPIN may load to DNA 
bound to TIM. Whether TIM recruits CLASPIN to origins by physical association or 
whether it only stabilizes it in place as Claspin joins later, is not fully clear. We are inclined 
to think that CLASPIN may load to DNA after TIM, and simply be held in place by its 
TIM/TIPIN interaction. This is because, chromatin association of CLASPIN is known to 
increase specifically under replication stress, and TIM/TIPIN depletion affects CLASPIN 
loading, but CLASPIN depletion does not affect TIM/TIPIN loading [72], indicating that 
TIM-TIPIN loading may be independent of CLASPIN. Interestingly, it may be TIPIN rather 
than TIM that is required for CLASPIN loading [72], and the current work could not 
distinguish this as our system depletes both TIM and TIPIN.  

Interestingly, our findings show that prolonged TIM depletion from G2 phase of the 
cell cycle as in our mAID1 TIM depletion system, but not a shorter TIM depletion from 
mid-G1 phase of the cell cycle as in our mAID2 system, delays the loading of polymerase 
processivity factor PCNA to chromatin during replication initiation. In mAID1, PCNA was 
found to load normally despite the absence of loaded TIM, TIPIN and CLASPIN. It has been 
reported that upon prolonged loss of TIM, levels of  replication inhibitor p21 in the cell 
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rise, and cause a delay in CMG assembly [71]. Although no delay in CMG assembly 
was observed in our results, it is possible that an increase in p21 had other effects in 
our system. p21 has been shown to inhibit the loading of PCNA to DNA and its  
replication-supportive function [89], [90], [88]. We speculate that increased levels of 
p21 may be responsible for the PCNA loading defect in our mAID1 system. CLASPIN has 
a PIP-binding motif, and interacts with PCNA to support growth and DNA synthesis in cells 
[91]. TIM-TIPIN are also known to directly bind PCNA [92], [93]. Since the loss of these 
proteins on chromatin in our mAID2 system does not abrogate PCNA loading, we believe 
that these proteins may not be required for PCNA loading, but may only stabilize PCNA 
at the fork once it is loaded. If they are absent, one of PCNA’s many other PIP-containing 
partners (such as CDC45) may perform the same function. This would explain the delay 
but not complete abrogation of PCNA loading in our case. 

Details about the timing of loading of TIM/TIPIN and CLASPIN to chromatin have 
remained enigmatic so far. To understand the exact role of FPC components in replication 
initiation, it is imperative that we first have a clear understanding of when these proteins 
load to chromatin during replication initiation, and what processes are required for their 
loading. The only detail previously known about the timing of TIM loading is that it is 
recruited to chromatin at the same time as CDC45 [94]. The current work studied whether 
the loading of FPC proteins requires the activities of kinases CDK2, CDK1 and CDC7, and 
found that it only partially depends on their activities, and inhibition of these kinases 
suppresses S phase entry of cells. We propose that only a subset of FPC molecules  require 
the activities of these kinases, and the rest  may load independently of these kinases. 
However, more studies are necessary to elucidate this possibility, and to understand how 
this distinction is made at the molecular level. The presented findings, however, show 
that a combination treatment of CDK1 inhibitor + CDC7 inhibitor, which also completely 
abrogates CMG assembly, completely inhibits the loading of FPC proteins during 
replication initiation. This is interesting, as at the time of CMG assembly, the canonical 
position of TIM ahead of CMG helicase is not available, and two CMG helicases are 
positioned next to each other and facing each other with no space between them. 
And yet, loading of TIM at this time is observed in our experiments. At the moment, 
exactly what triggers the loading of FPC proteins cannot be pinpointed, as it is not entirely 
clear what roles each of these kinases play in human cells. Interestingly, the presented 
work found that the loading of FPC proteins also partially depends on DNA synthesis, 
as treatment with aphidicolin partially blocked the loading of these proteins with no 
effect on CDC45 recruitment. But the current work also separately showed that FPC 
proteins load at the same time as CMG assembly. Taken together, these observations 
suggest that during replication initiation, some molecules of FPC may load at the time of 
CMG assembly, and other molecules may load after DNA synthesis commences. Further 
investigations are necessary to understand how different FPC molecules may make this 
distinction of when to load. Ideally, future work should focus on elucidating exactly how 
many copies of FPC proteins are present per replication fork. 

The canonical position of TIM ahead of the fork, bound to MCM and gripping DNA, 
as uncovered by structural studies (illustrated in Fig. 2), is inconsistent with its position 
indicated by biochemical studies, interacting with both MCM and polymerase epsilon. 
Structural studies sometimes do not align with actual events happening inside living cells, 
and may miss important interactions, especially those that involve difficult to crystallize 
protein complexes. The presented work was able to uncover some details of where TIM 
may actually be positioned at the fork in cellulo, and also where any additional molecules 
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of TIM, as predicted by our chromatin-binding studies, may be located at the fork. Using 
a split-Turbo ID based proximity labelling strategy, we identified that TIM is positioned in 
close proximity of TIPIN, CLASPIN, CHK1, CDC45 , and DNA polymerases alpha and delta, 
suggesting some molecules of TIM may be located on the lagging strand, as illustrated in 
Fig. 3, also presented in our manuscript 1. TIM in its canonical position would be too far 
to interact with ORC6 which is present behind the fork where it functions in mismatch 
repair, and AND-1 which is present near polymerase epsilon, and this supports our belief 
that additional molecules of TIM would be associated with the lagging strand. As expected, 
two molecules of TIM were observed to come in close proximity to each other enough to 
biotinylate the above proteins, further supporting our proposition that there are additional 
molecules of TIM present at the fork, although at this point we do not exclude the 
possibility that this signal could come from TIMs present on two different forks. Future 
work should focus on stoichiometric studies to clarify how many molecules of TIM are 
present per replication fork. 

Lastly, the current work presents studies on the significance of TIM-MCM interaction 
for TIM’s ability to play a role in the initiation of DNA replication. TIM has been reported 
to interact with MCM not just at the beginning of S phase, but throughout all phases of 
the cell cycle [71]. We thus expected TIM to load at the same time as MCM, but the data 
from chromatin loading studies showed that TIM is recruited to chromatin after MCM 
loading. However, interaction with MCM was found to be critical for TIM chromatin 
loading, as a mutant of TIM whose interaction with MCM was abrogated, TIM-M*, 
was found to be unable to load to chromatin. These data suggest that TIM loads after 
MCM loading, by MCM interaction, and this interaction is critical for replication initiation. 
Indeed, the presented work illustrates that the expression of the TIM-M* mutant is 
unable to rescue the replication initiation defect of TIM-depleting cells. Cell lines 
expressing the TIM-M* mutant under the doxycycline-inducible promoter, generated on 
the background of our mAID1 TIM-depleting cell lines, were employed to study this. 
A concentration of doxycycline that did not deplete wt TIM but at the same time induced 
TIM-M* to levels comparable to the endogenous wild type TIM levels was used in these 
cells. The presence of TIM-M* mutant could not support the loading of CLASPIN, 
TIPIN and even PCNA in these cells, pointing towards a possible dominant negative 
effect of this mutant. Then, a concentration of doxycycline that completely depleted 
TIM-mAID-mCherry and expressed TIM-M* to high levels in cells was used. It was found 
that in spite of its high levels, the TIM-M* mutant could not rescue the defect in S phase 
entry in TIM-depleted cells. These findings underscore the importance of TIM-MCM 
interaction for its role in supporting replication initiation in human cells. A model of TIM’s 
position and loading dynamics at the replication fork, based on our data, is illustrated in 
Fig. 3. 
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Overall, our studies show that TIM supports replication initiation in human cells by 
supporting the loading of other FPC components CLASPIN and TIPIN, and polymerase 
processivity factor PCNA to DNA during origin firing. TIM’s interaction with MCM is critical 
for its role in replication initiation. The work presented in this thesis also provides 
evidence for the first time that more than one molecule of TIM may be present at the 
replication fork, and some molecules of TIM may load concurrently with CMG assembly 
and others, after the commencement of DNA synthesis.  

5.2   The non-catalytic roles of DNA polymerase epsilon domains in 
  replication initiation 

DNA polymerase epsilon (POLE) is the leading strand DNA polymerase during DNA 
replication, and is positioned at the replication fork behind the MCM helicase on the 
leading strand (illustrated in Fig. 2). The role and catalytic activity of polymerase epsilon, 
conferred upon it by its catalytic subunit POLE1, have been very well studied in yeast as 
well as in humans. POLE additionally has important non-catalytic roles during DNA 
replication in yeast, including the recruitment of GINS during CMG assembly [51].  

Figure 3: Proposed model of TIM position and loading dynamics at the replication fork 

A model depicting the dynamics of loading of FPC components TIM, TIPIN and CLASPIN during 
the process of DNA replication initiation is shown, as suggested by our data. TIM, TIPIN and 
CLASPIN load to chromatin concurrently with the step of CMG assembly. FPC loading requires 
TIM-MCM interaction, and the inability to load of a TIM mutant unable to interact with MCM is 
indicated. As the canonical position of TIM at the leading edge of the CMG helicase  becomes 
available after CMG bypass, the FPC is stabilized at this position by gripping DNA. Some 
molecules of TIM, TIPIN and Claspin are dependant on DNA synthesis, and are loaded after the 
establishment of the full replisome and the beginning of DNA synthesis. These molecules are 
positioned on the flexible lagging strand. 
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Structurally, it is the N-terminal catalytic domain of the catalytic subunit POLE1 of DNA 
polymerase epsilon that performs the catalysis during leading strand DNA synthesis.  
The smaller C-terminal domain of POLE1, which does not have any known catalytic 
activity, is very poorly studied, especially in human cells. In yeast, the catalytic domain is 
known to be dispensable for survival [86], [95], however the non-catalytic domain is 
required for survival and is able to support the assembly of a full but inefficient and  
error-prone replisome [96], [97], [98], [99], a fact underscores the importance of 
exploring the mechanistic details of the function of this domain. This also indicates that 
it is actually the non-catalytic function(s) of POLE that makes it an essential protein in 
cells. The non-catalytic domain of Pol2 in yeast not only supports the catalytic activity of 
DNA polymerase epsilon, but is also thought to play a role in replisome assembly [96]. 
Our studies explore and illuminate the role of this non-catalytic domain of POLE1 
specifically, as well the non-catalytic roles performed by POLE holoenzyme in general, 
during the process of replication initiation in human cells.  

The work presented in this thesis employed a conditional POLE-depleting system 
based on the mini-auxin inducible system (mAID1) [87], which allowed us to study the 
process of replication initiation with near-complete depletion of POLE in human cells. 
Contrary to observations in yeast, our work found that the absence of POLE does not 
affect CMG assembly (as judged by CDC45 and GINS loading in our chromatin protein 
loading experiments) or CMG activation (as judged by MCM hyperphosphorylation and 
the accumulation of ssDNA) in human cells. Importantly, GINS, which is recruited for CMG 
assembly by POLE in yeast, was found to load to chromatin during CMG assembly even 
in the absence of POLE in human cells. Furthermore, the current work shows using single 
molecule microscopy techniques that the absence of POLE does not actually lead to the 
disintegration of the assembled CMG, and MCM once loaded to DNA does not unload 
from DNA if POLE is absent. In short, our findings illustrate that unlike in yeast, POLE is 
not required for CMG assembly in humans. These findings highlight surprising evolutionary 
differences between lower eukaryotes and higher eukaryotes in highly conserved 
processes such as DNA replication, as systems evolve by exaptation of new roles by some 
proteins and loss of previous roles by other proteins. 

The current work studied the effect of POLE depletion on the ability of cells to 
synthesize DNA, and it was found that loss of POLE slows down DNA synthesis at least  
18–21 times compared to having normal levels of POLE. This is not surprising given the 
vital role of POLE in leading strand DNA synthesis during replication. Using mass 
spectrometry experiments to quantify levels of replication initiation proteins near newly 
synthesized DNA (IPOND-mass spectrometry, [100]), the presented work shows that 
levels of DNA polymerase delta (POLD) were at newly synthesized DNA were unaffected 
by loss of POLE. We speculate that in the absence of POLE, POLD may perform DNA 
synthesis at both leading and lagging strands, which presumably fails shortly after, at the 
time of expected POLD to POLE switch. 

The presented work was aimed at studying what the essential role of the non-catalytic 
subunit of POLE1 might be in humans. To this end, we generated several truncation 
mutants of POLE holoenzyme, and studied their ability to rescue the replication defect of 
POLE-depleted cells, in order to pinpoint which regions of POLE are responsible for its 
role in supporting replication and replication initiation. As expected, expression of full 
length wild type POLE led to a full rescue of DNA synthesis in POLE-depleted cells,  
as judged by EdU-incorporation FACS studies. Expression of the mutant containing only 
the catalytic domain of POLE was unable to rescue the defect in DNA synthesis.  
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The expression of either the dcat mutant (a mutant containing only the C-terminal  
non-catalytic domain) or a catalytically dead mutant of POLE, however, was able to 
support a low-level DNA synthesis. Such an observation has been previously reported in 
yeast [97]. By generating and using cell lines stably expressing the dcat mutant on the 
background of our POLE-depleting cell lines, we studied the mechanism behind this  
low-level DNA synthesis. The presented DNA fibre analysis data indicate that this  
low-level DNA synthesis actually represents very slow-moving forks, which we estimated 
to be around 18-21 times slower than normal forks. Interestingly, the expression  
of the dcat/dzf mutant (mutant containing the non-catalytic domain but lacking the  
C-terminal-most zinc finger motifs responsible for the interaction of POLE1 with subunit 
POLE2) was unable to support such a low-level DNA synthesis. This indicates that the 
rescue in DNA synthesis and slow-moving forks supported by the non-catalytic subunit of 
POLE is done by its interaction with POLE2. 

Our results support a model where POLE is dispensable for CMG assembly, but its 
absence leads to a failure of replication initiation at the step of POLE to POLD switch and 
processive DNA synthesis. The non-catalytic domain of POLE is necessary for maintaining 
normal speed of replication forks.  

5.3   Future directions 
The work presented in thesis shows that TIM is required for S phase entry and for loading 
of CLASPIN and TIPIN to DNA during replication initiation. It remains to be seen whether 
TIPIN and/or CLASPIN have roles to play in S phase entry as well. TIPIN depletion has been 
shown to negatively affect the ability of cells to continue replication under stressed 
conditions [72], however its role in supporting normal replication has not been studied, 
to the best of our knowledge. Although TIM and TIPIN perform most of their roles bound 
to each other as obligate partners, it is very likely that the smaller TIPIN has some specific 
roles to play that cannot be played by TIM alone. Such a possibility can be assessed using 
a conditional TIPIN depletion system.  

CLASPIN is known to recruit CDC7 kinase necessary for MCM phosphorylation and 
CMG helicase activation during replication initiation [91]. Whether CLASPIN plays a role 
in any other steps of replication initiation remains a mystery. The current work also 
provides evidence that PCNA loading is delayed upon TIM depletion, and we believe  
that it may be CLASPIN rather than TIM that stabilizes PCNA on chromatin, via its  
PCNA-interacting PIP motif. Studies using a CLASPIN conditional depletion system and a 
PIP-deleted mutant of CLASPIN reported earlier [91], would help to uncover such a role. 
The mechanistic details of how components of the FPC promote PCNA recruitment 
remain an open question, and detailed investigations are necessary to understand such 
a significant role of the FPC. It is also possible in theory that it is not CLASPIN but  
TIM-TIPIN, whose additional molecules present on the lagging strand bind and stabilize 
PCNA at forks. Direct interaction between TIM and PCNA has not been reported, and such 
a possibility needs to be investigated further. 

Our proposed model of the presence of more than one TIM molecule at the replication 
fork needs to be confirmed with stoichiometric studies. We think that the additional 
molecule(s) of TIM that were detected at replication forks may be bound at the lagging 
strand via the interaction of TIPIN with RPA on ssDNA. In such a case, TIPIN depletion 
should abrogate the binding of additional molecules of TIM at forks. Such a possibility 
can be assessed using a TIPIN depletion system. The presented work also shows that 
CLASPIN loads during replication initiation with the same dynamics as TIM-TIPIN. It is 
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unclear whether the additional molecules of TIM that we detected also have CLASPIN with 
them, forming the full FPC, or not, and this would be interesting to know. 

A question the current work has not answered is, how does TIM recruit CLASPIN to 
DNA? It is known that TIPIN bound to RPA on ssDNA is responsible for recruiting CLASPIN 
[101] during replication stress. Does TIPIN also recruit CLASPIN during normal conditions?
Studies using a TIPIN depletion system would shed light on this. Do TIM-TIPIN interact with 
CLASPIN before S phase and physically bring it to DNA at replication initiation, or does 
CLASPIN load on its own and is simply stabilized on chromatin by TIPIN interaction? We are 
inclined to believe the latter, as CLASPIN loading is specifically known to increase under 
stress, however, more direct studies are necessary to answer this question. CLASPIN is also 
bound to TIM at the fork, and is presumably additionally stabilized by this interaction. What 
region(s) in TIM are responsible for CLASPIN binding is not well studied, however the 
converse (regions of CLASPIN important for TIM interaction) has been studied [91]. More 
studies are necessary to understand the roles played by different domains in the TIM 
protein.

An important question, that has hardly been acknowledged in the literature, is how is 
TIM recruited to DNA during replication initiation? TIM has been shown to interact with 
MCM throughout the cell cycle, however, our findings show that TIM loading during 
replication initiation happens after MCM loading. The presented work shows that TIM, 
TIPIN and CLASPIN load to chromatin with the same dynamics, and although TIM-TIPIN are 
bound together throughout the cell cycle, the findings have not excluded the possibility 
that the loading of these proteins during replication initiation is concurrent but 
independent. There is evidence to suggest that TIM to DNA is recruited by TIPIN [102] and 
PARP-1 [103] (in this case TIM is not bound to TIPIN) during replication stress. Urgent 
studies are needed to explore how TIM is loaded to DNA during replication initiation in case 
of normal unstressed replication.  

The work presented in this thesis shows that DNA polymerase epsilon is necessary for 
steps of replication initiation occurring after CMG assembly, and that the non-catalytic 
domain of catalytic subunit POLE1 is necessary for maintaining normal fork speed during 
replication. The non-catalytic domain can support very slow forks in the absence of the 
catalytic subunit, via its C-terminal zinc finger motifs, which mediate its interaction with 
subunit POLE2. The exact details of the role played by this non-catalytic domain have, 
however, remained unclear, and should be the focus of future studies. Especially, it is 
interesting to speculate what could be the function of the remaining portion of the non-
catalytic domain, other than the zinc finger motifs, since it has clearly been preserved 
during evolution. In yeast, the subunit corresponding to POLE2, dpb2, plays the role of 
interacting with and integrating the catalytic subunit pol2, into the replisome. The role 
played by human POLE2 is not well studied, and more studies should be directed into this. 
POLE3 and POLE4 subunits are even more poorly studied.  

Disease cases with mutations in the non-catalytic subunit of POLE1 are rare, 
understandable given its essential nature. Non-lethal mutations may be discovered in the 
population now that cheaper whole genome sequencing is gaining rapid ground, and it 
would be interesting to study what phenotypes these mutations cause. Mutations and 
insufficiencies of POLE2 are documented, and are known to cause syndromes similar to 
those of POLE1.  

Lastly, since overexpression of replication proteins is well known to provide anti-cancer 
drug resistance to cells, and in some cases to also promote tumorigenesis, it is imperative 
that more studies be directed into investigating the effects of overexpression of FPC 
components and POLE on DNA replication.  
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6 Conclusions 
From the studies of this thesis on the role of TIM and POLE in DNA replication initiation, 
the conclusions can be briefly summarized as follows: 

TIM is required for normal S phase entry of cells. During replication initiation, TIM 
recruits TIPIN and CLASPIN to DNA. TIM is also required for the timely recruitment of 
PCNA during replication initiation. TIM, TIPIN and CLASPIN load to DNA partially during 
CMG assembly and partially after DNA synthesis, and TIM-MCM interaction is required 
for these proteins to load to DNA. Our data suggests that there are additional molecules 
of TIM present at replication forks, positioned on the lagging strand.  

DNA polymerase epsilon has important non-catalytic roles to play in replication 
initiation. Although dispensable for CMG assembly, POLE is required for DNA synthesis in 
this process. The non-catalytic domain of POLE catalytic subunit POLE1 can support 
replication in the absence of the catalytic subunit, however the resulting forks are very 
slow. This domain acts by maintaining the association of subunit POLE2 with the 
replisome. 
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Abstract 

The roles of TIMELESS protein and DNA polymerase epsilon in 
DNA replication initiation in human cells 
DNA replication initiation is a rate-limiting step that determines the frequency of 
replication, as only a single round of replication must occur per cell division. This 
important process has been understudied in humans compared to the model organism 
yeast. Our current studies have been carried out in the human system, with the goal of 
improving our understanding of this very central molecular biological process in humans. 
Less is known about the role of TIMELESS (TIM) protein, a component of the Fork 
Protection Complex (FPC), in replication initiation, other than the fact that loss of TIM 
impairs S phase entry. Similarly, the catalytic functions of DNA polymerase epsilon (POLE) 
are well studied, but its non-catalytic roles have remained underexplored. We employed 
a conditional mini-auxin inducible degron- based depletion system to study the 
consequences of the loss of both these proteins on replication initiation, in order to 
decipher their roles in this process. The findings presented in this thesis provide evidence 
that TIM supports S phase entry by recruiting TIPIN and CLASPIN, and supporting the 
timely recruitment of PCNA, during replication initiation. The current findings also 
suggest that the non-catalytic domain of the catalytic subunit POLE1 of POLE supports 
replication initiation by maintaining normal speed of replication forks. Overall, our 
studies have uncovered a new previously unrecognized role of TIM protein, as well as an 
important non-catalytic role of POLE, in supporting the initiation step of DNA replication 
in the human system. Our work improves the mechanistic understanding of the process 
of DNA replication in humans, and is expected to have a broader impact in paving the 
way for development of future therapies. 
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Lühikokkuvõte 

TIMELESS valgu ja DNA polümeraas epsiloni rollid DNA 
replikatsiooni initsiatsioonis inimese rakkudes 
DNA replikatsiooni initsiatsioon on selle protsessi kiirust piirav etapp, mis määrab 
replikatsiooni toimumise sageduse, kuna ühe raku-jagunemise kohta peab toimuma 
ainult üks replikatsioonisündmus. Replikatsioonikahvli kaitsekompleksi (FPC) komponendi 
TIMELESS (TIM) rollist initsiatsioonis on teada vaid asjaolu, et TIM-i kadumine kahjustab 
S-faasi sisenemist. Samamoodi on DNA polümeraasi epsiloni (POLE) katalüütilised 
funktsioonid hästi uuritud, kuid mittekatalüütilised rollid jällegi on võrdlemisi alauuritud. 
Mõlema valgu rolli uurimiseks replikatsiooni initsiatsioonil kasutasime tingimuslikku 
auksiin-indutseeritava degroni tehnoloogiat, mille abil on võimalik tingimuslikult kaotada 
uuritava valgu avaldumine rakkudes. Leidsime, et TIM toetab S-faasi sisenemist, värvates 
valgukompleksi TIPIN ja CLASPIN valgud ning toetades PCNA õigeaegset värbamist 
replikatsiooni initsiatsiooni ajal. Samuti leidsime, et POLE katalüütilise alaühiku 
mittekatalüütiline domeen POLE1 toetab initsiatsiooni, säilitades normaalse 
replikatsioonikahvli kiiruse. Kokkuvõttes  on käesoleva töö tulemustena leitud TIM-i ja 
POLE olulisi ja varem tundmatuid funktsioone inimese rakkude replikatsiooni 
initsiatsioonis. DNA replikatsiooni on inimestel võrreldes mudelorganismi pärmiga 
alauuritud ja inimsüsteemi uuringud on hädavajalikud mitte ainult selleks, et parandada 
meie arusaamist sellest väga kesksest molekulaarbioloogilisest protsessist, vaid ka 
selleks, et panna alus tulevastele ravimeetoditele. 
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88!98�7����):;;	������;#"��#<#;���!8#,,�

#,�����
��
&�����
��D���
F���
k�
�����
��&�C�
 !"!!%�+����	�Ke�������F��)������������)���e�	�����)������-_SUQNHI6I
!"�9!#"����):;;	������;#"�#"8$;�#7$<*"!!*"�,7J*#�#$�X�����
X���
B��@��
��
���L����
��X�
�q(�L�(��m
��
�����
C�
�����(���
��
��	��	��
����
���������
F�
�����
 !"!"%�&��������)���*d��	��)��O	������������)�������>���?##�������	�������F��)��������-P/2\.-5c���):;;	������;#"�#7!7!;��>=�!"#J#"�#$7�#J���@@������
��
X��LL����
��A�
k����������
��
���������
&�
����������
k�
 !"#<%�F���������L>�����������	���)��������		����-MNH]ì /01-/Hi- ^̂
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#!J#!9#!J!,����):;;	������;#"�#"J8;���;�L�J<"�!$�F���
k�
��+�����
��
��C����
D�
s��
��
����
B�
��(�t�=�
����
(��X���
��
B�t>����
s�
�����
 !"#8%�&�������&��*&�)�����)��O��������	�������������F)���������)������	����������������������(���-.-2301-GfHg-̂ VV
#!,�!9#!,7!����):;;	������;#"�#",�;=>���##!�8J$",8�

[-u3rSUS]iM-_-/03̀HHvS .0QN]S10w/01HaQ1SN23010xTyz{|}~}y��{�}~{

#"



��������	
�����������������������������
��������������������
���������������������� �����!����"�##$%�&��'����&��(&�)�����)	�*�������������+����
�����,)����-��)�������.&����	�/�-�)	�������0��,���)	�������123415644783419:�;<;<=;<>�����)�?((������@(<#�<<�A(��B�#�<�#
#C�;#������������0�������B��/��D�E��"�##�%�&��
&�)���F� ���������������������)����G	���	�����������&-=��,<)���/�F ������������H��F�������1I1564478341JK:�<L=�;����)�?((������@(<#�<#A;(M�G��##�#L##C�;<��������,�����������������������*�-����N����G��@�-����E�������0�B��B��/��D�E��"�##�%�&���	������������ @������ ���G�	��F ��� ��))������ ����������������*����@������@��)�����G���H���)	�������1I1783415O6P19KQ�A$$$=A$AL����)�?((������@(<#�<#$>(MG���A#C<#;�##�;��R�������-��H�@��������R�����S��H�@�����D��"�#<#%�'����&���	������&�)�����G�	�����)	������� ��,���� ���	�����������
�����������������1I15644TU81J9V�CC#=C$#����)�?((������@(<#�<�>�(M���#L$�A>�;;�W��W��!��@�E�
&��R�����R���S��"�#<C%�&+�DRD����))���������������	������ �G���������>LX����
$XN+H� ��)	�����Y� ��	����� ���)	�*�� �� ��������������1I1783415O6P19ZJ���L>>=��LLA����)�?((������@(<#�<#$>(MG���<<C�$<��C;�;>�R���E������@���������)�F�!�N��"�##;%��	��)������,<
��@�	����F)����������������H� ��)	����������������������)������	F� -����&-����-��<$123415644JJ�;��=;>#����)�?((������@(<#�<#<C(�<#�$
�$CL"#;%###>L
L�;L�R��E�����@�E��!��@�!��S�����0���W��'���S����R����������R���!�'�����	��"�#�;%�&�������)��
��)	����������)	�*�����)�����)	�*15644JK[��A=<<<���<����)�?((������@(<#�<#<C(M���		��#���<��##A�;C�������Y��&�H��S���S����	��������E�����������������
'�F���������@������H��\����G�F�@	��'����-�����G��@�D�����	��"�#<�%����&-����'�<,�������@��	��@�������������	��������@��]���@�����@��)�����G���H���)	�������1̂ _̀ TJJ[�<;;$>=<;;A;����)�?((������@(<#�<#$;()����<�#;><A<<C�;$�R�/���E�����)��,�	��,�R������������N����'�		�0�-��N���@�����-�D��\a�����		���D��Y��\�M��������"�#<$%����@	�
��	���	�Y����	�������� TbUUObc3PdU6eU6c6f8e8b6 	�����@
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recruits the Fork Protection Complex to the replisome during DNA replication initiation 
in human cells’, (manuscript). 
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	Introduction
	DNA replication is a very critical process in the cell cycle, necessary for equal distribution of the genome to daughter cells. In healthy cells, it is very tightly regulated, to ensure normal rates of cell division. In cancer, however, DNA replication is often misregulated, which is one of the factors that allows cancer cells to undergo uncontrolled cell division cycles. This is the reason why many anti-cancer therapies target DNA replication in modern times. The initiation of DNA replication is very tightly regulated, to ensure that it occurs once per round of cell division. Most studies about DNA replication have focused on model organisms like yeast and Xenopus, and there is a paucity of studies in the human system. A detailed mechanistic understanding of DNA replication initiation in humans, and of the functions of each protein involved, is most important in order to pave the way for devising new therapeutic strategies against cancer.
	One of our two studies is focused on investigating the role of TIMELESS (TIM) protein in replication initiation in human cells. Our other study uncovers the non-catalytic role of DNA polymerase epsilon (POLE) in replication initiation in human cells. In both studies, we have employed a mini-auxin inducible degron-based strategy to create a conditional depletion system capable of rapid and complete degradation of the target protein. The presented work shows that TIM is required for efficient S phase entry, and for the loading of TIPIN, CLASPIN and PCNA during replication initiation. Additionally, our findings also show that POLE is dispensable for CMG assembly in humans, unlike in yeast. However, the non-catalytic domain of the catalytic subunit POLE1 can support very slow DNA synthesis in the absence of the full length POLE1. 
	The work presented in this thesis sheds light on the roles of TIM and POLE1 in DNA replication initiation in human cells. Such studies not only improve our understanding of this clinically relevant process, but also lay the foundation for developing future therapies against diseases that involve aberrant replication, such as cancer.
	Abbreviations
	1   Review of literature
	1.1   DNA replication and its clinical relevance
	1.2   DNA replication initiation and structure of the replication fork
	1.3   TIMELESS protein in DNA replication
	1.4   DNA polymerase epsilon and its non-catalytic regions in DNA   replication

	DNA replication is a cellular process of generating two identical copies of the genome for their later distribution to each daughter cell during cell division. This process enables the generation of new cells from preexisting cells, and consequently the survival and propagation of the entire organism. This process must be carried out with extremely high fidelity [1] every single time, as errors occurring during DNA replication may cause DNA damage, and harmful mutations that could be inherited by the organism’s offspring if such a mutation happens in germ cells [2]. Strikingly, dysregulated DNA replication [3], or somatic mutations during DNA replication [4], [5], may give rise to cancer, one of the most feared diseases that afflict mankind. Tightly controlled mechanisms are in all organisms from bacteria [6] to humans [7], [8], that ensure the fidelity and accuracy of DNA replication at every single round of cell division, as well as a single round of DNA replication per cell division.
	The process of DNA replication is carried out by a large multi-protein complex known as the ‘replisome.’ The replisome complex assembles at the time of replication initiation, as cells transition from G1 phase to S phase of the cell cycle, at pre-marked sites in the genome called ‘replication origins’. Replication is initiated from these origin sites in a process called ‘origin firing.’ Origin firing results in the establishment of replication forks, that then slide along DNA by unwinding the duplex, and synthesize new DNA using parental DNA strands as templates [9], [10]. The entire genome is duplicated during  the S phase of the cell cycle. When converging forks meet, replication is terminated by coordinated disassembly of the replisome complex [11]. At the end of this phase, there are two full copies of the genome  DNA present in cells, which marks the G2 phase of the cell cycle, with cells ready to divide. In subsequent mitosis phase the two duplicated copies of the genome are carefully distributed equally to the two daughter cells [12]. 
	The development of an organism from conception through embryo state to adult depends upon regulated cellular division and proliferation. Failures or inadequacies in DNA replication, as happen in case of mutations in DNA replication genes, are known to be responsible for many types of developmental abnormalities or genetic diseases, as described in great details in excellent reviews  [13], [14]. Meier Gorlin syndrome, characterized by dwarfism, small facial features, and hypoplasia of different tissues, and Seckel syndrome, characterized by microcephaly and mental retardation are classic examples. Other examples are conditions such as various skeletal and limb abnormalities, hypoplasia of reproductive organs, craniofacial abnormalities and short stature [14], [15], as also progeroid syndromes, characterized by accelerated ageing [16]. Recent advances in genome sequencing and whole exome sequencing are accelerating the identification of the huge repertoire of genes known to be associated with such conditions.
	Mutations in replication proteins, especially in genes whose products are involved in DNA damage checkpoints and DNA repair pathways, are known to cause a heightened predisposition to cancer [17], [18], [19]. Mutations in the catalytic and proofreading domains of replicative polymerases, for instance, are known to cause mutagenesis and predisposition to cancer [20], [21], [22]. Among the different hallmarks of cancer, sustained proliferation and genomic instability are of prime importance. A variety of DNA repair and tumor suppressor mechanisms [23], [24], [25], have evolved in organisms, and have remained conserved in evolution, underlining their importance for maintaining genomic stability and freedom from malignant transformation. Defects in DNA repair pathways cause great increases in the spontaneous mutation rate and DNA lesions [26], and this may be one of the mechanisms of how cancer arises in the first place. 
	Replication stress can, on the other hand, be exploited as an Achilles heel for targeting cancer cells using chemotherapy [27], [28], [29]. Different drugs that induce DNA damage [30] or compromise DNA repair pathways in cells [31], [32], are being used clinically or are being developed, as therapies against cancer. The strategy of targeting DNA replication for cancer therapy exploits the fact that cancer cells have high replication stress, are in greater need of active DNA repair pathways, and most of the times proliferate faster than normal cells, and thus aims to selectively target cancer cells and spare normal cells in the patient’s body. 
	Interestingly, upregulation of DNA replication or repair-supportive proteins is a strategy commonly used by cancer cells to escape from drugs and continue unchecked proliferation. For instance, overexpressed TIM provides cancer cells with resistance to DNA damage-inducing drug cisplatin [33], while overexpressed CLASPIN promotes tumor progression [34]. Studies to expand our understanding of DNA replication on the molecular level are crucial to pave the way for new therapies for replication-related diseases.
	The initiation of DNA replication is tightly controlled, to be allowed to happen once and only once per cell division. It is this step that is deregulated in many replication-related abnormalities that give rise to genome instability and even cancer [35], [36]. The process of DNA replication initiation involves a cascade of steps that begin in G1 phase of the cell cycle and lead to the entry of cells into S phase, as illustrated in Fig. 1.
	To begin the process of DNA replication, different positions in the genome are marked as potential replication origin sites in the G1 phase of the cell cycle, by loading of Origin Recognition Complex (ORC) [37] to these sites. Later during the course of G1 phase, the heterohexameric MCM complex, which is the primary constituent of the helicase complex that would later unwind DNA to begin DNA replication, loads to these ORC complexes [38], [39]. Two copies of the MCM hexamer meet each other on DNA as MCMs slide along DNA [39]. MCM loading ‘licenses’ origins so that they can be later activated for initiating replication. Many more origins are licensed during G1 phase than would actually fire later during replication initiation; cells keep a surplus of extra origins which would serve as alternative origins that would fire in case of replication stress [40]. A portion of the licensed origins fire to initiate replication, which marks the beginning of S phase. For origin firing, two critical proteins, CDC45 and GINS, are recruited to each of the two MCM hexamers positioned on DNA next to each other [41], [42]. MCM, CDC45 and GINS together form the active CMG helicase, capable of unwinding the two parental strands of DNA so that new daughter DNA strands can be synthesized on each parental strand. Kinases CDC7-DBF4 (together known as DDK), CDK2 and CDK1 are important for CMG assembly in humans, their actions are reviewed in [43]. Additionally, accessory factors TOPBP1, Treslin, DUE-B and MTBP are required for CMG assembly in humans [44], [45], [46], [47], [48], reviewed in [43]. DNA polymerase epsilon, the leading strand DNA polymerase, is loaded at the same time as CMG assembly [49], [50], and in yeast also assists GINS loading [51].
	CMG helicase is then activated and stabilized by phosphorylations of MCM by DDK and CDK2 kinases [41]. CMG assembly and phosphorylations activate the helicase and provide the stimulus for untwisting of the DNA double helix, to begin the process of DNA melting and separation of the two DNA strands [52]. After helicase activation, the accessory factor MCM10 loads to the CMG complex. The subsequent steps are not well understood in humans, and most of our understanding comes from yeast studies. Presumably, replication bubble formation due to separation of parental DNA strands is going on simultaneously, and MCM-10 assists the CMG helicase in ejecting the lagging strand from its pore. After this, each of the two CMG helicase molecules sits on one of the two parental strands, which becomes the respective leading strand for that CMG. The DNA polymerase alpha (polA)-primase complex also loads at this time, leading to the assembly of the full replisome [53]. RNA primers are synthesized by primase, to which PolA adds the first short stretch of DNA.
	PCNA, the ring shaped molecule that encircles polymerases and ensures their processivity, is then loaded by Replication Factor C (RFC) onto these template-primer 3’ end sites [54]. PCNA loading stimulates the loading of DNA polymerase delta (POLD)  [55] [56], the main lagging strand polymerase. DNA polymerase delta takes over DNA synthesis from DNA polymerase alpha at each Okazaki fragment. The two CMG complexes start sliding towards each other and eventually bypass each other, which marks the beginning of two independent replication forks. As the CMG complexes move past one another, the initial DNA synthesis on both leading and lagging strands is performed by DNA polymerase delta [57]. DNA polymerase epsilon (POLE), the main leading strand DNA polymerase, which is already loaded at the time of CMG assembly, then takes over leading strand DNA synthesis from DNA polymerase delta [58], in a ‘polymerase switch’ step. After this point of full replisome assembly, two replication forks, sliding away from each other, moving in opposite directions, are established, and the elongation phase of replication commences. Fig. 1 depicts the process of DNA replication initiation in humans, as per our current understanding, and Fig. 2 depicts the structure of the fully assembled replisome at the fork, based on recent structural studies [59], [60], [61].
	Cancer cells initiate considerably more replication cycles compared to most normal cells in the body, and so the process of replication initiation is an attractive target for chemotherapy. This is also the reason why more studies are urgently needed to expand our understanding of the mechanistic details of the process of replication initiation in humans.
	TIMELESS protein (TIM) was initially discovered in Drosophila, named dTIM in Drosophila, where studies focused on its role in maintaining the rhythm of the circadian clock in flies. Mammalian TIM is functionally more similar to a homolog of dTIM found in flies –TIMEOUT [62]. TIM in mammals has well recognized roles in maintaining the integrity of the genome under conditions of replication stress or DNA damage, and loss of TIM causes severe replication stress [63].
	TIM performs its replication-related roles in concert with its obligate binding partner TIPIN [63], [64]. TIM-TIPIN, together with a third replication-protective protein, CLASPIN, constitute the Fork Protection Complex (FPC) [65]. The FPC is believed, based on structural studies, to be positioned at the leading edge of the replication fork, ahead of MCM in the CMG helicase, and binding to and gripping the DNA double helix [59]. However, TIM-TIPIN are also revealed by biochemical studies to bind to and stimulate the activities of DNA polymerase epsilon [66], although it is hard to imagine how TIM which is positioned ahead of MCM could interact with DNA polymerase epsilon located behind MCM (Fig.2) Our study exploring the roles of TIM in supporting replication initiation, a part of this thesis, sheds some light on this enigma. TIM has mainly been studied in the context of protection of fork integrity at times when the fork has to move through genomic barriers, either intrinsic barriers such as G quadruplex regions, or extrinsic DNA lesions caused by genotoxic agents [67]. It is also known to sense DNA damage and engage cell cycle checkpoint pathways, such as the ATM pathway  [68] and the ATR pathway [69]. The roles of TIM-TIPIN in protecting normal replication as well as replication under stress are reviewed in our recent review [70], a part of this thesis.
	Much less is known about the possible role of TIM in supporting the initiation of DNA replication. Depletion of TIM is known to cause a defect in S phase entry, reducing the percentage of cells being able to successfully transition from G1 phase into S [71]. This indicates that TIM plays a role in this transition, or specifically, in DNA replication initiation. Exactly what role TIM plays in the cascade of origin firing has hardly been explored before, to the best of our knowledge. It has only been reported that loss of TIM leads to a shortened intra-origin distances in asynchronous cells, which is indicative of excessive origin firing [72], and is likely the consequence of slower replication forks. 
	Interestingly, overexpression of TIM is known to contribute to resistance of cancer cells to anti-cancer drugs. TIM upregulation in cancer cells results in their resistance to cisplatin, a DNA-damaging anti-cancer drug [73], [33]. The molecular mechanism behind this is as yet unestablished, but is presumably connected to TIM’s role in protecting DNA from extrinsic damage. Overexpression of TIM is associated with greater survival, proliferation and metastasis of cancer cells [74], as well as loss of differentiation of cells of different tissues [75].
	Many details about TIM loading and role during replication initiation are not clearly understood. Firstly, its role in promoting S phase entry, and what step in replication initiation it may support, is not well studied. Secondly, at what point during origin firing TIM loads to DNA has hardly been investigated. Lastly, TIM’s canonical position at the leading edge of the fork does not align with its biochemically observed function of coupling helicase and polymerase activities by physical interaction with both. Therefore, TIM’s exact position at the fork needs to be investigated in more depth, especially in cell-based studies. Our study about the role of TIM in replication initiation, a part of this thesis, sheds some light on these questions.
	DNA polymerase epsilon synthesizes DNA at the leading strand of the replication fork. This polymerase is one of the most accurate DNA polymerases in the cell for single base pair errors, due to its high intrinsic base selectivity [76]. Its exonuclease domain provides additional proofreading activity. However, it is not completely immune to making errors, and as expected, errors made by a DNA polymerase lead to mutations. Interestingly, in many forms of cancer, DNA polymerase epsilon is found to have mutations in its proofreading domain, which makes it error-prone, and causes a high number of mutations during DNA replication, known as ‘ultramutation’ [20]. 
	Insufficiencies in this polymerase are found to cause syndromes characterized by hypoplasia of different tissues, immune insufficiency, adrenal dysfunction, genitourinary abnormalities and other signs characteristic of deficiencies of DNA replication-critical factors [77], [78], [79]. Mutations in the catalytic domain of the polymerase are relatively well studied, since they are associated with cancer-linked ultramutagenesis [20], however, consequences of mutations in the non-catalytic domain have not been widely explored, as they appear rarely in cancer cases. As with TIM,  overexpression of DNA polymerase epsilon has been found to promote tumor progression in cancer [80].
	DNA polymerase epsilon is a multisubunit complex comprising of four subunits: the catalytic subunit POLE1 in humans (pol2 in yeast), and three other subunits POLE2 (dpb2 in yeast), POLE3 (dpb3  in yeast) and POLE4 (dpb4 in yeast) [81], [82]. During replication initiation, DNA polymerase epsilon takes over leading strand DNA synthesis from DNA polymerase delta after initial DNA synthesis by POLD, as per findings in yeast [53], and then it functions as the main leading strand DNA polymerase in both yeast and humans. Both PCNA and the FPC are known to stimulate the its polymerase activity [66], [83], [84]. 
	DNA polymerase epsilon is believed to have important non-catalytic functions in addition to its catalytic function during leading strand DNA synthesis. In yeast, DNA polymerase epsilon loads at the origins during the step of CMG assembly, and is essential for the loading of GINS [51]. In humans, however, the dependance of GINS loading on DNA polymerase epsilon has not been studied to the best of our knowledge. Moreover, DNA polymerase epsilon also functions to directly activate CMG helicase during origin firing, in yeast  [85], and human studies about this function are lacking. The N-terminal catalytic domain of the catalytic subunit (POLE1 / pol2) of DNA polymerase epsilon is dispensable for survival in yeast, but the C-terminal non-catalytic domain is essential [86]. The exact role of the non-catalytic domain has remained more enigmatic, in both yeast and humans. It is believed that this domain mediates interaction of the catalytic subunit with another subunit of the polymerase, POLE2. Our work on the role of the non-catalytic domain of POLE1 in humans, a part of this thesis, sheds some light on its function in replication initiation.
	2   Aims of the study
	The aim of the work performed in this doctoral thesis was to investigate the details of the roles of critical replication proteins TIMELESS and DNA polymerase epsilon in the process of DNA replication initiation. Specifically, the aims were as follows:
	 To understand the role of TIMELESS protein in DNA replication initiation in human cells.
	 To understand the non-catalytic role of DNA polymerase epsilon in DNA replication initiation in human cells, with emphasis on the role played by the C-terminal non-catalytic domain of subunit POLE1.
	 To provide a comprehensive review of the roles played by TIMELESS protein in genome maintenance and various other cellular processes.
	3 Materials and methods
	The following methods were used in our studies, and are described in detail in our publication I and manuscript III:
	 Molecular cloning (PCR- restriction enzyme-based and Gibson Assembly-based) – (I and III)
	 Western blotting – (I and III)
	 CRISPR-based homology-directed knock-in – (I and III)
	 Mammalian cell culture – (I and III)
	 Transfection – (I and III)
	 Cell line generation with single cell cloning – (I and III)
	 DNA fiber analysis and immunofluorescence-based staining – (I)
	 Flow cytometry – (I and III)
	 Protein mutant design – (I and III)
	 Cell lysis, fractionation, insoluble chromatin isolation – (I and III)
	 Cell synchronization – (I and III)
	4 Results
	4.1   Results obtained in III
	4.2   Results obtained in I
	4.3   Main points in II

	‘TIMELESS recruits the Fork Protection Complex to the replisome during DNA replication initiation in human cells’
	 TIMELESS (TIM) is required for normal S phase entry in human cells.
	 TIM recruits TIPIN and CLASPIN to chromatin during replication initiation.
	 The presence of TIM in G2 phase/mitosis is required for PCNA loading to chromatin at S phase entry.
	 TIM, TIPIN and CLAPSIN load to chromatin during replication initiation partially at the time of CMG assembly, and partially after DNA synthesis begins. Their loading partially depends on the activity of kinases CDK1, CDK2 and CDC7.
	 TIM-MCM interaction is required for TIM, TIPIN and CLASPIN recruitment to chromatin during replication initiation.
	‘The non-catalytic role of DNA polymerase epsilon in replication initiation in human cells’
	 DNA polymerase epsilon (POLE) is not required for CMG assembly in human cells.
	 In the absence of POLE1 catalytic domain, the C-terminal non-catalytic domain of POLE1 can support very slow forks.
	 The POLE1 non-catalytic domain performs this function via its interaction with subunit POLE2.
	‘The TIMELESS Roles in Genome Stability and Beyond’
	 TIM is required to protect the integrity of DNA replication forks. It protects forks both under extrinsic replication stress and under normal replication conditions.
	 TIM , as part of the Fork Protection Complex, plays critical roles in the repair of damaged DNA. It detects DNA damage and engages checkpoint responses and DNA repair pathways at damaged regions of the genome.
	 TIM is also involved in multiple cellular processes other than DNA replication and repair, such as sister chromatid cohesion, mitosis, meiosis, recombination, transcription, and maintenance of circadian rhythm, among others. 
	 Upregulation of TIM is a strategy used by many different forms of cancer, and it is protumorigenic. It also confers upon cancer cells resistance to genotoxic cancer drugs.
	 The molecular mechanisms behind TIM’s various functions are not well understood, and more studies need to focus on this.
	5 Discussion
	5.1   The role of TIMELESS protein in replication initiation
	5.2   The non-catalytic roles of DNA polymerase epsilon domains in   replication initiation
	5.3   Future directions

	Most previous studies have focused on the role of FPC components in protecting forks from disintegration when faced with stressed DNA regions, or difficult-to-pass barrier regions in DNA. Not many studies have been devoted to the roles of the FPC in maintaining normal DNA replication under unstressed conditions, and even lesser efforts have been devoted to understanding their role at the step of replication initiation, a step very relevant for cancer as deregulation of this step is known to alter the frequency of replication.
	Our work has explored the role of TIMELESS protein in the initiation of DNA replication in human cells. To study this, we have made use of a rapid and conditional TIM-depleting system, the mini-auxin inducible degron system [87], [88]. This system enabled us to deplete TIM in human cells to near-complete levels, and study the consequences of loss of TIM for replication initiation. The findings presented in this thesis show that the efficiency of S phase entry is compromised upon loss of TIM, with a higher proportion of cells being trapped in G1 phase and unable to transition into S phase, compared to control having normal levels of TIM. This indicated to us that a critical step in the initiation of DNA replication, which marks the beginning of S phase, could require the presence of TIM.
	Replication initiation is in essence a cascade of steps, going from initial marking of replication origin sites on DNA, to assembly and activation of the CMG replicative helicase, to loading of leading and lagging strand polymerases and accessory factors, up to the establishment of two full replisomes sliding on DNA in opposite directions to synthesize daughter strands (illustrated in Fig. 1). To better understand what step in this replication initiation cascade might be supported by TIM, we studied the loading of replication initiation-critical proteins to chromatin in the absence of TIM. The presented data suggest that other components of the Fork Protection Complex, CLASPIN and TIPIN, are unable to load to chromatin in the absence of TIM. TIM is required for the loading of these two components, irrespective of whether their cellular levels are reduced or unaffected, indicating that TIM actually recruits, or at least stabilizes, these two proteins onto DNA during replication initiation. TIPIN is the obligate binding partner of TIM and interacts with TIM throughout S phase [72], so we believe that TIPIN may load to DNA bound to TIM. Whether TIM recruits CLASPIN to origins by physical association or whether it only stabilizes it in place as Claspin joins later, is not fully clear. We are inclined to think that CLASPIN may load to DNA after TIM, and simply be held in place by its TIM/TIPIN interaction. This is because, chromatin association of CLASPIN is known to increase specifically under replication stress, and TIM/TIPIN depletion affects CLASPIN loading, but CLASPIN depletion does not affect TIM/TIPIN loading [72], indicating that TIM-TIPIN loading may be independent of CLASPIN. Interestingly, it may be TIPIN rather than TIM that is required for CLASPIN loading [72], and the current work could not distinguish this as our system depletes both TIM and TIPIN. 
	Interestingly, our findings show that prolonged TIM depletion from G2 phase of the cell cycle as in our mAID1 TIM depletion system, but not a shorter TIM depletion from mid-G1 phase of the cell cycle as in our mAID2 system, delays the loading of polymerase processivity factor PCNA to chromatin during replication initiation. In mAID1, PCNA was found to load normally despite the absence of loaded TIM, TIPIN and CLASPIN. It has been reported that upon prolonged loss of TIM, levels of  replication inhibitor p21 in the cell rise, and cause a delay in CMG assembly [71]. Although no delay in CMG assembly was observed in our results, it is possible that an increase in p21 had other effects in our system. p21 has been shown to inhibit the loading of PCNA to DNA and its replication-supportive function [89], [90], [88]. We speculate that increased levels of p21 may be responsible for the PCNA loading defect in our mAID1 system. CLASPIN hasa PIP-binding motif, and interacts with PCNA to support growth and DNA synthesis in cells [91]. TIM-TIPIN are also known to directly bind PCNA [92], [93]. Since the loss of these proteins on chromatin in our mAID2 system does not abrogate PCNA loading, we believe that these proteins may not be required for PCNA loading, but may only stabilize PCNA at the fork once it is loaded. If they are absent, one of PCNA’s many other PIP-containing partners (such as CDC45) may perform the same function. This would explain the delay but not complete abrogation of PCNA loading in our case.
	Details about the timing of loading of TIM/TIPIN and CLASPIN to chromatin have remained enigmatic so far. To understand the exact role of FPC components in replication initiation, it is imperative that we first have a clear understanding of when these proteins load to chromatin during replication initiation, and what processes are required for their loading. The only detail previously known about the timing of TIM loading is that it is recruited to chromatin at the same time as CDC45 [94]. The current work studied whether the loading of FPC proteins requires the activities of kinases CDK2, CDK1 and CDC7, and found that it only partially depends on their activities, and inhibition of these kinases suppresses S phase entry of cells. We propose that only a subset of FPC molecules  require the activities of these kinases, and the rest  may load independently of these kinases. However, more studies are necessary to elucidate this possibility, and to understand how this distinction is made at the molecular level. The presented findings, however, show that a combination treatment of CDK1 inhibitor + CDC7 inhibitor, which also completely abrogates CMG assembly, completely inhibits the loading of FPC proteins during replication initiation. This is interesting, as at the time of CMG assembly, the canonical position of TIM ahead of CMG helicase is not available, and two CMG helicases are positioned next to each other and facing each other with no space between them. And yet, loading of TIM at this time is observed in our experiments. At the moment, exactly what triggers the loading of FPC proteins cannot be pinpointed, as it is not entirely clear what roles each of these kinases play in human cells. Interestingly, the presented work found that the loading of FPC proteins also partially depends on DNA synthesis, as treatment with aphidicolin partially blocked the loading of these proteins with no effect on CDC45 recruitment. But the current work also separately showed that FPC proteins load at the same time as CMG assembly. Taken together, these observations suggest that during replication initiation, some molecules of FPC may load at the time of CMG assembly, and other molecules may load after DNA synthesis commences. Further investigations are necessary to understand how different FPC molecules may make this distinction of when to load. Ideally, future work should focus on elucidating exactly how many copies of FPC proteins are present per replication fork.
	The canonical position of TIM ahead of the fork, bound to MCM and gripping DNA, as uncovered by structural studies (illustrated in Fig. 2), is inconsistent with its position indicated by biochemical studies, interacting with both MCM and polymerase epsilon. Structural studies sometimes do not align with actual events happening inside living cells, and may miss important interactions, especially those that involve difficult to crystallize protein complexes. The presented work was able to uncover some details of where TIM may actually be positioned at the fork in cellulo, and also where any additional molecules of TIM, as predicted by our chromatin-binding studies, may be located at the fork. Using a split-Turbo ID based proximity labelling strategy, we identified that TIM is positioned in close proximity of TIPIN, CLASPIN, CHK1, CDC45 , and DNA polymerases alpha and delta, suggesting some molecules of TIM may be located on the lagging strand, as illustrated in Fig. 3, also presented in our manuscript 1. TIM in its canonical position would be too far to interact with ORC6 which is present behind the fork where it functions in mismatch repair, and AND-1 which is present near polymerase epsilon, and this supports our belief that additional molecules of TIM would be associated with the lagging strand. As expected, two molecules of TIM were observed to come in close proximity to each other enough to biotinylate the above proteins, further supporting our proposition that there are additional molecules of TIM present at the fork, although at this point we do not exclude the possibility that this signal could come from TIMs present on two different forks. Future work should focus on stoichiometric studies to clarify how many molecules of TIM are present per replication fork.
	Lastly, the current work presents studies on the significance of TIM-MCM interaction for TIM’s ability to play a role in the initiation of DNA replication. TIM has been reported to interact with MCM not just at the beginning of S phase, but throughout all phases of the cell cycle [71]. We thus expected TIM to load at the same time as MCM, but the data from chromatin loading studies showed that TIM is recruited to chromatin after MCM loading. However, interaction with MCM was found to be critical for TIM chromatin loading, as a mutant of TIM whose interaction with MCM was abrogated, TIM-M*, was found to be unable to load to chromatin. These data suggest that TIM loads after MCM loading, by MCM interaction, and this interaction is critical for replication initiation. Indeed, the presented work illustrates that the expression of the TIM-M* mutant is unable to rescue the replication initiation defect of TIM-depleting cells. Cell lines expressing the TIM-M* mutant under the doxycycline-inducible promoter, generated on the background of our mAID1 TIM-depleting cell lines, were employed to study this. A concentration of doxycycline that did not deplete wt TIM but at the same time induced TIM-M* to levels comparable to the endogenous wild type TIM levels was used in these cells. The presence of TIM-M* mutant could not support the loading of CLASPIN, TIPIN and even PCNA in these cells, pointing towards a possible dominant negative effect of this mutant. Then, a concentration of doxycycline that completely depleted TIM-mAID-mCherry and expressed TIM-M* to high levels in cells was used. It was found that in spite of its high levels, the TIM-M* mutant could not rescue the defect in S phase entry in TIM-depleted cells. These findings underscore the importance of TIM-MCM interaction for its role in supporting replication initiation in human cells. A model of TIM’s position and loading dynamics at the replication fork, based on our data, is illustrated in Fig. 3.
	Overall, our studies show that TIM supports replication initiation in human cells by supporting the loading of other FPC components CLASPIN and TIPIN, and polymerase processivity factor PCNA to DNA during origin firing. TIM’s interaction with MCM is critical for its role in replication initiation. The work presented in this thesis also provides evidence for the first time that more than one molecule of TIM may be present at the replication fork, and some molecules of TIM may load concurrently with CMG assembly and others, after the commencement of DNA synthesis. 
	DNA polymerase epsilon (POLE) is the leading strand DNA polymerase during DNA replication, and is positioned at the replication fork behind the MCM helicase on the leading strand (illustrated in Fig. 2). The role and catalytic activity of polymerase epsilon, conferred upon it by its catalytic subunit POLE1, have been very well studied in yeast as well as in humans. POLE additionally has important non-catalytic roles during DNA replication in yeast, including the recruitment of GINS during CMG assembly [51]. 
	Structurally, it is the N-terminal catalytic domain of the catalytic subunit POLE1 of DNA polymerase epsilon that performs the catalysis during leading strand DNA synthesis. The smaller C-terminal domain of POLE1, which does not have any known catalytic activity, is very poorly studied, especially in human cells. In yeast, the catalytic domain is known to be dispensable for survival [86], [95], however the non-catalytic domain is required for survival and is able to support the assembly of a full but inefficient and error-prone replisome [96], [97], [98], [99], a fact underscores the importance of exploring the mechanistic details of the function of this domain. This also indicates that it is actually the non-catalytic function(s) of POLE that makes it an essential protein in cells. The non-catalytic domain of Pol2 in yeast not only supports the catalytic activity of DNA polymerase epsilon, but is also thought to play a role in replisome assembly [96]. Our studies explore and illuminate the role of this non-catalytic domain of POLE1 specifically, as well the non-catalytic roles performed by POLE holoenzyme in general, during the process of replication initiation in human cells. 
	The work presented in this thesis employed a conditional POLE-depleting system based on the mini-auxin inducible system (mAID1) [87], which allowed us to study the process of replication initiation with near-complete depletion of POLE in human cells. Contrary to observations in yeast, our work found that the absence of POLE does not affect CMG assembly (as judged by CDC45 and GINS loading in our chromatin protein loading experiments) or CMG activation (as judged by MCM hyperphosphorylation and the accumulation of ssDNA) in human cells. Importantly, GINS, which is recruited for CMG assembly by POLE in yeast, was found to load to chromatin during CMG assembly even in the absence of POLE in human cells. Furthermore, the current work shows using single molecule microscopy techniques that the absence of POLE does not actually lead to the disintegration of the assembled CMG, and MCM once loaded to DNA does not unload from DNA if POLE is absent. In short, our findings illustrate that unlike in yeast, POLE is not required for CMG assembly in humans. These findings highlight surprising evolutionary differences between lower eukaryotes and higher eukaryotes in highly conserved processes such as DNA replication, as systems evolve by exaptation of new roles by some proteins and loss of previous roles by other proteins.
	The current work studied the effect of POLE depletion on the ability of cells to synthesize DNA, and it was found that loss of POLE slows down DNA synthesis at least 18–21 times compared to having normal levels of POLE. This is not surprising given the vital role of POLE in leading strand DNA synthesis during replication. Using mass spectrometry experiments to quantify levels of replication initiation proteins near newly synthesized DNA (IPOND-mass spectrometry, [100]), the presented work shows that levels of DNA polymerase delta (POLD) were at newly synthesized DNA were unaffected by loss of POLE. We speculate that in the absence of POLE, POLD may perform DNA synthesis at both leading and lagging strands, which presumably fails shortly after, at the time of expected POLD to POLE switch.
	The presented work was aimed at studying what the essential role of the non-catalytic subunit of POLE1 might be in humans. To this end, we generated several truncation mutants of POLE holoenzyme, and studied their ability to rescue the replication defect of POLE-depleted cells, in order to pinpoint which regions of POLE are responsible for its role in supporting replication and replication initiation. As expected, expression of full length wild type POLE led to a full rescue of DNA synthesis in POLE-depleted cells, as judged by EdU-incorporation FACS studies. Expression of the mutant containing only the catalytic domain of POLE was unable to rescue the defect in DNA synthesis. The expression of either the dcat mutant (a mutant containing only the C-terminal non-catalytic domain) or a catalytically dead mutant of POLE, however, was able to support a low-level DNA synthesis. Such an observation has been previously reported in yeast [97]. By generating and using cell lines stably expressing the dcat mutant on the background of our POLE-depleting cell lines, we studied the mechanism behind this low-level DNA synthesis. The presented DNA fibre analysis data indicate that this low-level DNA synthesis actually represents very slow-moving forks, which we estimated to be around 18-21 times slower than normal forks. Interestingly, the expression of the dcat/dzf mutant (mutant containing the non-catalytic domain but lacking the C-terminal-most zinc finger motifs responsible for the interaction of POLE1 with subunit POLE2) was unable to support such a low-level DNA synthesis. This indicates that the rescue in DNA synthesis and slow-moving forks supported by the non-catalytic subunit of POLE is done by its interaction with POLE2.
	Our results support a model where POLE is dispensable for CMG assembly, but its absence leads to a failure of replication initiation at the step of POLE to POLD switch and processive DNA synthesis. The non-catalytic domain of POLE is necessary for maintaining normal speed of replication forks. 
	The work presented in thesis shows that TIM is required for S phase entry and for loading of CLASPIN and TIPIN to DNA during replication initiation. It remains to be seen whether TIPIN and/or CLASPIN have roles to play in S phase entry as well. TIPIN depletion has been shown to negatively affect the ability of cells to continue replication under stressed conditions [72], however its role in supporting normal replication has not been studied, to the best of our knowledge. Although TIM and TIPIN perform most of their roles bound to each other as obligate partners, it is very likely that the smaller TIPIN has some specific roles to play that cannot be played by TIM alone. Such a possibility can be assessed using a conditional TIPIN depletion system. 
	CLASPIN is known to recruit CDC7 kinase necessary for MCM phosphorylation and CMG helicase activation during replication initiation [91]. Whether CLASPIN plays a role in any other steps of replication initiation remains a mystery. The current work also provides evidence that PCNA loading is delayed upon TIM depletion, and we believe that it may be CLASPIN rather than TIM that stabilizes PCNA on chromatin, via its PCNA-interacting PIP motif. Studies using a CLASPIN conditional depletion system and a PIP-deleted mutant of CLASPIN reported earlier [91], would help to uncover such a role. The mechanistic details of how components of the FPC promote PCNA recruitment remain an open question, and detailed investigations are necessary to understand such a significant role of the FPC. It is also possible in theory that it is not CLASPIN but TIM-TIPIN, whose additional molecules present on the lagging strand bind and stabilize PCNA at forks. Direct interaction between TIM and PCNA has not been reported, and such a possibility needs to be investigated further.
	Our proposed model of the presence of more than one TIM molecule at the replication fork needs to be confirmed with stoichiometric studies. We think that the additional molecule(s) of TIM that were detected at replication forks may be bound at the lagging strand via the interaction of TIPIN with RPA on ssDNA. In such a case, TIPIN depletion should abrogate the binding of additional molecules of TIM at forks. Such a possibility can be assessed using a TIPIN depletion system. The presented work also shows that CLASPIN loads during replication initiation with the same dynamics as TIM-TIPIN. It is unclear whether the additional molecules of TIM that we detected also have CLASPIN with them, forming the full FPC, or not, and this would be interesting to know.
	A question the current work has not answered is, how does TIM recruit CLASPIN to DNA? It is known that TIPIN bound to RPA on ssDNA is responsible for recruiting CLASPIN [101] during replication stress. Does TIPIN also recruit CLASPIN during normal conditions? Studies using a TIPIN depletion system would shed light on this. Do TIM-TIPIN interact with CLASPIN before S phase and physically bring it to DNA at replication initiation, or does CLASPIN load on its own and is simply stabilized on chromatin by TIPIN interaction? We are inclined to believe the latter, as CLASPIN loading is specifically known to increase under stress, however, more direct studies are necessary to answer this question. CLASPIN is also bound to TIM at the fork, and is presumably additionally stabilized by this interaction. What region(s) in TIM are responsible for CLASPIN binding is not well studied, however the converse (regions of CLASPIN important for TIM interaction) has been studied [91]. More studies are necessary to understand the roles played by different domains in the TIM protein.
	An important question, that has hardly been acknowledged in the literature, is how is TIM recruited to DNA during replication initiation? TIM has been shown to interact with MCM throughout the cell cycle, however, our findings show that TIM loading during replication initiation happens after MCM loading. The presented work shows that TIM, TIPIN and CLASPIN load to chromatin with the same dynamics, and although TIM-TIPIN are bound together throughout the cell cycle, the findings have not excluded the possibility that the loading of these proteins during replication initiation is concurrent but independent. There is evidence to suggest that TIM to DNA is recruited by TIPIN [102] and PARP-1 [103] (in this case TIM is not bound to TIPIN) during replication stress. Urgent studies are needed to explore how TIM is loaded to DNA during replication initiation in case of normal unstressed replication. 
	The work presented in this thesis shows that DNA polymerase epsilon is necessary for steps of replication initiation occurring after CMG assembly, and that the non-catalytic domain of catalytic subunit POLE1 is necessary for maintaining normal fork speed during replication. The non-catalytic domain can support very slow forks in the absence of the catalytic subunit, via its C-terminal zinc finger motifs, which mediate its interaction with subunit POLE2. The exact details of the role played by this non-catalytic domain have, however, remained unclear, and should be the focus of future studies. Especially, it is interesting to speculate what could be the function of the remaining portion of the non-catalytic domain, other than the zinc finger motifs, since it has clearly been preserved during evolution. In yeast, the subunit corresponding to POLE2, dpb2, plays the role of interacting with and integrating the catalytic subunit pol2, into the replisome. The role played by human POLE2 is not well studied, and more studies should be directed into this. POLE3 and POLE4 subunits are even more poorly studied. 
	Disease cases with mutations in the non-catalytic subunit of POLE1 are rare, understandable given its essential nature. Non-lethal mutations may be discovered in the population now that cheaper whole genome sequencing is gaining rapid ground, and it would be interesting to study what phenotypes these mutations cause. Mutations and insufficiencies of POLE2 are documented, and are known to cause syndromes similar to those of POLE1. 
	Lastly, since overexpression of replication proteins is well known to provide anti-cancer drug resistance to cells, and in some cases to also promote tumorigenesis, it is imperative that more studies be directed into investigating the effects of overexpression of FPC components and POLE on DNA replication. 
	6 Conclusions
	From the studies of this thesis on the role of TIM and POLE in DNA replication initiation, the conclusions can be briefly summarized as follows:
	TIM is required for normal S phase entry of cells. During replication initiation, TIM recruits TIPIN and CLASPIN to DNA. TIM is also required for the timely recruitment of PCNA during replication initiation. TIM, TIPIN and CLASPIN load to DNA partially during CMG assembly and partially after DNA synthesis, and TIM-MCM interaction is required for these proteins to load to DNA. Our data suggests that there are additional molecules of TIM present at replication forks, positioned on the lagging strand. 
	DNA polymerase epsilon has important non-catalytic roles to play in replication initiation. Although dispensable for CMG assembly, POLE is required for DNA synthesis in this process. The non-catalytic domain of POLE catalytic subunit POLE1 can support replication in the absence of the catalytic subunit, however the resulting forks are very slow. This domain acts by maintaining the association of subunit POLE2 with the replisome.
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	Abstract
	The roles of TIMELESS protein and DNA polymerase epsilon in DNA replication initiation in human cells
	DNA replication initiation is a rate-limiting step that determines the frequency of replication, as only a single round of replication must occur per cell division. This important process has been understudied in humans compared to the model organism yeast. Our current studies have been carried out in the human system, with the goal of improving our understanding of this very central molecular biological process in humans. Less is known about the role of TIMELESS (TIM) protein, a component of the Fork Protection Complex (FPC), in replication initiation, other than the fact that loss of TIM impairs S phase entry. Similarly, the catalytic functions of DNA polymerase epsilon (POLE) are well studied, but its non-catalytic roles have remained underexplored. We employed a conditional mini-auxin inducible degron- based depletion system to study the consequences of the loss of both these proteins on replication initiation, in order to decipher their roles in this process. The findings presented in this thesis provide evidence that TIM supports S phase entry by recruiting TIPIN and CLASPIN, and supporting the timely recruitment of PCNA, during replication initiation. The current findings also suggest that the non-catalytic domain of the catalytic subunit POLE1 of POLE supports replication initiation by maintaining normal speed of replication forks. Overall, our studies have uncovered a new previously unrecognized role of TIM protein, as well as an important non-catalytic role of POLE, in supporting the initiation step of DNA replication in the human system. Our work improves the mechanistic understanding of the process of DNA replication in humans, and is expected to have a broader impact in paving the way for development of future therapies.
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	TIMELESS valgu ja DNA polümeraas epsiloni rollid DNA replikatsiooni initsiatsioonis inimese rakkudes
	DNA replikatsiooni initsiatsioon on selle protsessi kiirust piirav etapp, mis määrab replikatsiooni toimumise sageduse, kuna ühe raku-jagunemise kohta peab toimuma ainult üks replikatsioonisündmus. Replikatsioonikahvli kaitsekompleksi (FPC) komponendi TIMELESS (TIM) rollist initsiatsioonis on teada vaid asjaolu, et TIM-i kadumine kahjustab S-faasi sisenemist. Samamoodi on DNA polümeraasi epsiloni (POLE) katalüütilised funktsioonid hästi uuritud, kuid mittekatalüütilised rollid jällegi on võrdlemisi alauuritud. Mõlema valgu rolli uurimiseks replikatsiooni initsiatsioonil kasutasime tingimuslikku auksiin-indutseeritava degroni tehnoloogiat, mille abil on võimalik tingimuslikult kaotada uuritava valgu avaldumine rakkudes. Leidsime, et TIM toetab S-faasi sisenemist, värvates valgukompleksi TIPIN ja CLASPIN valgud ning toetades PCNA õigeaegset värbamist replikatsiooni initsiatsiooni ajal. Samuti leidsime, et POLE katalüütilise alaühiku mittekatalüütiline domeen POLE1 toetab initsiatsiooni, säilitades normaalse replikatsioonikahvli kiiruse. Kokkuvõttes  on käesoleva töö tulemustena leitud TIM-i ja POLE olulisi ja varem tundmatuid funktsioone inimese rakkude replikatsiooni initsiatsioonis. DNA replikatsiooni on inimestel võrreldes mudelorganismi pärmiga alauuritud ja inimsüsteemi uuringud on hädavajalikud mitte ainult selleks, et parandada meie arusaamist sellest väga kesksest molekulaarbioloogilisest protsessist, vaid ka selleks, et panna alus tulevastele ravimeetoditele.
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