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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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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,
RECQLA4. 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.

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
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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.

MCM

TIPIN
PCNA

TIMELESS

CLASPIN
PCNA

7,()1301 5 cDC4s.
~— il

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).

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,
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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 humanes. 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:

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

e 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.

e 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 | and manuscript Ill:

Molecular cloning (PCR- restriction enzyme-based and Gibson Assembly-based)
—(land Il

Western blotting — (I and 111

CRISPR-based homology-directed knock-in — (I and ll)
Mammalian cell culture — (I and Il1)

Transfection — (1 and Il1)

Cell line generation with single cell cloning — (I and 1)

DNA fiber analysis and immunofluorescence-based staining — (1)
Flow cytometry — (I and 1l1)

Protein mutant design — (I and Il1)

Cell lysis, fractionation, insoluble chromatin isolation — (I and IIl)

Cell synchronization — (I and Ill)
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4 Results

4.1 Results obtained in Il

‘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 |

‘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 pointsinli

‘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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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.

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].
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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 POLE1l
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.

24



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 POLE1l 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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Lihikokkuvote

TIMELESS valgu ja DNA poliimeraas epsiloni rollid DNA
replikatsiooni initsiatsioonis inimese rakkudes

DNA replikatsiooni initsiatsioon on selle protsessi kiirust piirav etapp, mis maarab
replikatsiooni toimumise sageduse, kuna (he raku-jagunemise kohta peab toimuma
ainult ks replikatsioonisiindmus. Replikatsioonikahvli kaitsekompleksi (FPC) komponendi
TIMELESS (TIM) rollist initsiatsioonis on teada vaid asjaolu, et TIM-i kadumine kahjustab
S-faasi sisenemist. Samamoodi on DNA poliimeraasi epsiloni (POLE) kataltutilised
funktsioonid hasti uuritud, kuid mittekataltitilised rollid jallegi on vérdlemisi alauuritud.
Mdélema valgu rolli uurimiseks replikatsiooni initsiatsioonil kasutasime tingimuslikku
auksiin-indutseeritava degroni tehnoloogiat, mille abil on véimalik tingimuslikult kaotada
uuritava valgu avaldumine rakkudes. Leidsime, et TIM toetab S-faasi sisenemist, varvates
valgukompleksi TIPIN ja CLASPIN valgud ning toetades PCNA Oigeaegset varbamist
replikatsiooni initsiatsiooni ajal. Samuti leidsime, et POLE katalldtilise alalihiku
mittekatallltiline domeen POLE1 toetab initsiatsiooni, sdilitades normaalse
replikatsioonikahvli kiiruse. Kokkuvéttes on kdesoleva t66 tulemustena leitud TIM-i ja
POLE olulisi ja varem tundmatuid funktsioone inimese rakkude replikatsiooni
initsiatsioonis. DNA replikatsiooni on inimestel vGrreldes mudelorganismi parmiga
alauuritud ja inimsiisteemi uuringud on hadavajalikud mitte ainult selleks, et parandada
meie arusaamist sellest vdaga kesksest molekulaarbioloogilisest protsessist, vaid ka
selleks, et panna alus tulevastele ravimeetoditele.
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DNA polymerase epsilon (PolE) in an enzyme essential for DNA replication.

Deficiencies and mutations in PolE cause severe developmental abnormalities
and cancers. Paradoxically, the catalytic domain of yeast PolE catalytic subunit
is dispensable for survival, and its non-catalytic essential function is linked with
replicative helicase (CMG) assembly. Less is known about the PolE role in
replication initiation in human cells. Here we use an auxin-inducible degron
system to study the effect of POLE1 depletion on replication initiation in U20S
cells. POLEI-depleted cells were able to assemble CMG helicase and initiate
DNA synthesis that failed shortly after. Expression of POLE1 non-catalytic
domain rescued this defect resulting in slow, but continuous DNA synthesis.
We propose a model where in human U20S cells POLE1/POLE2 are dispensable
for CMG assembly, but essential during later steps of replication initiation. Our
study provides some insights into the role of PolE in replication initiation in

human cells.

The core mechanisms of the initiation of DNA replication are con-
served from yeast to mammals. Heterohexameric MCM helicase is a
central element of the replication complex. MCM is loaded on the
chromatin during origin licensing in G1 phase of the cell cycle and
serves as a platform for recruiting all other replication components.
MCM is activated by its binding partners CDC45 and GINS (forming the
CMG helicase) and DDK- and CDK-dependent phosphorylations, while
CTF4 brings together the CMG helicase and polymerase alpha/primase
complex'. After CMG activation, two heterohexameric MCM com-
plexes start moving toward each other, bypassing each other**. After
priming by DNA polymerase alpha (POLA), the initial DNA synthesis
during CMG bypass is performed by DNA polymerase delta (POLD),
with DNA polymerase epsilon (POLE) taking over the leading strand
synthesis after the initial bypass of polymerases past one another*’.
After this “polymerase switch” step, two replication forks, each with its
own leading and lagging strands, are established.

DNA polymerase epsilon (POLE) is a major DNA polymerase,
responsible for synthesizing the leading strand during DNA

replication®. In yeast, polymerase epsilon (PolE) is recruited to MCM
helicase together with GINS complex, playing a critical role in repli-
some assembly and activation””’. Surprisingly, the N-terminal catalytic
domain of PolE catalytic subunit (Pol2 in yeast, POLEL in humans) is
dispensable for cell survival in yeast'>", Since this phenomenon was
first observed'®", many studies have been conducted to elucidate the
non-catalytic role of Pol2 in DNA synthesis and the mechanism allow-
ing cells to survive in the absence of the catalytic domain of PolE’**™.
In the absence of the catalytic N-terminal domain, the C-terminal
domain of Pol2 is necessary and sufficient to assemble a full helicase
and support replication in vitro'. According to structural and bio-
chemical data™", DNA synthesis of both leading and lagging strands in
the absence of Pol2 catalytic domain is performed by POLD. In this
case, DNA synthesis is slower due to slower DNA unwinding by the
CMG helicase”, suggesting suboptimal CMG activation in these cells.
Systems that lack the catalytic domain of Pol2 have proven to be
invaluable tools to study the mechanism of replication initiation in
eukaryotes.
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To our knowledge, no studies have been performed to clarify
whether the non-catalytic role of DNA polymerase epsilon is conserved
in human cells. In this study, we aimed to identify the essential domains
of POLEL, test whether the non-catalytic C-terminal domain of human
POLE is sufficient for DNA synthesis, and establish the role of DNA
polymerase epsilon in the initiation of DNA replication in human cells.

We have created a cell line in which POLE1 is tagged with mAID
(auxin-inducible degron), allowing rapid and efficient depletion of this
protein in human U20S cells without causing a G1 arrest. Surprisingly,
POLEI1 depletion did not prevent CMG assembly or MCM phosphor-
ylation during ATR inhibition-induced origin firing, indicating that
replisome assembly in POLE-deficient cells proceeds to a late stage
before DNA replication fails. Indeed, we were able to observe some
residual EdU incorporation that was sensitive to aphidicolin, in POLEI-
depleted cells.

Using the POLE1-mAID cell line, we show that the C-terminal non-
catalytic domain of POLE1 can support DNA replication in human cells
in the absence of a full-length protein, although DNA synthesis in such
cells is slower. We propose that polymerase delta substitutes for
polymerase epsilon in cells expressing the POLEL C-terminal domain,
but is unable to support DNA synthesis in the absence of POLE1/POLE2
due to a failure of the replication initiation, probably at the step of
polymerase switching.

POLE insufficiency is known to cause developmental abnormal-
ities in humans'®?°, and drive replication stress and genomic instability
in mice and C. elegans®*, which is generally attributed to insufficient
origin firing. However, no specific molecular mechanism has been
established to date. Our study provides mechanistic insight into the
effects of POLEL depletion and the role of POLE in DNA replication
initiation in human cells.

Results

Development and characterization of mAID-tagged POLEL in
U20S cells

We used an auxin-inducible degron system (mAID) to be able to study
the role of DNA polymerase epsilon in replication initiation in human
cells. This system is derived from plants and allows rapid depletion of
the mAID-tagged protein after it is efficiently ubiquitylated by E3 ligase
recruited by F-box protein osTIR1 only in presence of the plant hor-
mone auxin (in this study we used indole-3-acetic acid or 3-1AA)*.
Following the approach described by Natsume et al**, we used
CRISPR/Cas9 to knock-in (KI) osTIRL under a doxycycline-inducible
promoter into the AAVS1 “safe harbor” locus, and added a mAID-
mCherry tag at the C-terminus of endogenous POLE1 using either one
HR template (containing hygromycin resistance gene) or two HR
templates (one containing neomycin resistance marker and the other
with the hygromycin resistance marker—to increase the probability of
homozygous knock-ins). After single-cell cloning, the clonal lines were
tested by PCR to ensure homozygous KI of the mAID-mCherry tag
(Supplementary Fig. 1a, b). Several homozygous KI clones were iden-
tified. Two of the homozygous KI clones—clones 16 (resistant to both
neomycin and hygromycin) and 1.6 (sensitive to neomycin)—were
treated with 2 pg/ml doxycycline (dox) to induce osTIR1 expression
and 500 uM auxin (aux) to promote POLE1 degradation. 24 h treatment
with doxycycline alone slightly reduced the level of POLE1 (Fig. 1a).
POLEI level was greatly decreased after the 24 h incubation with both
chemicals, confirming the efficiency of the system (Fig. 1a). mAID-
mCherry tagging also notably changed the electrophoretic mobility of
the POLEI protein, additionally confirming the absence of the endo-
genous untagged POLEL in the tested clones.

In order to test the effect of POLEL depletion on cell growth we
seeded equal numbers of clone 16, clone 1.6, or U20S cells and treated
them with DMSO or dox/aux for 72 h, and counted the cells every 24 h
(Fig. 1b). Untreated knock-in cells grew slightly slower compared to the
wild-type U20S cells, however, the addition of dox/aux completely

stopped proliferation of clones 16 and 1.6, in agreement with the
essential role of POLEIL protein in the cell cycle. Dox/aux treatment also
slightly decreased the growth of U20S cells, as has been previously
observed®.

The effect of short-term POLE1 depletion on replication and cell
cycle was evaluated by treating cells with doxycycline for 16 h to
induce osTIR1 expression, followed by auxin treatment for 1-8h.
Western blot analysis showed that 1 h of auxin treatment was enough
to greatly decrease the level of POLEL in clone 16 cells (Fig. 1c). EAU
incorporation analyses showed that while cells slowed down replica-
tion within 1h of auxin addition, the most dramatic effect was seen
after 3 h of auxin treatment, resulting in a strong block of EdU incor-
poration by S-phase cells (Supplementary Fig. 1c, gating strategy
shown on Supplementary Fig. 10). 16 or 24 h treatment with doxycy-
cline alone (required for osTIR1 induction) visibly reduced levels of
POLEL, resulting in EdU incorporation decrease (Supplementary
Fig. 1d) and possibly creating stress even before the auxin addition.
Therefore, to avoid potential difficulties interpreting results from such
experiments, we decided to adhere to 16-24 h concurrent treatments
with dox/aux in this study.

In order to ensure that the C-terminal tagging of POLE1 with mAID-
mCherry did not have any significant effects of replication dynamics in
U20S cells, we performed a series of experiments comparing U20S,
clone 16, and clone 1.6 (Supplementary Fig. 1le-i). Our data show that
POLE1 C-terminal tagging did not significantly affect POLEL levels
(Supplementary Fig. 1e), overall EdU incorporation (Supplementary
Fig. 1f), the number of cells in S-phase (Supplementary Fig. 1g), or
replication fork speed in U20S cells (Supplementary Fig. 1h, i).

In order to evaluate the effect of POLEI depletion on replica-
tion and cell cycle, we treated wild-type U20S cells, clone 16, or
clone 1.6 cells with dox/aux for 24 h, followed by a 30 min EdU
pulse. Flow cytometry analysis of EdU incorporation and DNA
content showed a dramatic decrease in EdU-positive cells after
POLEL depletion (Fig. 1d, e, gating is shown on Supplementary
Fig. 1j). Similar results were observed with clone 1.6 (Supplemen-
tary Fig. 1k). Surprisingly, there was no notable G1 arrest after 24 h
of treatment (Fig. 1f), indicating that POLEI depletion did not pre-
vent cells from entering S-phase.

Cell line instability is caused by TetR promoter methylation
In EdU incorporation FACS data, we noticed a subpopulation of POLEI-
mAID cells that are resistant to dox/aux treatment and keep EdU
incorporation at near-normal level. While the experiments shown
above are done using early passages of clone 16, after a few weeks in
culture this subpopulation grew, and after 2 months in culture (2m),
nearly 100% of cells did not respond to treatment (Supplementary
Fig. 1I). Similarly, treating clone 16 with dox/aux for 10 days selected a
population (10d) that was fully resistant to dox/aux treatment (Sup-
plementary Fig. Im). In order to check that these resistant cells still
express mAID-tagged POLE1 and osTIR1, we treated cells with DMSO or
dox/aux for 16 h, followed by cell lysis and western blot analysis
(Supplementary Fig. Im). 2m and 10d cells still expressed mAID-
mCherry-tagged POLEL, however, they failed to express osTIR1, which
explained failure to deplete POLEL

Inactivation of the doxycycline-inducible transgenes is a known
problem that has been attributed to the methylation of the tetR
promoter®. In order to confirm that methylation is the reason for
doxycycline resistance in our clones, we treated cells with demethy-
lating agent 5-azocytidine (5AC) for 48 h before adding dox/aux for
16 h, and tested POLEL and osTIR1 levels by western blot. Our data
showed that demethylation restored osTIR1 expression and POLEL
degradation in response to dox/aux, thus confirming promoter
methylation as the primary reason for the acquired doxycycline
resistance (Supplementary Fig. 1n). Although we did not see an
increase of Chkl phosphorylation in our experiment, SAC is a known
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DNA damaging agent”, and we therefore chose not to use it in the DNA
replication experiments. For the data in this paper, we used early
passages of the clones 16 and 1.6, disregarding the resistant population
when possible. In the experiments where it was not possible to dis-
regard the resistant population (i.e.,, western blots), the low
POLEL1 signal seen in dox/aux treated samples is likely coming from the
wild-type levels of POLEL in the resistant population (-10-20%) and
does not indicate insufficient depletion of POLEL in the vast majority of
the cells.

U20s clone 1.6 clone 16
- - 4+ + - - + + - - 4+ + auxin
-+ - + - 4+ - + - + - + doxycycline
g T mE—— POLE1
50 — — — — =~ osTIR1
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50— [ POLE1
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807 807 00002
[ ]
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) )
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2 2
T ©
w 20— w20 o
L]

o
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Fig. 1| Creating and characterizing a cell line expressing mAID-tagged polE1.
a Wild-type U20S, homozygous mAID-KI clones 16 and 1.6 were treated for 24 h
with doxycycline, auxin, or both, as indicated, western blots of total cell lysates are
shown. b Equal numbers or wild-type U20S, or homozygous mAID-KI clones 16 or
1.6, were seeded on 60 mm dishes and treated with DMSO or dox/aux for 72 h. The
data are depicted as mean + SD from n = 3 independent experiments. ¢ Clone 16 was
treated with doxycycline overnight (16 h), auxin was added for the indicated times;
western blots of total cell lysates are shown. d-f Wild-type U20S, homozygous

ATRi-induced replication initiation in POLE1-depleted cells

ATR inhibitors (ATRi) have been shown to induce massive origin firing
within minutes of treatment resulting in replication proteins’ recruit-
ment into the nuclease insoluble chromatin fraction, MCM4 hyper-
phosphorylation and an increase in EdU incorporation by replicating
cells®®®. In order to check if ATRi-induced replication initiation is
blocked by POLE1 depletion, we treated clone 16 or clone 1.6 cells with
DMSO or dox/aux combination for 16 h, added DMSO or 5uM ATRi
(AZD6738) for the last 1h, and isolated nuclease-insoluble chromatin
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mAID-KI clone 16 were treated for 24 h with DMSO or dox/aux, 10 uM EdU was
added for the last 30 min of treatment. d Flow cytometry plots showing EdU
incorporation and DNA content (7-AAD staining) are shown. e, f Quantification of
the flow cytometry data is shown—mean + SD from n = 3 independent experiments.
Paired t-test was used for statistical analyses, p values are shown where they are
statistically significant. e EQU+ cells were quantified based on EdU signal being
above G1and G2 levels. f Cells were assigned to G1 based on DNA content of 2n and
being EdU negative. Source data are provided as a Source data file.
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fraction (Fig. 2a, b, Supplementary Fig. 2a-d). Our experiment showed
that while dox/aux treatment strongly depleted POLE1 both on chro-
matin and in the soluble protein lysate, it did not prevent MCM4
hyperphosphorylation or CDC45 recruitment to chromatin. In yeast
the role of polymerase epsilon in CMG assembly is thought to be in the
recruitment of GINS®. Therefore, we also studied the recruitment of
SLDS subunit of GINS to the nuclease insoluble chromatin in POLE1-
depleted cells in response to ATR. Chromatin SLDS levels, which
increased with ATRi-induced origin firing, were not suppressed by
POLEI1 depletion (Fig. 2a, b, Supplementary Fig. 2a-d), suggesting that
GINS can be recruited to the sites of replication initiation in response
to ATRi the absence of POLE1 in human cells.

To further investigate CMG helicase assembly in POLEI-depleted
cells, we synchronized U20S, clone 16, and clone 1.6 cells using
thymidine-nocodazole block, and added dox/aux to all the cells during
the last 8 h of nocodazole treatment (Fig. 2c). Cells were collected O
(mitosis), 3, 9, and 12 h following the release from nocodazole into
dox/aux containing medium, and the levels of MCM, CDC45, and SLD5
on chromatin were analyzed. All three cell lines have mostly completed
mitosis by 3 h, and U20S cells were in S-phase during the 9h and 12 h
timepoints (Supplementary Fig. 2e). POLE1-depleted clones 16 and 1.6,
as expected, could not significantly progress through S-phase due to
the lack of efficient DNA synthesis, however, these cells were capable
of loading MCM on chromatin in G1 and recruiting CDC45 and GINS to
chromatin 9—12 h after the release from nocodazole (Fig. 2c, Supple-
mentary Fig. 2f-h). These data support our hypothesis that POLEL is
not required for CMG assembly in U20S cells.

In order to test if the ATRi-induced replisome assembly in the
absence of POLEI resulted in increased EdU incorporation, we added
ATRi to the clone 16 or clone 1.6 cells after POLE1 depletion, followed
by EdU-labeling of ongoing replication. Flow cytometry analysis
showed a significant increase in EdU incorporation by S-phase cells
even after POLE1 depletion (Fig. 2d, e, Supplementary Fig. 2i). These
data indicate that ATR signaling actively suppressed DNA synthesis in
POLEI-depleted cells, probably through the same mechanism as dur-
ing normal, POLE-proficient replication®.

Western blot with an antibody against CHK1 phosphorylated on
serine-345, the canonical ATR-dependent phosphorylation site, con-
firmed that POLE1 depletion causes ATR activation, probably due to
replication stress (Fig. 2a, Supplementary Fig. 2b-d). Accordingly, we
observed an increase in ssDNA in POLE1-depleted cells by immuno-
fluorescent detection of CldU under native conditions (Fig. 2f, Sup-
plementary Fig. 2j).

Aberrant DNA synthesis in POLE1-depleted cells

In the ATRi EdU incorporation experiments (Fig. 2d), we observed a
shift in EAU incorporation for the subpopulation of cells that we ori-
ginally considered EdU negative. In order to verify that these see-
mingly EdU-negative cells after POLEl depletion, in fact, do
incorporate EdU, just at a slower rate, we depleted POLE1 in clone 16 or
clone 1.6 by 16 h dox/aux treatment followed by incubations with EdU
for 1-7 h instead of 30 min used in the standard setup (Fig. 3a—c). This
experiment confirmed a slow EdU incorporation by POLE1-depleted
cells, and allowed us to estimate that POLE1 depletion slows down EdU
incorporation -18-21 times, compared to wild-type levels of POLEL.
Slow DNA synthesis by POLEI-depleted cells was sensitive to aphidi-
colin (Fig. 3d, Supplementary Fig. 3a), implying that a B-family DNA
polymerase was responsible for this slow DNA synthesis.

Next, to test whether the cells could complete replication without
POLEL, we treated control and POLE1-depleted cells with nocodazole—
the inhibitor of microtubule polymerization—for 8 h to induce G2/M
arrest (Supplementary Fig. 3b): while in the control sample the
majority of the cells accumulated in G2 after nocodazole treatment,
POLEI-depleted cells were barely affected by the nocodazole, indi-
cating that these cells did not enter G2 during the time of treatment.

One possible explanation of such slow DNA synthesis is a low
number of replication forks, limited by the availability of POLEL
Therefore, we assessed the effect of POLEL depletion on replication
dynamics by performing DNA fiber analysis on vehicle- or dox/aux-
treated clone 16 or clone 1.6 cells. POLE1-depleted cells demonstrated
“dotty” DNA fibers with an overall lower level of nucleotide incor-
poration (Fig. 3e, Supplementary Fig. 3c). Some “normal”-looking
fibers, observed in dox/aux treated samples can be attributed to the
dox-resistant cells or to the leftover POLEL Since “dottiness” is a
common artifact of DNA fiber and DNA combing experiments, quan-
titative analysis of purely “dotty” patterns can’t be reliable. To test if
the “dots” represent extremely slow replication forks, we tried labeling
ongoing DNA synthesis in POLEI-depleted cells for 60 min (Supple-
mentary Fig. 3d), however, the phenotype did not change and we did
not observe any tracks that could indicate continuous DNA synthesis.
One possible explanation of such “dotty” phenotype is excessive origin
firing with replication failure shortly after.

In order to identify the proteins involved in DNA synthesis after
POLE depletion, we performed an iPOND experiment™® on clone 16
cells with and without dox/aux treatment for 16 h. As expected, the
amount of nascent DNA and proteins in the samples from cells treated
with dox/aux, was lower than in the control samples (Supplementary
data 1). In order to compare the protein composition of the replisome
with and without POLEIL, we performed two alternative normalizations:
(1) normalization to the signal of five major histones (intended to
normalize to the amount of the DNA in the sample), (2) normalization
to the signal of MCM subunits (intended to normalize to the number of
replication forks in the sample). After normalization to the histones
(Fig. 3f, Supplementary Fig. 3e), we observed a strong decrease of
MCM subunits, subunits of all three replicative polymerases and all
RPA subunits. After normalization to MCM subunits (Fig. 3g, Supple-
mentary Fig. 3f, Supplementary Table 1), we still observed a strong
decrease in both POLE1 and POLE2 subunits, implying that there
existed a subset of active replication complexes that included MCM
helicase, but lacked polymerase epsilon. POLE3 and POLE4 subunits’
signals were very weak, and we therefore did not include them in the
quantifications. We were also able to observe a decrease in POLA1
(polymerase alpha catalytic subunit), but DNA polymerase delta sub-
units showed no change relative to MCM after POLE1 depletion. This
suggests that after POLE1 depletion there may exist a subset of active
replication complexes that lack POLE, and possibly POLA. No other
replication proteins showed a strong change in abundance relative to
MCM after POLE1 depletion. No specialized polymerases were detec-
ted in the experiment. Overall, our data pointed to POLA/POLD-
dependent DNA synthesis in the absence of POLEL

POLEI1 depletion does not lead to MCM unloading from failed
replication forks

A decrease in MCM signal compared to nascent DNA (histones) (Fig. 3f)
could indicate CMG helicase unloading upon failure of replication in
the absence of POLE—in this case nascent DNA would not be associated
with an active helicase anymore. CUL2 and p97/VCP have been shown
to control CMG disassembly during S-phase in mammalian cells”,
therefore we studied the signal for VCP/p97 in the iPOND data
(CUL2 signal was insufficient for quantification). We observed an
increase in VCP/p79 abundance in the iPOND pulldown, relative to
MCM (Supplementary Fig. 4a), indicating possible active unloading of
CMG through p97-mediated mechanism upon replication failure in the
absence of POLEL. However, POLE1 depletion did not lead to a decrease
of MCM7 on chromatin by FACS (Fig. 4a, b).

In order to study the presence of MCM at the sites of DNA repli-
cation more directly, we turned to single-molecule localization
microscopy (SMLM) and analyzed EdU, PCNA, and MCM signals in
replicating cells in high resolution (Fig. 4c). While EdU cluster density
did not change after dox/aux treatment of clone 16 cells
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Fig. 2 | Origin firing in POLEI-depleted cells. a, b Wild-type U20S or homozygous
mAID-KI clone 16 were treated for 16 h with DMSO or dox/aux, 5 uM ATRi was added
to the indicated samples for 1h, followed by cell lysis and the isolation of the
insoluble chromatin fraction. Equal amounts of protein were loaded. Western blot
of the soluble lysates (a) and insoluble chromatin fraction (b) is shown. 1 h
hydroxyurea (HU, 2 mM) treatment was used as a positive control for replication
stress. The second band on POLEI blot (b) likely represents partially degraded
protein. Specific signals of SLD5 and CDC45 were quantified by Fiji/lmage).

c Indicated cell lines were synchronized by thymidine/nocodazole blocks and
treated with dox/aux as indicated. Western blot analysis of chromatin from the cells
collected at the indicated timepoints is shown. Equal amounts of protein were
loaded. Specific signals of SLD5 and CDC45 were quantified by Fiji/Image].

d, e Clone 16 cells were treated for 16 h with DMSO or dox/aux as indicated, DMSO
or 5uM ATRi was added to the indicated samples for 60 min before harvest, 10 uyM
EdU was added for the last 30 min of treatment. Flow cytometry plots showing EdU
incorporation histograms (c) and relative EdU incorporation, normalized to the
samples without ATRi, are shown (d)—mean +SD from n =3 (DMSO) or n=4 (dox/
aux) independent experiments. Paired t-test was used for statistical analyses, p
values are shown. f Clone 16 cells were incubated with 10 uM CIdU for 48 h, DMSO
or dox/aux were added for the last 16 h of treatment. After CSK extraction, cells
were fixed and stained with anti-CldU antibodies under native conditions. Quanti-
fication of ssDNA-positive cells is shown—mean + SD from n =3 independent
experiments. Paired t-test was used for statistical analyses, p value is shown. Source
data are provided as a Source data file.
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(Supplementary Fig. 4b), the amount of EdU per focus (Fig. 4d) and the
average EdU density around PCNA (Supplementary Fig. 4c) sig-
nificantly dropped after dox/aux treatment, confirming slow and
inefficient DNA synthesis by POLE1-depleted cells. In contrast to EdU,
both MCM cluster density (Supplementary Fig. 4d) and the amount of
MCM per focus (Fig. 4e) were not affected by dox/aux treatment.
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These data indicate that the failed origin firing in the absence of POLE1
does not lead to MCM unloading.

Interestingly, SMLM analysis of PCNA foci in POLE1-depleted
cells showed that both PCNA cluster density (Fig. 4f) and the
amount of PCNA per focus (Fig. 4g) slightly decreased in response
to POLEl1 depletion, while the overall PCNA signal remained
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Fig. 3 | The effect of POLE1 depletion on DNA synthesis. a-d Clone 16 (a, b, d) or
clone 1.6 (c) cells were treated for 16 h with dox/aux, followed by 10 uM EdU
additional for the indicated times. For (d) 2 uM aphidicolin was added 1 h before the
start of the EAU pulses. Flow cytometry plots showing EdU incorporation and DNA
content (a) or EdU incorporation quantifications (b-d) are shown. Quantification is
based on four (b) or three (c, d) independent experiments, means and standard
deviations are shown, dox-resistant population was disregarded for the quantifi-
cation. e Clone 16 cells were treated for 24 h with DMSO or dox/aux. Ongoing

replication was labeled with 10 min pulse of CldU (red) followed by 20 min pulse of
I1dU (green) and visualized using DNA fiber analysis, as described in “Methods”.
Scale bar is 10 um. f, g Clone 16 cells were treated for 16 h with DMSO or dox/aux,
followed by 10 min EdU pulse and iPOND isolation of protein, associated with
nascent DNA, and mass-spectrometry. The signal was normalized to average signal
of histones (f) or MCM subunits (g) in each sample, and to respective DMSO-treated
samples. The means from n = 3 experimental replicates for each group are shown as
horizontal black lines. Source data are provided as a Source data file.
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Fig. 4 | MCM on chromatin after POLE1 depletion. a, b Clone 16 cells were treated
for 16 h with DMSO or dox/aux, followed chromatin extraction and MCM7 immu-
nostaining. Flow cytometry plots of DNA/MCM? staining (a) or MCM7 histograms
(b) are shown. c-g Clone 16 cells treated for 16 h with DMSO or dox/aux were pulse
labeled with thymidine analog EdU for 15 min prior to processing for super-

resolution imaging. Representative multicolor super-resolution images (c) of PCNA
(blue), MCM (green), and extent of EdU (red) incorporation in S-phase nuclei. Scale
bar, 1500 nm. Quantitation of EAU (d) and MCM (e) detected per focus normalized

DMSO

dox/aux

to DMSO-treated clone 16 control, based on at least 3 independent experiments
(For EdU per focus, n =131, 109, and for MCM per focus n =95, 83 for DMSO and
dox/aux treated clone 16 cells. Student’s t-test was used for analyses, mean + SD and
the p values are shown. Quantitation of PCNA detected per focus (f) and PCNA
clusters (g), normalized to DMSO-treated clone 16 cells based on at least 2 inde-
pendent experiments. (PCNA per focus, n=126, 106; PCNA cluster density, n=139,
120; student’s t-test was used for analyses, mean + SD and p values are shown).
Source data are provided as a Source data file.

unchanged (Supplementary Fig. 4e). Lower number of PCNA
molecules per fork is consistent with failure to establish lagging
strand synthesis that normally harbors the majority of PCNA
molecules.

The C-terminal part of POLE1 supports DNA synthesis in the
absence of the full-length protein

Previous studies in yeast have demonstrated that the non-catalytic C-
terminal domain of POLEL is sufficient for cell viability in the absence of

the full-length protein, implying that the essential function of POLE in
replication initiation is not its catalytic function®'. In agreement with
this, in Xenopus laevis egg extracts, the C-terminal non-catalytic
domain of DNA polymerase epsilon was also able to partially restore
DNA synthesis after the depletion of the endogenous protein®. In
order to validate this model in human cells, we created several trun-
cation mutants of POLEL (Fig. 5a). Wild type and catalytically dead
POLE1 were N-terminally tagged with FLAG-HA; N-terminal catalytic
domain of POLEI (cat), C-terminal domain (Acat), and Acat missing the
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Fig. 5 | C-terminal non-catalytic part of POLEL1 is critical for replication initia-
tion. a Schematic representation of POLEL constructs used in the study: wild-type
protein, catalytically dead protein with mutations D860A, D862A, catalytic domain
of POLEI (aal-1261), C-terminal half of POLE1 (without the catalytic domain, aa
1262-2305), C-terminal part of POLEL without the zinc-finger domain (aa
1261-2151). b 293FT cells were transfected with an empty vector or the constructs
described in panel a, fused to FLAG tags at their N termini. 48 h later cells were lysed
and FLAG-tagged proteins were immunoprecipitated using M2 agarose beads,
followed by elution with FLAG peptide. Western blots of the eluted protein and
input samples are shown. ¢, d Clone 16 cells were transfected with indicated con-
structs. 32 h later dox/aux or DMSO was added to the cells for 16 h. 10 uM EdU was

added for the last 30 min. Flow cytometry histograms of the EdU incorporation are
shown (c). The first panel shows the transfected untreated samples, colors match
the legend on 2D, the other panels represent samples treated with dox/aux for 16 h.
Comparisons of samples transfected with indicated constructs (orange) to the
sample transfected with an empty vector (black) are shown (c). d Quantification of
the percent of cells in the dox/aux treated cells, corresponding to the indicated
fractions, normalized to the empty vector control, are shown. Fractions were gated
as indicated in Fig. S2. The quantification is based on n =4 independent experi-
mental repeats (means + SD and p values are shown where they are significant. One-
way ANOVA was used for statistical analyses). Source data are provided as a Source
Data file.

very C-terminal part containing zinc fingers (AcatAZF) were
N-terminally tagged with myc-FLAG tags.

In order to check if the mutations and deletions affected the
interactions of POLE1 with other replication proteins, we expressed the
constructs in 293FT cells, followed by immunoprecipitation with
FLAG-M2 beads, elution with FLAG peptide, and western blotting with
antibodies against POLE2 and MCM?7 (Fig. 5b). Previous studies® have
shown that the C-terminal zinc-finger region binds the second DNA
polymerase epsilon subunit POLE2. In agreement with these data, we
found that cat (1-1261) and AcatAZF (1262-2157) constructs were
unable to pull down POLE2. However, all the POLEI constructs retained
the ability to co-precipitate with MCM complex.

We then proceeded to test if any of the POLE1 constructs could
rescue DNA synthesis after POLE1 depletion. 32 h after transfection of
the clone 16 cells with the described POLE1 constructs, we treated cells
with DMSO or doxycycline/auxin for 16 h followed by labeling of
ongoing replication with EdU for 30 min, and FACS analysis. Our
experiment showed that expressing POLE1 or its truncation mutants in
the absence of dox/aux treatment did not affect the percentage of
EdU-positive cells or the level of EdU incorporation (Fig. 5c). However,
cells transfected with POLE1 mutants after the depletion of the endo-
genous POLEIL, displayed differences in EdU incorporation profile
(Fig. 5¢, d). As expected, the expression of the WT construct led to the
increase in the cells incorporating EdU at the level of untreated S-phase

cells, confirming that the WT protein can fully restore replication. The
expression of the N-terminal catalytic domain of POLE1 had no effect
on EdU incorporation by dox/aux treated cells, but the expression of
the C-terminal domain of POLE or the catalytically inactive POLE1 led to
an increase in the fraction of cells with low level EdU incorporation
(“low EdU”, gating is shown on Supplementary Fig. 5a). This fraction
did not increase with the expression of the AcatAZF fragment of POLEL.
The quantification of the three fractions—EdU-negative cells, cells
incorporating low levels of EdU, and cells incorporating normal (high)
levels of EdU, normalized to the control transfected with an empty
vector—is shown in Fig. 5d. These data indicate that, in the absence of
the full-length protein, the C-terminal zinc-finger region of POLEL,
responsible for the interaction with POLE2, is essential for the partial
rescue of DNA synthesis by Acat—the non-catalytic C-terminal domain
of POLEL.

Slow DNA synthesis in presence of POLE1 C-terminal non-cata-

lytic domain

In order to further investigate the DNA synthesis supported by Acat,
we decided to develop a cell line that stably expressed Acat and could
degrade the endogenous POLEL after dox/aux treatment. Unfortu-
nately, clone 16 could not be used, due to its resistance to multiple
antibiotics, which made additional selection for adding Acat impos-
sible. We therefore transfected clone 1.6 with a plasmid, expressing
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Acat and a neomycin resistance marker, selected with G418, and per-
formed single-cell cloning. We were able to identify two clones stably
expressing Acat—Acat.12 and Acat.25 (Fig. 6a, Supplementary Fig 6a).
After the depletion of the endogenous POLE1 by dox/aux treatment,
Acat cells showed EdU incorporation about 5 times lower than that of
the POLEI-proficient cells, but still 4 times higher than POLE1-depleted
clone 1.6 cells (Fig. 6b, ¢, Supplementary Fig. 6b). As the selection/

subcloning took some time, the dox-resistant population in Acat.12
and Acat.25 is relatively high even in the very early passages (Fig. 6a, b,
Supplementary Fig. 6a).

One of the key properties of Acat is its ability to retain the inter-
action with POLE2 and MCM (Fig. 5b). Indeed, POLEI-depleted clone
1.6 showed a strong reduction in POLE2 level, indicating that POLEL is
necessary for POLE2 stability (Fig. 6a). Expressing Acat completely
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Fig. 6 | DNA replication-dependent on the C-terminal non-catalytic domain of
POLEL a-c Clone 1.6 homozygous mAID-KI cells (1.6) or clone 1.6 stably expressing
myc-FLAG-Acat - clone 12 (Acat.12) were treated for 16 h with DMSO or dox/aux.

a 5uM ATRi was added to the indicated samples for 1 h. Western blot of the whole
cell lysates is shown. 1 h aphidicolin (2 uM) treatment was used as a positive control
for replication stress. b, ¢ EdU was added for the last 30 min (b) or 2-4 h (c) of
treatment, flow cytometry histograms of EdU incorporation (b) or EdU incor-
poration quantifications (c) are shown. Quantification is based on n =3 indepen-
dent experiments, means + SD are shown, dox-resistant population was
disregarded for quantification. d-f Acat.12 cells were treated for 16 h with DMSO or

dox/aux. Ongoing replication was labeled with 10- or 40-min pulse of CldU followed
by 20 min pulse of IdU and visualized using DNA fiber analysis, as described in
“Methods”. Representative images (d), individual fiber lengths from a representa-
tive experiment (mean and SD) (e), and mean fiber lengths (based on n=3
experimental repeats) and SD of the means (f), are shown. g Clone 1.6 and Acat.12
cells were treated for 16 h with DMSO or dox/aux, followed by 10 min EdU pulse
(where indicated) and iPOND isolation of proteins, associated with nascent DNA.
Western blot analyses of the inputs and pulldown samples are shown. Source data
are provided as a Source data file.

rescued this effect, confirming that this C-terminal domain of POLEL is
sufficient for the interaction with and stabilization of POLE2 (Fig. 6a,
Supplementary Fig. 6a).

Clones 16 and 1.6 exhibited ATR activation in response to POLE1
depletion (Figs. 2a, 6a, Supplementary Fig. 2b), however, Acat
expression rescued this phenotype, indicating that using Acat in DNA
replication did not lead to an accumulation of single-stranded DNA.
ATRi treatment led to a modest increase in EAU incorporation in
POLEI-depleted Acat-expressing cells, suggesting lower availability of
unfired dormant origins (Supplementary Fig. 6c, d).

In order to assess the replication dynamics of cells relying on Acat
in the absence of endogenous POLEIL, we performed DNA fiber analysis
(Fig. 6d-f, Supplementary Fig. 6e, f). Dox/aux treated Acat cells
showed a very distinct phenotype of extremely short DNA fibers
(Fig. 6d). Using longer CldU pulses we were able to measure replication
fork velocity in such cells, which was about 18 times lower than the
mean fork speed in POLEI-proficient cells (Fig. 6f). While we were not
able to reliably measure inter-origin distances in dox/aux treated cells,
it is clear from the imaging (Fig. 6d) that the inter-origin distances in
such cells are shorter. Based on 5x lower EdU incorporation and 18x
lower replication fork velocity compared to POLE1-proficient cells, and
given that EdU ~ # of forks x fork speed, we can expect about 3.6x
more replication forks in dox/aux treated 1.6 + Acat cells. These data
suggest that in U20S cells the non-catalytic C-terminal domain of
POLEL is sufficient for DNA replication initiation, however, the result-
ing replication forks are extremely slow.

In the yeast system, in the absence of the catalytic domain of DNA
polymerase epsilon, polymerase delta is thought to step in to synthe-
size the leading strand™. In order to check if this is true in human cells,
we performed an iPOND experiment with clones 1.6 and Acat.12
(Fig. 6f). Our data confirmed, that POLE2, Acat, and POLD1 were pre-
sent at the replication forks. These data are in agreement with the
model where in the absence of POLEI catalytic domain, its C-terminal
non-catalytic domain was sufficient for the stabilization of POLE2 and
DNA replication initiation, while POLD takes over the DNA synthesis at
the leading strand.

In summary, our data indicate that in the absence of POLEL,
replication origin firing in human cells proceeds past CMG assembly
and activation, but fails at a later step. C-terminal non-catalytic domain
of POLEL is capable of rescuing this defect, resulting in continuous
DNA synthesis, however, in this case replication forks are very slow.

Discussion

Origin firing in the absence of POLE1

In this study, we used an auxin-inducible degron system to establish
rapid and efficient depletion of POLE1 in human cells. POLE1 knock-
downs were previously used as controls in studies of other replication
proteins®®, In the study by Ercilla et al.** POLE knockdown only
slightly decreased EdU incorporation by S-phase cells, indicating that
knockdown efficiency may have not been sufficient. While POLE4
knockout led to a decrease in POLEL concentration”, the levels of
POLEL1 in the iPOND pulldowns were not affected by POLE4 knockout,
confirming only partial depletion. In our study, the efficiency of rapid
POLEI1 depletion using an auxin-inducible degron system is confirmed

by its virtual absence in the iPOND pulldowns, which allowed us to
observe and study defective replication origin firing in the absence
of POLEL.

Here we show that while POLEI1 depletion blocked any processive
DNA synthesis, the number of active replication origins in POLEI-
depleted cells was not limited by the level of POLE], as additional
origins were rapidly activated by ATR inhibition, which can be
observed by the recruitment of the replication proteins to the chro-
matin fraction, phosphorylation of MCM4, and the increase in EdU
incorporation (Fig. 2a, b, d). CMG assembly on chromatin was also
observed during S-phase entry of POLE1-depleted cells (Fig. 2c).

One possible explanation of these data is that the scarce POLE
transiently associates with pre-RCs, ensuring replication initiation, and
quickly dissociates, moving on to the next pre-RC. This would agree
with the absence of POLEL in the iPOND pulldowns, but it would con-
tradict a recent study*® showing that yeast DNA polymerase epsilon has
a very low exchange rate at the replication fork in vitro and this rate
only goes down with the decrease of the concentration of polymerase
epsilon. An alternative explanation is that POLEL is not required for
the initial steps of DNA replication initiation, but DNA synthesis stalls
quickly after origin firing.

In yeast estimated the initial DNA synthesis at the origins (-180 bp)
is performed by DNA polymerase delta’, after which polymerase
epsilon takes over. We propose that the DNA synthesis that we observe
in the absence of POLEL is the initial POLA/POLD-dependent synthesis
that fails at the polymerase switch step (Fig. 7)—one notable structural
rearrangement after the initial helicase activation. While further bio-
chemical and structural studies are needed to confirm this model, it is
supported by a “dotty” fiber pattern (Fig. 3e) and aphidicolin sensitivity
of EdU incorporation by POLE1-depleted cells (Fig. 3d). Based on yeast
data, we expected 100-200 bp tracks synthesized by POLD before the
switch**, however, at 2.59 kb/um® 100 bp tracks would appear as
39 nm. This is below the resolution limit of our microscope, so we
believe that such short DNA pieces appear as “dots” in the DNA fiber
analysis.

Our data indicate that after DNA replication fails, MCM helicases
are not unloaded and remain associated with chromatin (Fig. 4a-e). In
addition, based on the accumulation of single-stranded DNA and ATR
activation in POLEl-depleted cells (Fig. 2a, f), it is likely that MCM
continues DNA unwinding for some time after DNA synthesis fails. It
remains unclear what happens to these failed replication complexes,
but being located far enough from the failed DNA synthesis could
explain their decrease in the iPOND pulldown. As a standard response
to ssDNA and replication stress, we would expect the recruitment of
fork stabilization and remodeling proteins®, but since proper repli-
cation forks are never established in the absence of POLE, the same
mechanisms may not apply. No pathway allowing activated MCMs to
be re-loaded back onto double-stranded DNA has been described to
date, so MCMs from failed replication initiation likely remain encir-
cling one DNA strand each.

A recent series of publications®***° demonstrated that the DNA
strand excluded by MCM helicase masks the site on MCM required for
its recognition by CUL2/LRR ubiquitin ligase, preventing the dis-
assembly of CMG helicase. In our model, where replication can’t be
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POLE, DNA synthesis fails at the polymerase switch step. Non-catalytic C-terminal
domain of POLEL is sufficient to proceed to replication elongation, in this case,
POLD assumes the role of the leading strand polymerase, but the speed of DNA
synthesis is much slower.

completed and MCM encircles one strand of DNA, allowing the
excluded strand to prevent its disassembly, any unloading of the
activated CMG from DNA is highly unlikely. A slight increase in p97
association with nascent DNA (Supplementary Fig. 4a) could be related
to its recently proposed role in unloading excessive POLA/PRIM during
origin firing®, but this requires further investigation.

DNA synthesis in the presence of C-terminal non-catalytic
domain of POLE1

In U20S cells that lack full-length POLEL, the expression of the
C-terminal non-catalytic domain of POLE1 was sufficient for con-
tinuous albeit slow DNA synthesis (Fig. 6d, e). Similar observations
have been previously made in yeast, and our data suggest that the
non-catalytic function of DNA polymerase epsilon is conserved in
mammalian cells. Furthermore, in yeast, in the absence of the cat-
alytic domain of Pol2, polymerase delta replicated both strands™.
We observe a similar phenotype in U20S cells expressing Acat in
the absence of the full-length POLE1: POLD is associated with nas-
cent DNA together with POLE2 and the C-terminal domain of
POLEI (Fig. 6f).

In the absence of POLE1 catalytic domain in U20S cells, replication
fork velocity was dramatically reduced (Fig. 6d, e). Nevertheless, such
cells did not show any strong ATR activation, implying the absence of
any significant replication stress caused by helicase/polymerase
uncoupling. Therefore, the slow replication fork velocity is likely
caused by slow DNA unwinding by the CMG helicase. Similar obser-
vations were previously made in a reconstituted yeast system”, con-
firming that the important role of the N-terminal catalytic domain of
DNA polymerase epsilon catalytic subunit in full activation of the CMG
helicase is conserved.

Protein-protein interactions of POLE1 and their role in origin
firing in human cells

Our data demonstrate that the interaction between POLEL and POLE2
was essential for supporting DNA synthesis: deleting the C-terminal
zinc-finger region of Acat, responsible for the interaction with POLE2*
(Fig. 5b), completely abolished its ability to support EAU incorporation
in the absence of the full-length protein (Fig. 5c, d). Moreover, the
expression of Acat was necessary and sufficient for POLE2 stability and
recruitment to the replication fork (Fig. 6f). These data indicate that
the essential role of POLEL in replication initiation may include the
stabilization and recruitment of POLE2. What makes POLE2 presence at

the replication initiation sites critical, remains to be elucidated. In
yeast, the second subunit of DNA polymerase epsilon Dpb2 is essential
for CMG assembly, and the expression of its N-terminal domain was
sufficient to support cell viability, producing replisomes that lack DNA
polymerase epsilon’. However, according to our data, POLE1 and
POLE2 (which is destabilized in the absence of POLE1) are dispensable
for CMG assembly and MCM phosphorylation on chromatin in
response to ATRi in human cells (Fig. 2b, c). We therefore propose that
POLE2 is critical at one of the later steps of replication initiation,
possibly at the structural perturbations associated with the poly-
merase switch. According to a recent structural study*’, human POLE2
binds the GINS-MCM junction of the CMG helicase, which could make
POLE2 essential for the CMG stability during some conformational
changes, such as the polymerase switch step. Further biochemical and
structural studied are necessary to address this question.

We found that both N-terminal catalytic domain and C-terminal
non-catalytic domain of POLEI can co-precipitate with MCM (Fig. 5b).
According to structural studies of yeast*> and human** replisomes, the
PolE active conformation is connected to CMG solely through the
C-terminal part of Pol2. However, the N-terminal domain of Pol2 par-
ticipated in CMG binding in the inactive conformation’. In agreement
with these findings, the N-terminal domain of Pol2 has recently been
shown to play a role in mediating CMG-PolE interaction in yeast*. Our
data suggest a possibility for a similar mechanism in human cells.

Overall, our study provides some insights into the non-catalytic
role of DNA polymerase epsilon in human cells. Since POLE1 mutations
associated with multiple cancers and developmental diseases are often
outside its catalytic domain, elucidating the non-catalytic functions of
this protein may help shed a light on the molecular mechanisms
behind these diseases.

Methods

Plasmids and cloning

For osTIR1 KI we used PX458-AAVSI (a gift from Adam Karpf—Addgene
plasmid # 113194) and pMK243-Tet-OsTIR1-PURO (a gift from Masato
Kanemaki—Addgene plasmid # 72835) plasmids®. For mAID KI tem-
plates, homology arms were synthesized by Genscript in the pUC57
vector with stop codon substituted to BamHI site (TGCCTCGGC
TCAGCCTGGCCTCCTTGGCCTCCTCTCTGAGTGGACTGGGGTCTCAC

TGTGCCTGTTTATTCCTGCAGGTCTTCATGGAACAGATCGGAATATTC
CGGAACATTGCCCAGCACTACGGCATGTCGTACCTCCTGGAGACCCT

AGAGTGGCTGCTGCAGAAGAACCCACAGCTGGGCCATGGATCCCCAG
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CCCCGGGCCCCGGGTGCCTCTGCGTCCGTGCCAGGCCTCCTGATGCC
AAGGCCACATCCCCGTGCTTCCAGTGACCAGACCACTGACCACCCTG
ACTGTCCAAACCTGTGACCCCAGGCCAGGGAACGGGGAGGAAACCA
AAG).

Inserts from plasmids pMK293 (mAID-mCherry2-Hygro) and
pMK292 (mAID-mCherry2-NeoR) (Addgene plasmids # 72831 and #
72830 were gifts from Masato Kanemaki)** were cloned into the BamHI
site of the synthesized plasmids. POLE1 C-terminus-targeting gRNA
(GTCGUACCUCCUGGAGACCC) was expressed from pSpCas9 BB-2A-
Puro (PX459) v2.0 plasmids (Genscript). POLE1 plasmid* was used as a
template for creating the described deletion mutants, which were
cloned into pCMV-AN-myc-DDK vector (Origene). Catalytically dead
POLE1 was described previously*.

Cell lines, cell culture, and transfections
U20S (ATCC HTB-96) cells were grown in RPMI media (Lonza), sup-
plemented with 10% FBS (GIBCO) and 1% penicillin-streptomycin
(Invitrogen). For KI cells were transfected with corresponding gRNA
and one or two (NeoR and HygroR for mAID-mCherry KI) HR tem-
plates. Growth medium was changed 8h after transfection, 2.5uM
DNAPK inhibitor was added for 48 h. KI cells were selected with G418,
puromycin and/or hygromycin until the non-transfected control died,
followed by single-cell cloning and Kl validation by PCR and/or western
blot. Transfections were carried out using Lipofectamine 2000
(Thermofisher), according to manufacturer’s instructions.

293FT cells (Thermofisher #R70007) were grown in DMEM media
(Lonza), supplemented with 10% FBS (GIBCO) and 1% penicillin-
streptomycin (Invitrogen).

Cell lysis, insoluble chromatin isolation, and western blots
Cells were lysed in 50 mM Tris-HCI (pH 7.5), 150 mM NaCl, 50 mM NaF,
1% Tween-20, 0.5% Nonidet P-40, and protease inhibitors (Pierce
#A32953) for 20 min on ice. Lysates were cleared by centrifugation,
and soluble protein was used for immunoprecipitation or mixed with
2x Laemmli Sample Buffer (Bio-Rad) and incubated for 7 min at 96 °C
and analyzed by Western blot. For nuclease insoluble chromatin, pel-
lets were suspended in 150 mM Hepes (pH 7.9), 1.5 mM MgCl,, 10%
glycerol, 150 mM potassium acetate, and protease inhibitors contain-
ing universal nuclease for cell lysis (ThermoFisher, #88700) and
incubated for 10 min at 37 °C on the shaker. Nuclease-insoluble chro-
matin was pelleted by centrifugation, washed with water, and dis-
solved in Laemmli Sample Buffer.

For western blot analyses, proteins were separated in 8-12% SDS-
polyacrylamide gels in Running buffer (25 mM Tris, 192 mM glycine,
0.1% SDS), transferred onto PVDF membrane (BioRad, #1620177) in
transfer buffer (25 mM Tris, 192 mM glycine,10% ethanol), blocked with
5% non-fat milk (BioRad, #1706404) in TBST (Thermofisher, #BP2471,
0.1% Tween-20), incubated with an appropriate dilution of the primary
antibody overnight at 4 °C, washed with TBST buffer, incubated with
secondary antibody for 1h at room temperature, washed with TBST
and developed using SignalFire™ Elite ECL Reagent (Cell Signaling,
#12757P) and ImageQuant LAS 4000 imager (GE Healthcare). Quanti-
fication of western blots was performed using Fiji/lmageJ (ver-
sion 1.53u).

Synchronizations and chromatin loading of CMG components
2mM thymidine was added to -25% confluent cells for 24 h. After
thymidine removal, cells were washed once with warm PBS and
allowed to recover in fresh medium for 5h. Nocodazole was then
added for 12 h to stop the cells in G2/M. Dox/aux were added 4 h after
nocodazole to ensure the completion of DNA replication before POLE1
depletion. 8 h later, cells were released from nocodazole, washed once
with warm PBS and incubated in pre-warmed medium with dox/aux for
the indicated periods of time.

In order to assess the loading of the CMG components on chro-
matin, samples were collected by trypsinization at the indicated
timepoints, pellets washed once with ice-cold PBS and kept at =80 °C,
and processed the next day.

Thawed pellets were resuspended in CSK buffer (10 mM PIPES pH
7.0, 300 mM Sucrose, 100 mM NaCl, 3 mM MgCl,, 0.5% Triton X-100,
protease inhibitors (Pierce #A32953)), incubated for 5 min on ice, fol-
lowed by a 5-min centrifugation (1000 x g, 4 °C). The supernatant was
collected as “soluble fraction”, the pellets were washed once more with
CSK buffer, digested in CSK buffer with universal nuclease for cell lysis
(ThermoFisher, #88700) for 10 min at 37 °C. Samples were mixed with
2x Laemmli Sample Buffer (BioRad) and boiled for 10 min before
proceeding to western blot analysis.

Antibodies

POLE1 (Santa Cruz, #sc-390785, 1:500), osTIR1 (MBL International,
#PD048, 1:1000), GAPDH (Santa Cruz, #sc-47724,1:1000), pCHK1 (Cell
Signaling, #2360S, 1:1000), Chkl (Cell Signaling, #2348S, 1:1000),
MCM4 (Cell Signaling, #3228S, 1:300), CDC45 (Santa Cruz, #sc-55569,
1:500), SLDS (Santa Cruz, #sc-398784, 1:300), H3 (Santa Cruz, #sc-
517576, 1:1000), MCM7 (Santa Cruz, #sc-9966, 1:1000), POLE2 (Santa
Cruz, #sc-398582, 1:500), PCNA (Santa Cruz, #sc-56, 1:1000), FLAG
(Sigma, F3165-1IMG, 1:3000), myc (Cell Signaling, #2276, 1:1000).

Flow cytometry
For EAU FACS, cells were treated with 10 pM EdU for 10 min, trypsi-
nized, washed with PBS, and fixed with cold 70% ethanol on ice for
30 min to overnight. Cells were washed with PBS, and EdU staining was
performed by using the EAU Click-iT kit (Thermofisher, # C10632),
according to the manufacturer’s instructions. For DNA staining, we
used 7-AAD (7-Aminoactinomycin D) (Thermofisher, # A1310) or
FxCycle™ PI/RNase Staining Solution (Thermofisher, #F10797).

Chromatin association of MCM was assessed essentially as
described*: after trypsinization and PBS wash, cells were extracted
with CSK buffer (10 mM PIPES pH 7.0, 300 mM Sucrose, 100 mM NaCl,
3 mM MgCl,, 0.5% Triton X-100, protease inhibitors (Pierce #A32953),
fixed with 4% paraformaldehyde, and blocked with 5% BSA followed by
immunostaining with anti-MCM7 antibody (Santa Cruz, #sc-9966) at
1:200 dilution. 7-AAD (7-Aminoactinomycin D) (Thermofisher, #
A1310) was used for DNA staining.

Flow cytometry was performed on an FACSCalibur flow cyt-
ometer, and data were analyzed by using FCSalyzer software. Graph-
Pad Prism 9 was used for statistical analyses.

Fiber analysis

DNA fiber analysis was performed essentially as in ref. 47. Briefly,
ongoing DNA synthesis was labeled with the indicated nucleotide
analogs, cells were washed with PBS, lysed with lysis buffer (0.5% SDS,
200 mM Tris-HCL (pH 7.4) and 50 mM EDTA) and spread on glass
slides by tilting. After drying, the slides were fixed in methanol: acetic
acid (3:1), dried, and rehydrated in PBS. DNA was denatured by incu-
bating the slide in 2.5 N hydrochloric acid for 1 h. After neutralization in
PBS, samples were blocked in blocking buffer (10% NGS in PBS), and
stained with primary antibodies (Mouse Anti-BrdU Clone B44 (BD,
#347580) for IdU, Abcam ab6326 for CldU, both 1:50 in the blocking
buffer), washed with PBS-1%Tween20, incubated with fluorescently
labeled secondary antibodies (Goat anti-mouse AlexaFluor 488 (Invi-
trogen, #A-11001), Goat anti-rat AlexaFluor 594 (Invitrogen, #A-11007),
both 1:150 in blocking buffer). After extensive washes with PBS-
Tween20 and PBS, slides were mounted with Prolong Diamond Anti-
fade mounting medium (Invitrogen, #P36961). Samples were imaged
using Olympus BX61 fluorescence microscope at 60x magnification;
image analysis was performed using Fiji (ImageJ) software. At least 100
tracks per sample were analyzed.
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PCR

For validations of the knock-ins, genomic DNA was isolated using
genomic DNA miniprep kit (Zymo Research, # D3025). Primers: Endo-
genous allele (C-terminus of POLE coding region) Forward GACCAGCA
TGCCTGTGTACTG, Reverse CTCCCTCCTGTGACGTCTGAG; mAID KI
Forward GACCAGCATGCCTGTGTACTG, Reverse GCGGCATGGACGAG
CTGTACAA; osTIR1 endogenous allele (AAVS) Forward GGTCCGAGAG
CTCAGCTAGT Reverse TGGCTCCATCGTAAGCAAAC; primers to
amplify tetR promoter (used for cloning) Forward: GGTACCGAGGAGA
TCTGCCGCCGCGATCGCGCGCCCTGGTTTACATAAGCAAAGCTTATA,
Reverse: ATCGTCGTCATCCTTGTAATCCAGGATATCGTCCAGTCTAGA
CATGGTAATTCGATGATC.

iPOND

Nascent DNA pulldown was performed essentially as described*’. Four
150 mm dishes were used for each sample. Three independent
experiments were performed. Briefly, ongoing DNA synthesis was
labeled by incubation with 10 uM EdU for 10 min, followed by washes
and fixation with 1% formaldehyde, quenched with 0.125M glycine,
scraped off the plates and permeabilized with 0.25% Triton X-100 in
PBS. After washes with PBS-0.5% BSA, click reaction was used to label
EdU with biotin-azide (25uM azide-PEG3-biotin (Sigma # 762024),
10 mM sodium ascorbate, 2 mM copper sulfate). After washes with
PBS-BSA cells were lysed in RIPA buffer (150 mM NaCl, 50 mM Tris-HCI
pH 7.5, 1% Triton X-100, 0.1% SDS, protease inhibitor cocktail (Pierce
#A32953) DNA was sheared using Bioruptor (Diagenode), 20 cycles of
30s on/30s off. After 15min centrifugation (14,000 x g, 15min),
supernatants were incubated with streptavidin agarose (Sigma Merck
#S1638) overnight. After 3 washes with RIPA buffer, samples on agar-
ose beads were stored at =80 °C and transported to the Tartu Uni-
versity Proteomics Facility on dry ice. Alternatively, the beads were
boiled with Laemmli Sample Buffer for 30 min, followed by western-
blot analysis.

Proteomics sample preparation and LC/MS/MS analysis was per-
formed at Proteomics core facility at the University of Tartu, Estonia,
essentially as described previously*®, except that identification was
carried out against UniProt Homo sapiens reference proteome with
POLEI-mAID-mCherry addition. The detailed description is available
alongside the deposited proteomics dataset with the Proteo-
meXchange ID PXD033757.

To assess the abundance of replication proteins we normalized
the intensity of each protein of interest to the sum intensity of 6 MCM
subunits or sum intensity of major histones (H1, H2A, H2B, H3, H4)
in each sample, as indicated. Normalization approach was based on
previously published method*. In order to disregard the differences in
intensities between proteins (as they largely depend on the protein’s
physical properties), we normalized the data for each protein to the
average intensity of this protein in the control samples, focusing on the
changes induced by treatments (except Supplementary Fig. 4a show-
ing data for one protein only).

Single-stranded DNA staining

In order to assess the presence of ssDNA in the cells, cells were treated
with 20 uM CIdU for 48 h, dox/aux were added to the indicated sam-
ples for the last 16 h of treatment. After two PBS washes, cells were
briefly extracted with CSK buffer (10 mM PIPES pH 7.0, 300 mM
Sucrose, 100 mM NacCl, 3 mM MgCl,, 0.5% Triton X-100; 5 min on ice),
followed by fixation with 4% paraformaldehyde for 10 min at room
temperature. After washes with PBS, samples were blocked with 5%
BSA and stained with anti-BrdU antibody (ab6326, 1:150) followed by
the incubation with secondary antibody, goat anti-rat AlexaFluor 594
(Invitrogen #A-11007, 1:300). After extensive PBS washes, nuclei were
stained with 0.1 ug/ml Hoechst 33342 for 10 min and after a brief wash
with PBS, samples were mounted using Prolong Diamond Antifade
mounting medium (Invitrogen, #P36961). Samples were imaged using

Olympus BX61 fluorescence microscope at 60x magnification; cell
containing over 5 bright ssDNA foci were considered ssDNA-positive.

Sample preparation, imaging, and image analysis for SMLM
Clone 16 cells were seeded onto glass coverslips (Fisher Scientific, 12-
548-B) in a 6-well plate. At 50% cell confluence, cells were incubated
with 2 pg/ml doxycycline (dox) and 500 uM auxin (aux) for 16 h to
promote POLE1 degradation. Cells were incubated with 10 pM EdU for
15 min prior to harvest to detect nascent DNA synthesis. Cells were
then permeabilised with 0.5% Triton X-100 in ice-cold CSK buffer
(10 mM Hepes, 300 mM Sucrose, 100 mM NaCl, 3 mM MgCl,, pH 7.4)
for 10 min at room temperature to remove a majority of the cyto-
plasmic and non-chromatin bound proteins followed by three PBS
washes. Cells were fixed with 4 % paraformaldehyde (Electron Micro-
scopy Sciences, 15714) in PBS for 15 min, at room temperature. After
washing twice with PBS, cells were washed with blocking buffer for
5 min, thrice (2% glycine, 2% BSA, 0.2% gelatine, and 50 mM NH,Cl in
PBS). Incorporated EdU was detected using the Click-iT Plus EdU Alexa
Fluor 647 Imaging Kit (ThermoFisher, C10640). Cells were then
washed with blocking buffer for 5min, thrice followed by overnight
incubation in blocking buffer at 4 °C. Cells were then incubated with
primary antibodies against MCM6, (Abcam ab236151, conjugated to
IR750 - cat #1556-1, 1:2500) and PCNA (Santa Cruz Biotechnology, sc-
56, 1:1000) in blocking buffer for 1h, at room temperature. After three
washes for 5 min each with blocking buffer, cells were incubated with
mouse IgG, AF 488 (Invitrogen, A11029, 1:5000) in blocking buffer for
30 min, at room temperature. After three 5 min washes with blocking
buffer, stained coverslips were mounted onto a glass microscope slide
and freshly prepared imaging buffer (1 mg/mL glucose oxidase (Sigma,
G2133), 0.02mg/mL catalase (Sigma, C3155), 10% glucose (Sigma,
G8270), 100 mM mercaptoethylamine (Fisher Scientific, BP2664100))
was flowed through just prior to imaging.

For SMLM-SR imaging, raw image stacks with a minimum of 2000
frames for each color, acquired at 33 Hz, were captured on a custom-
built optical imaging platform based on a Leica DMI 300 inverted
microscope with three laser lines, 488 nm (Coherent, Sapphire 488
LPX), 639 nm (Ultralaser, MRL-FN-639-1.2), and 750 nm (UltraLaser,
MDL-III-750-500). Lasers were aligned and combined using dichroic
mirrors and focused onto the back aperture of an oil immersion
objective (Olympus, UApo N, 100x, NA=1.49, TIRF) via multiband
dichroic mirror (Semrock, 408/504/581/667/762-Di01). For multicolor
imaging, fluorophores were sequentially excited using a Highly
Inclined and Laminated Optical (HILO) illumination configuration.
Corresponding emissions were expanded with a 2X lens tube, filtered
using single-band pass filters in a filter wheel (ThorLabs, FW102C):
IR750 (Semrock, FF02-809/81), AF488 (Semrock, FF01-531/40), AF647
(Semrock, FF01-676/37) and collected on a sSCMOS camera (Photo-
metrics, Prime 95B). A 405 nm laser line (MDL-III-405-150, CNI) was
used to drive Alexa Fluor 647 fluorophores back to their ground state.
Images were acquired using Micro-Manager (v2.0) software.

Precise localization of each collected single molecule was per-
formed as described in refs. 50-53. For display purpose, the repre-
sentative images were generated by rendering the raw coordinates
into 10 nm pixel canvas, convolved with a 2D-Gaussian (o =10 nm)
kernel and brightness/contrast of the individual color channels were
adjusted for display purposes. Raw result tables of the localization
coordinates for each fluorophore blinking within a 6 x 6 um? square
region of interest (ROI) were directly submitted to Auto-Pair-
Correlation analyses™* to estimate the nuclear density of the fluor-
ophores. Any artificial blinking events (one blinking event recorded
multiple times in consecutive frames) were eliminated before the
computation of cross-pair correlations.

A correlation profile was plotted as a function of the pair-wise
distances and fit into a Gaussian model. The average molecular content
and density within each focus was derived based on the computed
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average probability of finding a given species around itself and the
apparent average radius of the focus. This function estimated the
nuclear density of EQU and MCM fluorophores within a nucleus, as well
as average number of fluorophores within each EQU or MCM focus. For
the Cross-PC analyses, the correlation profile was plotted as a function
of the pair-wise distances between EdU and PCNA, and fitted into a
Gaussian model to determine the cross EQU-PCNA pair correlation
amplitude. Using this, we were able to estimate the average local
density of EAU around each PCNA molecule within a given ROI.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The mass spectrometry proteomics data generated in this study have
been deposited to the ProteomeXchange Consortium (http://
proteomecentral.proteomexchange.org) via the iProX partner
repository’® with the dataset identifier PXD033757. The UniProt Homo
sapiens reference proteome data used in this study for mass-
spectrometry data analysis are available in the Uniprot database
under Proteome ID UPO00005640. Source data are provided with
this paper.
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Abstract

TIMELESS protein (TIM) protects replication forks from stalling at difficult-to-replicate regions and plays
an important role in DNA damage response, including checkpoint signaling, protection of stalled replica-
tion forks and DNA repair. Loss of TIM causes severe replication stress, while its overexpression is com-
mon in various types of cancer, providing protection from DNA damage and resistance to chemotherapy.
Although TIM has mostly been studied for its part in replication stress response, its additional roles in sup-
porting genome stability and a wide variety of other cellular pathways are gradually coming to light. This
review discusses the diverse functions of TIM and its orthologs in healthy and cancer cells, open ques-

tions, and potential future directions.

© 2023 The Author(s). Published by Elsevier Ltd.

Introduction

DNA replication must be completed with
exceptional fidelity in every cell cycle. Multiple
mechanisms are in place to protect the cell from
DNA replication errors, as consequences of such
errors could be lethal to the cell, and potentially to
the whole organism, if they lead to cancer. During
replication, advancing forks encounter barriers
arising either from repetitive or difficult-to-replicate
regions, or from DNA damage. The protein
TIMELESS (TIM), as part of the Fork Protection
Complex (FPC), plays a central role in supporting
efficient DNA replication and genome stability.

TIM was first discovered and studied in
Drosophila Melanogaster for its circadian clock
related functions. There are two paralogs of this
gene in Drosophila: dTIM and timeout. Drosophila
dTIM is a canonical clock protein, while TIMEOUT
has roles in both maintenance of normal DNA
metabolism and chromosome integrity.’ In mam-
mals, there is a single TIM gene, TIMELESS. Mam-

0022-2836/© 2023 The Author(s). Published by Elsevier Ltd.

malian TIM shares sequence homology with both
dTIM and TIMEOUT, however it is functionally
orthologous to TIMEOUT. TIM is widely conserved
across eukaryotes - from yeast homologs Tof1 in
S. cerevisiae and Swil in S. pombe,” to TIM in C.
elegans and mTIM in mouse.

The best studied role of mammalian TIM is in
replication stress and DNA damage response,
including cell cycle checkpoint regulation and
replication fork stability.” However, in the
absence of stress, TIM also supports DNA repli-
cation and smooth replication fork movement
past genomic barriers such as repetitive regions,
telomeres and DNA-protein complexes (DPCs).”
Further, it has been shown to regulate a diverse
array of cell functions, including transcription,”
DNA repair,® recombination,® mitosis” and meio-
sis.® Some of these functions could be attributed
to TIM’s roles at stalled replication forks, but
others are completely independent — for example,
in some post-mitotic cells TIM is localized to the
cytosol.”

Journal of Molecular Biology 436 (2024) 168206
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As TIM overexpression has been detected in
many types of tumors, where it supports cancer
progression and provides resistance to certain
genotoxic drugs, it may be an attractive target for
cancer therapies. In this context, it is crucial to
understand the exact roles of TIM in mammalian
cells, as any potential therapeutic approach
targeting this protein has to consider all the
pathways that would be affected. However,
mechanistic details for many of the TIM's
functions are still unclear — from its position at the
unstressed and stressed replication forks to its
roles in transcription and circadian rhythm. In this
review, we summarize our current understanding
of the various functions of TIM and its orthologs in
healthy and cancer cells and discuss open
questions and possible future research directions.

TIM Structure and Interacting Partners

TIM is best known as a part of the replication fork
protection complex composed of three proteins:
TIM, TIPIN, CLASPIN and AND-1 in humans
(Toft, Csm3, Mrc1, and Ctf4 in S. cerevisiae)
(Figure 1). TIM and TIPIN (TIMELESS-interacting
protein, Csm3 in S. cerevisiae and Swi3 in S.
pombe) form a stable heterodimer throughout the
cell cycle,'® and they reach their highest level in
S-phase, when they associate with replication
forks.>'® TIM and TIPIN are mutually required for
each other’s stability'®'" and regulation: TIM facili-
tates the nuclear localization of TIPIN,?and its bind-
ing to TIPIN prevents the formation of inactive TIM

7PFO

PDB:7PFO

TIM predicted .‘i;%
by AlphaFold “\‘
TIM covered by <~

multimers.'® TIPIN has earlier been shown to bind
a compact fold at the N terminal region of TIM,"®
however recent structural studies indicate that
TIPIN binds the middle region of TIM at the fork.'*®

TIM interacts with CLASPIN (Mrc1 in S.
cerevisiae), another part of the FPC, although the
structure of CLASPIN is not fully understood to
date — it is thought to be largely disordered.'* Deple-
tion of TIM/TIPIN reduces CLASPIN levels in the
cell under unperturbed conditions, '® and in the chro-
matin fraction specifically under replication stress. ™
Coordinating CLASPIN is one of the key functions
of TIM/TIPIN at the replication fork."”

Several regions of TIM have been shown to bind
DNA, including DDT (DNA-binding homeobox and
different transcription factors) domain (regions
342-376, 814-866 (or 816-954'%), 1084—1144)."°
Recent structure of the human replisome (PDB:
7PFO) showed TIM/TIPIN binding dsDNA ahead
of the replication fork, this binding largely mediated
by TIPIN-DNA contact, but also by TIM’s Q-loop as
well as a short DNA-binding motif in its MCM-plugin
region.'® Significant portions of TIM are not mod-
eled in the 7PFO structure, presumably due to the
abundance of flexible linkers between some small
functional domains, including some covered by
other structures.'® In order to better illustrate the full
structure of TIM, we marked the known domains
and interaction sites on the TIM structure predicted
by AlphaFold®®?" (Figure 1(B)) (the part covered by
7PFO structure is shown in dark brown and the
modeled domains are in beige or colored). The
locations of the additional DNA-binding domains
and the PARP-interacting site are consistent with

POLE
(C-term)

POLE-
interacting?
638-663 -

interacting

1089-1099
DNA-interacting
816-954

Figure 1. Position of TIM at the human replisome. A. According to PDB: 7PFO, TIM is located at the leading
edge of the replisome, ahead of the replicative helicase. B. TIM structure is from the AlphaFold prediction (core region
covered by 7PFO is shown in dark brown, predicted regions are in beige), the other proteins are shown as cartoons
based on 7PFO or articles referenced in the text. Regions of TIM known to be involved in the interactions with other

proteins or DNA are marked.
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their possible role in sensing secondary structures
and DNA damage ahead of the fork.? The interac-
tion between TIM and SDE2 protein®® at the sites of
DNA replication is mediated by the same region of
TIM that has been previously reported to bind
DNA, 8 in agreement with SDE2 being involved in
the stabilization of TIM/TIPIN binding to DNA.**

TIM has also been biochemically shown to
interact with MCM helicase, as well as DNA
polymerases epsilon and delta directly®® and with
RPA via TIPIN.?>?” TIM-TIPIN were initially thought
to be positioned between the MCM helicase and the
DNA polymerases, physically connecting MCM with
the polymerases.? This view was supported by the
ability of the FPC to bind RPA on the ssDNA. How-
ever, the structure of active human replisome'® puts
TIM-TIPIN at the leading edge of the fork, ahead of
MCM. According to this structure, TIM could plausi-
bly interact with DNA polymerase alpha and/or RPA
on the lagging strand, but how it could directly inter-
act with and stimulate DNA polymerase epsilon®°>22
located on the opposite side of the MCM hexamer,
is unclear (Figure 1(A,B)). The site marked as inter-
acting with POLE on Fiagure 1(B) is based on the
biochemical data from.?

Table 1 lists known interaction partners of TIM,
and the significance of these interactions for
various functions of TIM.

Overall, some early-discovered roles and
biochemical properties of TIM are not well-aligned

Table 1 Interaction partners of TIMELESS:

with its position at the leading edge of the
replication fork, suggesting additional complexity
in TIM/FPC localization, stoichiometry, and
protein—protein interactions that requires further
investigation.

TIM Is Essential for Normal Cell Cycle
Progression and Genome Stability

TIM/TIPIN are crucial for normal cell cycle
progression in unperturbed cells as well as during
replication stress. TIM and its yeast counterparts
are necessary for the cell viability, normal growth,
and proliferation.’®?®* Downregulation of TIM or
Tof1 leads to replication fork slowiné;,za'z9 and a glo-
bal inhibition of DNA synthesis.'® TIM depletion
caused an increase in dormant origin firing, accu-
mulation of ssDNA,*° spontaneous rePIication
stress,>?®> DNA double-strand breaks,'"*" activa-
tion of ATR®® and ATM,'® chromosome fragmenta-
tion,*? chromosomal translocation events, fusions®"
and gaps, '® as well as abnormally high levels of sis-
ter chromatid exchanges.®' TIM or TIPIN depletion
by siRNA resulted in accumulation of cells in late
S' or G2 phase of the cell cycle,'”'® indicating a
defect in S phase progression, and an inability to
complete DNA replication, and highlighting an
essential role of TIM in maintaining genome stability

Interacting protein Significance Reference
TIPIN Obligate binding partner of TIM 21246
Csm3 in S. cerevisiae Most of TIM’s functions in DNA replication and fork protection are performed
in complex with TIPIN
121-125

Swi3 in S. pombe
CLASPIN
Mrc1 in S. cerevisiae

MCM helicase

DNA polymerases (epsilon, alpha and
delta)
SDE2

DDX11 helicase

TRF1 and TRF2

CUL2"RT ybiquitin ligase
Estrogen receptor o

CRY2

RPA (Replication Protein A)

PARP1

ATR-ATRIP, CHK1

Topoisomerase | (with yeast Tof1 only)

FACT nucleosome reorganizing
complex (with yeast Tof1 only)

TIPIN inhibits formation of inactive TIM homodimers

Part of the FPC

Essential for optimal replication fork speed

Maintains fork stability through difficult genomic regions

Mediates CHK1 phosphorylation by ATR

TIM interacts with MCM at the fork

TIM inhibits MCM helicase and couples the activities of MCM helicase and the
polymerases

Stimulates polymerases and couples MCM helicase and polymerases

SDE2 may recruit TIM to the fork, enhance TIM stability, mediate protection of
stalled forks

Promotes sister chromatid cohesion, maintains fork progression under
replication stress and G4 structures, promotes DNA repair

Efficient DNA replication through telomeres

Replisome disassembly at DNA replication termination

Enhances the transcriptional activity of this receptor

Potentially couples circadian clock and cell cycle

RPA recruits TIM-TIPIN to the stalled fork

TIPIN in the TIM-TIPIN complex interacts with RPA to mediate ATR/CHK1
pathway activation

DNA damage response signaling and DNA repair

Mediates checkpoint activation. Possibly though CLASPIN. Not well studied.
Fork slowdown at replication barriers

This histone chaperone reorganizes nucleosomes during replication

26,122,126

15,25,42

25,28

23,127

18,68,71

57
45,101

64
26,27

5,22
64
39-41
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during S-phase even in the absence of external
stress.

Replication Initiation

It has been long established that TIM and the FPC
is a core part of the replisome, but how and at what
point during replication initiation TIM is recruited to
the sites of DNA replication is not well understood.

One possibility is that TIM is recruited to
replication forks via its interaction with SDE2.
SDE2-TIM interaction enhances the stability of
TIM, while SDE2 depletion leads to accelerated
degradation of TIM at the forks.?®> However, TIM is
also known to interact with MCM even before origin
licensing in G1,%® which might indicate that it is
loaded at the origins along with MCM. CLASPIN,
another component of the FPC, has also been pro-
posed to be loaded onto the origins of replication
before the start of DNA synthesis in Xenopus egg
extract system.> The roles of TIM/TIPIN in DNA
damage response and their interaction with ssDNA
allow for a model where more than one FPC per fork
is present, and while ssDNA-bound FPC may be
recruited/stabilized by SDE2, the leading edge
FPC could be loaded on the chromatin alongside
MCM. This model is difficult to reconcile with the
MCM double hexamer (MCM-DH) structure,®® indi-
cating that perhaps the interaction surfaces
between MCM and TIM are different before and
after replication initiation. Further studies are
needed to clarify the nature the of interaction
between MCM and TIM before the initiation of
DNA replication.

It is not clear whether TIM depletion inhibits or
supports the initiation of DNA replication, as there
are very few studies exploring whether TIM plays
any role in replication initiation. In both Tof1- and
TIM-depleted cells, inter-origin distances appear
to be shorter, indicating excessive origin firing,'°
which is likely a result of the compensation for the
slower replication fork speed or a dgsfunction in
the baseline ATR/CHK1 signaling.*® However,
TIM depletion caused S phase entry delay and a
reduction in S phase cell population®® after synchro-
nization, indicating possible problems with the initi-
ation of DNA replication. TIM depletion led to a
decrease in chromatin-associated cyclin E in late
G1 and persistently high levels of p21 and p27 sup-
pressing CDK2 activity.*® Additionally, the level of
chromatin-bound CDC86, which is required for both
MCM loading on chromatin, as well as chromatin
recruitment and the activation of cyclin E-CDK2,
was also reduced in TIM-depleted cells, resulting
in compromised origin licensing. These data point
to a possible role for TIM in G1 phase of the cell
cycle, in promoting G1/S transition, while during
S-phase TIM may not be necessary for efficient ori-
gin firing. Given the well-established function of TIM
in mitosis (discussed below), chromosome misseg-
regation and resulting DNA damage in TIM-

depleted cells could explain some of the observed
phenotypes, however, the referenced study®® did
not detect any DNA damage in G1, so a possible
role of TIM in G1/S transition should be further
studied.

Interestingly, defective CMG helicase complexes
were found on chromatin, both in S-phase and,
abnormally, in G1i-phase TIM-depleted cells.>
Abnormal CMG complexes in S phase are most
likely the ones that failed to unload after replication
termination, indicating the role of TIM in the CMG
unloading (discussed below). Assembled CMG in
the absence of TIM in G1 could be left over from
the previous cell cycle, or it could point to a possible
role for TIM in the timing of CMG assembly.

Replication Elongation and Fork
Progression

Both human TIM®? and S. cerevisiae Tof1*” travel
with the replication fork. TIM- or Tof1- deficient cells
exhibit a slower replication fork progression. Both in
yeast and in human reconstituted systems, FPC
proteins are essential for optimal speed of replica-
tion fork.”*” In yeast, it is Mrc1 and not Tof1 that
is primarily responsible for this effect, and Tof1/
Csma3 are responsible for maintaining the associa-
tion of Mrc1 with the replisome.*® Similarly, the
interaction between TIM and CLASPIN is critical
for the optimal replication fork progression in the
reconstituted re;;lication reaction with purified
human proteins.’

Another way Tof1 facilitates fork progression is bg
recruiting topoisomerase | to its C-terminal region®
to alleviate torsional stress,’® and by inhibiting
excessive fork rotation: Tof1 loss causes DNA pre-
catenation that leads to DNA damage.*' To the best
of our knowledge, this role of mammalian TIM has
not yet been explored.

Several lines of evidence suggest that TIM and its
orthologs support DNA replication by coupling
together the helicase and the polymerase
activities at the replication fork. In vitro
biochemical studies with purified proteins showed
that TIM directly interacts with the MCM
helicase,>>*? and can inhibit the DNA unwindin
and ATPase activities of the CMG complex.”
Whether TIM physically interacts with any of the
replicative polymerases is not clear. TIM position
at the leading edge of the replisome ahead of the
MCM helicase,'® allows for a possibility of TIM -
DNA polymerase alpha interaction (Figure 1(B)),
however DNA polymerase epsilon (POLE) located
on the opposite side of the MCM hexamer is unlikely
to form a direct interaction with TIM. The catalytic
domain of POLE is connected to its non-catalytic
domain via a flexible linker and could theoretically
bend far enough to interact with TIM (Figure 2(A)),
but this implies a sharp bend in the leading strand,
which is not supported by any experimental evi-
dence so far. Using biochemical approaches, direct
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A

Single FPC POLE-TIM interaction

Replication stress multi-FPC model

Figure 2. Proposed models. A. Sharp bend in the leading strand could allow TIM-POLE interaction. B. Multiple
FCSs per fork could explain the binding of both dsDNA and ssDNA, the functions of TIM in cell cycle checkpoint

activation, and the interaction with DNA polymerases.

interaction between TIM and POLE has been
detected by some studies,?® but not others,*® with
some evidence that TIM can also stimulate the poly-
merase activity of POLE.?>2® Given that CLASPIN
is known to directly interact with POLE,*® it could
be the link that helps TIM coordinate POLE and
MCM, however it would not explain TIM directly
stimulating POLE in in vitro assays in the absence
of CLASPIN. Interactions between TIM and DNA
polymerases alpha and delta have not been
detected by immunoprecipitation, however BiFC
assays indicate that TIM either directly interacts
with or is in close proximity with these poly-
merases.>®> Whether TIM is able to stimulate the
activities of polymerase delta and alpha is unclear,
with some evidence that it is,>® but other evidence
that it is not.?® In summary, given the inconsistency
of the data on TIM interaction with DNA poly-
merases, especially in mammalian cells, more
research is needed to validate or clarify this model.

Replication Termination

The accumulation of aberrant catalytically
defective CMG complexes on chromatin in TIM-
deficient cells discussed above, indicated that TIM
has a role in the disassembly or dissociation of
CMG from chromatin after the completion of DNA
replication.®® Further studies confirmed this hypoth-
esis. In C. elegans, TIM-TIPIN are required for
CMG ubiquitylation during replication termination
in early embryos, where they act by recruiting
CUL-2RR-1 ybiquitin ligase and stabilizing the asso-
ciation between CUL-2""F! and CMG to stimulate
the elongation of ubiquitin chains on CMG,** which
leads to replisome disassembly by the p97/CDC-48

unfoldase. The interaction between LRR1 and TIM
has now been demonstrated by structural studies
in humans, suggesting that the role of TIM in recruit-
ing CUL-2"F""" for replisome disassembly during
termination is conserved.*®

Genome Stability at Difficult-to-
replicate Genomic Regions

TIM and its orthologs are essential for efficient
replication through various genomic barriers,*® such
as regions prone to forming secondary structures
(ribosomal genes, centromeric and telomeric
regions, tRNA genes, repeat regions (reviewed
in®"), as well as covalent and non-covalent DNA-
protein complexes (DPCs) (reviewed in®)

TIM supports replication through G-quadruplex
(G4) structures by using its C-terminal DNA-
binding domain (DBD) to recruit DDX11 helicase
and stimulate its G4-unwinding activity.’® The role
of DBD appears to be partially redundant with the
PARP-binding domain of TIM in chicken DT-40
cells, indicating a possible role for PARP1 in helping
replication fork progression through G4s.'®

TIM orthologs act as molecular brakes, slowing
down the forks at difficult to replicate regions. S.
cerevisiae Tof1 promotes fork pausing at DPCs,*®
programmed pause sites in ribosomal DNA barri-
ers, and accidental barriers like promoters of tRNAs
or centromeres.*® S. pombe Swil and Swi3*° and
human TIM have also been shown to pause replica-
tion forks at ribosomal DNA barriers.®’ The Tof1-
Csm3 complex recruits topoisomerase | to the repli-
some“° via the 627 — 830 region of Tof1,%° however
whether it is required for the fork pausing at DPCs
remains unclear.
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FPC orthologs control the stability of repeat
regions in the genome, suppressing their
expansions or contractions. This role of TIM
orthologs and other FPC components is linked to
their function in fork stabilization and remodeling
during replication stress: Tof1 or Mrc1 deficiency,
for example, resulted in CAG repeat fragility and
expansion.®® S. cerevisiae FPC is required to pre-
vent the expansions of (CTG)43 tracks, associated
with myotonic dystrophy,>® GAA repeats, linked
with Freidrich’s ataxia, as well as (ATTCT),, linked
with spinocerebellar ataxia,>* and the contractions
of (CAG), repeats,® associated with Huntington’s
disease, myotonic dystrophy type 1 and several
types of spinocerebellar ataxia.>® Tof1-Csm3 also
keep in check the expansions of minisatellite repet-
itive DNA sequences bg regulating the LLR (large
loop repair) pathway.>® In human cells, loss of
FPC components leads to increased instability of
the trinucleotide repeat (CTG), - (CAG), in the 3
untranslated region (UTR) of the DMPK gene,
Wstg)ich is associated with myotonic dystrophy type
l.

Human TIM®” and S. pombe Swi1°® play a role in
preserving telomere length in a telomerase-
independent manner. TIM depletion led to telomere
shortening, telomere specific DNA damage and
telomere aberrations, and Swi1 depletion addition-
ally resulted in more frequent amplification of telom-
eres and subtelomere regions. TIM®” and Swi1*°
bind to Shelterin components TRF1 and TRF2,
helping recruit important replication factors to
telomeres, and prevent fork collapse by TIM’s fork
pausing activity. TIM/TIPIN also suppress telomeric
clustering - a hallmark of ALT (alternative lengthen-
ing of telomeres) cancers — and the mitotic DNA
synthesis, presumably via their fork protection
function.®°

TIM orthologs are known to differentially
modulate the recombination potential of replication
fork barriers. S. cerevisiae Tof1-Csm3 control
recombination positively or negatively, depending
on whether it is provoked by polar fork arrest

(blocking replication in one direction) or by
transcription, respectively. Tof1-Csm3 promote
recombination at ter sites, but inhibit
recombination at the HOT1 site, where

recombination is stimulated by RNA polymerase I-
dependent transcription and does not depend on
fork arrest.® Tof1 also suppressed excessive retro-
mobility of a retrovirus-like transposable element
Ty1 preventing genome instability.®" Similarly, the
loss of S. pombe Swil increased recombination at
tRNA genes, sup3-e and tRNAGLU,? as well as
in response to DNA damage,®® but completely
blocked recombination at the RTS1 element.®
The two independent roles of TIM orthologs in pro-
grammed fork arrest and the subsequent fork stabi-
lization/remodeling could explain some of these
phenotypes: they may be required to initiate the
recombination by inducing the fork arrest/pausing

in some particular cases, but could also promote
safe fork restart preventing recombination.

DNA Damage Response

The role of TIM/TIPIN and the FPC in the DNA
damage response has been extensively studied.
TIM/TIPIN binding to ssDNA and stabilizing
CLASPIN at stalled replication forks, make FPC
the central component in checkpoint signaling®®
and even some DNA repair processes at stalled
forks and DSBs.®

Down-regulation of TIM®* or TIPIN'®"" compro-
mises both basal and DNA damage-induced ATR-
dependent CHK1 phosphorylation and disrupts
replication checkpoint signaling.®* Mechanistically,
TIM is thought to bring together ATR/ATRIP and
CHK1 for efficient CHK1 phosphorylation.2%%*
Given that CLASPIN also mediates ATR-
dependent CHK1 phosphorylation,®® and that TIM/
TIPIN are required for CLASPIN stability and chro-
matin bindiné;],16 especially in response to replica-
tion stress,'? the role of TIM/TIPIN in checkpoint
regulation may be in part in the recruitment of
CLASPIN: TIPIN-RPA interaction stabilizes FPC
binding to RPA-coated ssDNA, promoting
CLASPIN-mediated phosphorylation of CHK1 by
ATR.?® Interestingly, in the absence of DNA dam-
age, TIM/TIPIN depletion resulted in CLASPIN-
mediated CHK1 phosphorylation,'® indicating a
possibility of TIM/TIPIN-independent replication
stress checkpoint activation — at the stalled fork or
post-replicatively.

Due to its possible role in circadian clock
pathway, TIM may also coordinate the circadian
clock-dependent control of ATR pathway: TIM-
ATR interaction is time gated by CRY1 which
temporally interacts with TIM and stimulates TIM-
ATR interaction in a temporal manner.®®

Some data indicate that TIM/TPIN may be also
involved in the G2/M checkpoint after ionizing
radiation’’; or doxorubicin treatment®”: TIM was
required for ATM-dependent activation of CHK2
after doxorubicin treatment,®” however the exact
role of TIM in CHK2 activation remains to be
uncovered.

Perhaps, at least in part due to its role in ATR-
CHK1 pathway activation, TIM accumulates at
stalled replication forks® and is required for fork pro-
tection®® and fork restart after HU treatment.®® Addi-
tionally, together with CHK1, FPC facilitates PCNA
ubiquitination after DNA damage by recruiting ubig-
uitin ligase RAD18 to single stranded DNA.%%"°

TIM/TIPIN are rapidly but transiently recruited to
DNA damage sites induced by microirradiation, in
both S phase and non-S phase cells, through TIM
interaction with PARP1° but independently of PARP
catalytic activity®® and independently of TIM-TIPIN
interaction,? to promote homologous recombina-
tion repair of DSBs.® TIM mediated the interaction
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between PARP1 with some of its substrates,®
pointing to its potential role in DNA repair as a
recruitment platform.

Reports indicating TIM/FPC recruitment to the
sites of DNA dama%e or ssDNA, including that in
non-S-phase cells,>> suggest a possibility that in
addition to its location at the leading edge of the
replication fork, FPC may bind ssDNA behind a
stalled fork or at a resected DSB (Figure 2(B)).
Interestingly, at the leading edge of the fork, TIPIN
binds dsDNA before it is unwound by the CMG heli-
case,'® while in the event of replication stress it is
known to also interact with ssDNA/RPA com-
plex.?”?° Whether and how the same TIPIN mole-
cule could accommodate both interactions at the
same time, remains unclear. It is plausible that dur-
ing replication stress more than one FPC per fork is
present to support its functions in DNA damage sig-
naling and replication fork stabilization described
above. It is tempting to speculate that even during
unperturbed replication, additional FPC complex
(es) may bind ssDNA between Okazaki fragments
or be recruited to forks passing difficult to replicate
genomic regions. At the replication pause sites,
one FPC could promote the fork arrest, while the
other helps stabilize the fork and promote its restart.
This hypothesis would also agree with the long-
standing model of the FPC connecting CMG heli-
case to the replicative DNA polymerases. More
research is needed to clearly establish the stoi-
chiometry of FPC at the replication fork and its reg-
ulation in response to replication stress.

Mitosis and Meiosis

TIM-depleted HCT116 cells showed numerous
mitotic defects including ineffective chromosome
condensation, reduced sister chromatid cohesion
(SCC), disorganized bipolar spindle formation, and
abnormal accumulation of mitotic entry kinases.”
Some of these defects could be in part due to the
problems with DNA synthesis, however, the role of
TIM and its orthologs in SCC has been studied
extensively.

TIM in human cells and in Xenopus eg7%
extracts,”® as well as S. cerevisiae Tof1-Csm3’*
and S. pombe Swil and Swi3® promote the associ-
ation of cohesin with chromatin. Loss of TIM
resulted in a strong increase in sister chromatid dis-
cohesion.”® Mechanistically, TIM interacts with
DDX11 helicase, which helps transfer the pre-
loaded cohesin rings to tether the two sister chro-
matids behind the moving replication fork.”? In addi-
tion to its role in SCC, TIM is thought to link
replication termination to mitotic entry by participat-
ing in Polo-like Kinase 1 and Aurora A activation.”

In S. cerevisiae, Tofl knockout causes
uncoupling of DNA replication from the formation
of double strand breaks (DSB), as well as a global
delay in DSB formation in meiosis. Tof1 and Csm3
physically associate with DDK which is critical for

71,72

DSB formation, tethering it to the replisome, thus
coupling replication with DSB formation.”””® In the
absence of Tof1, Mer2 phosphorylation by DDK is
no longer coordinated with replication and occurs
regardless of replication timing.”®

Miscellaneous Roles of TIM

TIM is essential for the normal development, and
TIM knockouts are embryonically lethal by day 5 of
embryonic development in mouse, indicating its
critical role from the time of implantation.”® Interest-
ingly, during brain development, TIM is localized to
the nucleus, but shifts to the cytoplasm (cell body,
axons and dendrites) in mature cortical and hip-
pocampal neurons, indicating a possible function
unrelated to replication in non-dividing cells,® per-
haps in circadian rhythm. Studies on differentiating
mouse embryonic stem cells showed that TIM
depletion resulted in defects in apoptosis®® required
for cavitating of embryoid bodies. Given the critical
importance of apoptosis in brain development, the
cytoplasmic localization of TIM in neurons could
be also related to its role in apoptosis regulation.

TIM and its orthologs are known to bind steroid
receptors and co-activate them, leading to
modulation of the expression of downstream
target genes. Human TIM is a coactivator of
estrogen receptor o (ERa) that binds ERa,
enhances its transcriptional activity, and is
recruited at GREB1 and Myc promoters together
with ERa.* Similarly, in S. pombe, Swil, Swi2
and Swi3 were required for hormone-dependent
transcriptional enhancement of yeast promoters
linked to glucocorticoid response element
sequences.®’ It has been speculated that TIM
may itself function as a transcription factor via its
DDT domain,'® a domain that allows DNA binding
and is commonly found in different transcription
and chromatin remodeling factors,®> however this
has not been clearly demonstrated. A recent
study®® identified the role of TIM in Pde4b tran-
scription and cAMP signaling, modulating synap-
tic plasticity and cognitive function in mice,
potentially linking the roles of TIM as a transcrip-
tion modulator and a circadian clock protein.

In insects, the role of one of the TIM orthologs,
dTIM, in maintaining a robust circadian rhythm is
well established. dTIM is cyclically expressed and
its protein levels oscillate over the circadian day.®*
dTIM levels affect behavioral rhythmicity,®® patho-
gen resistance®® and photoperiodic functions®” in
insects. However, as mammalian TIM is more
orthologous to Drosophila TIMEOUT than to dTIM,
it has long been controversial whether these circa-
dian rhythm related roles of dTIM are conserved in
mammals. TIM depletion in human and mouse cells
shortens the circadian period by 1 hour.®® Gamma
irradiation and other genotoxic agents cause an
advancing of the phase in the circadian clock in cul-
tured cells, but loss of TIM diminishes this DNA
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damage-dependent phase advancing.?® Human
TIM interacts with canonical clock protein CRY2,
and could be the link connecting the circadian clock
and cell cycle in humans.®*%®

In rat, TIM mRNA oscillates® in suprachiasmatic
nucleus (SCN), the site of the master circadian
clock, and TIM loss abolished the endogenous
rhythm of neuronal firing,°° indicating that TIM could
be involved in maintenance of circadian rhythmicity
in mammals as well. Downregulation of TIM nega-
tively affected the levels of dedicated clock proteins
Per1, Per2, Per3, and led to disrupted clock regula-
tion.°*%° In humans, a heterozygous mutation in
TIM is known to cause advanced sleep phase, as
this mutated TIM remains in the cytoplasm and
destabilizes the negative regulators of the circadian
clock PER2 and CRY2.°" This might hint towards a
role for TIM in circadian rhythm in humans, although
more direct studies are needed to clarify this. There
are excellent reviews covering the debate of
whether TIM in humans has a role in circadian
rhythm %293

TIM and Human Disease

Upregulation of TIM correlates with enhanced
proliferation of cancer cells.®*°® Overexpression of
TIM is associated with increased risk of breast
cancer,’® and poor survival and prognosis in many
types of cancer including lung cancer,’”?® skin
cutaneous melanoma® and gliomas.'®

In ovarian cancer models, TIM promoted tumor
progression by enhancing macrophage
recruitment, however, the mechanism of this effect
remains unclear.'®’ Overexpressed TIM promoted
cancer metastasis in cervical cancer'%® and hepato-
cellular carcinoma'®® by interacting with eukaryotic
elongation factor 1A2 (EEF1A2), which binds to
actin filaments to promote tumor cell migration.'%®
In breast cancer, TIM overexpression either pro-
moted mi%ration and cell invasion by upregulation
of MYC, %" or suppressed it by binding p65 and pre-
venting NF-kB activation. % This discrepancy is dif-
ficult to explain given that the two studies used
largely overlapping sets of breast cancer cell lines.

Additionally, TIM acts as a coactivator of estrogen
receptor a, leading to stimulation of cell division and
tumor growth.4 Consistent with this function of TIM,
elevated TIM expression is associated with tamox-
ifen resistance in cancer cells.*%

TIM loss in colorectal cancer induced the
activation of the epithelial-to-mesenchymal
transition (EMT) program,'°® and in breast cancers
higher expression of TIM was associated with
epithelial-like phenotype, while its lower expression
resulted in mesenchymal-like morphology,'®® indi-
cating a possible role of TIM in suppressing EMT
and cancer progression in some particular cases.

Interestingly, the roles of TIM in cancer
progression described above are not directly
related to replication or genome stability, although

TIM’s role in genome stability could indirectly
affect cellular proliferative status and some of the
described phenotypes. However, they may also
result from deregulated TIM-mediated
transcription. Further studies are clearly needed to
address the role of TIM in tumor development.

Increased levels of TIM also protect cancer cells
from replication stress-induced as well as
chemotherapy-induced DNA damage.'?” Upregula-
tion of TIM is linked to cisplatin resistance of cervical
cancer'® and nasopharyngeal carcinoma.'® In
agreement with this, downregulation of TIM by
microRNA-708 suppressed cell proliferation and
enhanced chemosensitivity of cervical cancer
cells."'® Despite its role in cell cycle checkpoint acti-
vation, TIM overexpression also suppressed G2/M
arrest in colon cancer cells''" or hepatocellular car-
cinoma through the inhibition of CHK2 phosphoryla-
tion.”® TIM along with FANCM is critical for
replication stress response at ALT telomeres, which
made TIM a potential therapeutic target: co-
depletion of FANCM and TIM is synthetically lethal
in ALT cancers.'"? TIM overexpression may also
protect cells against oncogene-induced senes-
cence. TIM expression is normally downregulated
during the onset of oncogene-induced or replicative
senescence, and overexpression of TIM slows
down these processes.'"®

Given the critical nature of TIM in promoting and
protecting the integrity of replication, it is no
surprise that pathogenic viruses conscript TIM for
ensuring smooth replication of their own genomes.
Kaposi’s sarcoma associated herpesvirus''* and
Epstein-Barr virus''® use TIM to facilitate the repli-
cation of difficult regions in their genomes, and
when TIM is depleted, their episomes are rapidly
lost from the infected cell. TIM may contribute to
the production of antiphospholipid antibody, an anti-
body that contributes to systemic thrombosis, in
both COVID-19 and antiphospholipid syndrome
(APS) patients.'®

Germline TIM variants are associated with
defective sleep regulation and depression.""” A
mutation in TIM caused advanced sleep phase, as
it destabilized the negative regulators of the circa-
dian clock PER2 and CRY2.°' Reduced expression
and polymorphisms in TIM are associated with
increased asthma risk in children."'® The TIME-
LESS gene is also associated with bipolar disorder,
and although mechanistic details are not known, the
presumed role of TIM in the circadian clock is
thought to be involved.""®

Concluding Remarks and Future
Directions

The pro-tumorigenic effect of TIM overexpression
and its role in protecting cancer cells against
replication stress and DNA damage make it an
attractive therapeutic target. Lacking any known
enzymatic activities, TIM cannot be targeted by
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small molecule inhibitors, however, novel
approaches disrupting protein—protein
interactions'2° could help specifically block particu-
lar functions of TIM without disrupting the others.
Developing such targeted approaches requires a
clear understanding of all the processes in various
tissues that involve this essential protein. In this
review we covered the key functions of TIM known
to date. Many mechanistic details of these functions
are still unclear and require further investigation.
The main role of TIM in cancer cells is in
supporting genome  stability by stabilizing
replication forks and mediating the replication
checkpoint activation. However, it is still unclear
how the localization and stoichiometry of TIM
during replication stress differ from those of TIM at
the unstressed fork. FPC is stably associated with
the leading edge of the replication fork and
dsDNA, and this position is not easily reconciled
with FPC’s key function in binding ssDNA/PRA
behind the fork that is required for checkpoint
activation. In this review, we propose that during
replication stress or at difficult-to-replicate regions,
additional molecules of TIM/FPC are recruited to
the replication fork to mediate its checkpoint-
related function. One of the first ever described
functions of TIM — coupling the helicase and the
DNA polymerases at the fork — is not consistent
with its location at the leading edge of the
replication fork, and the multi-FPC model could
resolve this contradiction. Structural, biochemical,
or high-resolution imaging studies are required to
test this hypothesis, and if the presence of
multiple FPCs per fork is confirmed, various
functions of TIM will have to be re-assessed to
identify which FPC is responsible for which function.
Special attention must be paid to the functions of
TIM in the absence of DNA damage or replication
stress, as TIM is an essential protein, and
disruption of these functions by potential therapies
may lead to undesired effects on healthy tissues.
Specifically, the roles of TIM in regulating
apoptosis, transcription, and replication though
repetitive regions have to be further described.
TIM depletion resulting in apoptosis defects could
be a problem for cancer therapies, so it is
essential to establish the mechanistic details of
the disrupted pathway. Inconsistent phenotypes
associated with TIM depletion in cell culture where
it leads to both S-phase delay and increased
origin firing, could potentially be explained by TIM
regulating transcription of some cell cycle-related
genes in addition to its direct role at the replication
fork. The roles of TIM in cancer progression,
including cell migration and EMT, also can’t be
explained by its replication-related functions, and
are likely linked to transcription deregulation. It is
essential to identify any potential targets of TIM as
a transcription factor or a transcription co-activator.
Finally, the controversial function of mammalian
TIM in regulation of circadian rhythm needs to be

further addressed. As a factor involved both in
DNA damage response and in the circadian
rhythm, TIM is uniquely positioned to link the two
processes. Studying this link could potentially
allow to time genotoxic cancer therapies to
specific times of the day when they are the most
efficient. Further investigations of the myriad of
TIM’s functions will shed light on the multiple
fundamental processes in the cell, as well as
uncover the potential for future clinical applications.
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TIMELESS recruits the Fork Protection Complex to the replisome
during DNA replication initiation in human cells
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Abstract

TIMELESS (TIM) is an essential protein that ensures unhindered movement of the replication fork under
stress or through intrinsic barriers in the genome. While its roles in the protection of stressed replication
are well studied, its potential role at the step of replication initiation is less well explored. Here we use a
conditional auxin-inducible degron system to study the effect of TIM depletion on replication initiation in
human cells. TIM depleted cells exhibited inefficient S phase entry, and a defect in the loading of CLASPIN
and TIPIN, the other two components of the Fork Protection Complex (FPC), providing the first evidence
that the FPC is necessary for maintaining normal replication initiation. We further show that the FPC loads
to chromatin in multiple steps, the first fraction loading concurrently with assembly of the replicative
helicase and another fraction loading after DNA synthesis is initiated. Our data also show that TIM requires
interaction with MCM for loading to chromatin. Using split-Turbo ID-based proximity labelling we show
that there may be more than one FPC per replication fork. Our study uncovers a new role for TIM in
supporting DNA replication initiation in human cells.

Introduction

The basic mechanisms of replication initiation are conserved in eukaryotes from yeast to humans [1] [2].
The assembly of the replisome begins in G1 phase of the cell cycle with origin licensing, which is loading
of MCM helicase onto the origins marked by the Origin Recognition Complex (ORC). This is followed by
CDK-dependent recruitment of CDC45 and GINS to MCM, leading to CMG helicase assembly. MCM is then
activated by DDK- and CDK2- dependent phosphorylations, after which accessory factors and polymerase
alpha (polA)-primase are recruited to the replication complex, and the full replisome is assembled. After
RNA primers are synthesized by primase, PolA adds the first short stretch of DNA, after which PCNA is
loaded by Replication Factor C (RFC) at the template-primer 3’ end sites [3]. PCNA loading initiates
polymerase delta (polD) loading [4] [5], and polD then takes over DNA synthesis from polA. As two CMG
complexes start moving towards each other and bypass each other, the initial DNA synthesis on both
leading and lagging strands is performed by polD [6]. Polymerase epsilon (polE) subsequently takes over
the leading strand from polD [7], and after this ‘polymerase switch’ step, two replication forks moving in
opposite directions are established.

TIM performs most of its functions bound to its obligate binding partner TIPIN, and it has been shown that
depletion of one partner leads to a depletion of the other [8]. Together with CLASPIN, TIM and TIPIN, form
the Fork Protection Complex (FPC), which plays a critical role in protecting the integrity of moving forks
under replication stress. Some studies also consider AND-1 as a part of the FPC [9], however its position is
observed in structural studies does not indicate direct interactions with the canonical FPC [10], [11]
suggesting that the fork protection functions that it has [12], [12] could be performed independently of
the FPC. TIM-TIPIN have been very well studied in the context of protecting replication forks from stalling
when cells undergo genotoxic stress or DNA damage [13], [14]. Additionally, TIM- TIPIN are also known to
support forks through several types of endogenous barrier regions in the genome [13]. During replication
elongation, TIM-TIPIN have been shown to coordinate the activities of the MCM helicase and the
polymerases [15], [16], [17], [18], [19]. They are believed to stimulate DNA polymerase activity and at the
same time regulate MCM helicase activity [20] [17], to couple these two components of the fork together,



and this is thought to be the mechanism through which TIM-TIPIN ensure the maintenance of normal fork
speed.

What roles TIM-TIPIN play in replication initiation is still poorly understood. There is conflicting evidence
in this matter, with some studies reporting excessive origin firing [8] and others reporting delayed S phase
entry and a reduction in S phase cell population [21], upon TIM depletion. Here, we investigate the role of
TIM in replication initiation, using a conditional depletion system where TIM is tagged with a mini-auxin
inducible degron (mAID) tag that allows its near-complete depletion within a short time frame [22], [23].
We show that TIM depletion causes a decrease in DNA synthesis in S phase when depleted in G1 phase,
and compromised S phase entry when depleted in G2 phase. Mechanistically, TIM depletion compromises
the loading of CLASPIN and TIPIN to chromatin. We also observed delayed loading of PCNA during
subsequent S phase entry after TIM depletion in G2 phase.

It is currently unclear at what time during the initiation of DNA replication TIM is recruited into the
replisome. It has been shown that TIM is loaded to origins at replication initiation with the same dynamics
as CDC45 [24], however details of its loading timing are not well understood. In contrast, it has also been
reported that TIM associates with MCM even before the beginning of S phase, which [13] may indicate
that it is loaded to origins along with MCM [21]. The latter model is not consistent with TIM being located
at the leading edge of the fork which would be concealed in the MCM: MCM contact in the MCM double
hexamers during MCM loading, as per structural data [25]. In this study, we aimed to clarify the timing of
TIM chromatin loading relative to other replication initiation proteins in synchronized cells undergoing S
phase entry. We show that TIM is recruited to chromatin in multiple steps, with some TIM loading
concurrently with CMG, and the rest of TIM loading upon the initiation of DNA synthesis.

Structural studies repeatedly demonstrated that TIM, TIPIN and CLASPIN are positioned at the leading
edge of the replication fork, interacting with MCM and gripping DNA [10], [11], [26]. However, this position
is not fully consistent with observations from biochemical studies which show that TIM directly interacts
with the polymerases [17], and TIM-TIPIN bind to RPA which is loaded onto ssDNA behind the replication
fork [27], [28]. We employ a split-TurbolD-based proximity labelling system[29] to study the proteins in
proximity of TIM at the fork and better understand TIM’s position in the replisome, and the set of proteins
biotinylated by the used split TurbolD pairs supports the model in which there is more than one molecule
of TIM per replication fork.

Using a mutant of TIM unable to interact with MCM but retaining its interactions with TIPIN and CLASPIN,
we show that TIM-MCM interaction is essential for the role of TIM in the initiation of DNA replication,
including supporting DNA synthesis, as well as efficient chromatin loading of TIPIN, CLASPIN and PCNA.
Our study provides insights into the role of TIM in replication initiation, a process relevant in the context
of carcinogenesis and anticancer chemotherapy. Our findings also shed light on other less explored facets
of TIM’s role, such as its position at the fork and its chromatin loading dynamics, and broaden our
understanding of the complex process of replication initiation in human cells.

Results
TIM depletion compromises S phase entry and decelerates DNA synthesis

We used a mini-auxin-inducible degron (mAID) system to achieve rapid and near-complete depletion of
TIMELESS, which enabled us to study its role in replication initiation in human cells. In this system, the
target protein TIM is tagged with a short mAID tag using CRISPR genome modification, and additionally
the F-box protein osTIR1 is stably transfected into the genome of cells [23], [30]. Our mAID system version
1 (mAID1) uses dox-inducible osTIR1 [23] while version 2 (mAID2) uses constitutively expressed osTIR1
[22], as version 2 avoids the problem of leaky degradation. In these systems, TIM is depleted to near-
complete levels upon the addition of the plan hormone auxin. In the presence of the plant hormone auxin
(3-1AA (indole-3-acetic acid) for mAID1 and 5-ph-IAA (5-phenyl-indole-3-acetic acid ) for mAID2), the mAID



tag attached to TIM gets ubiquitylated by E3 ligase that is recruited by osTIR1, which leads to quick and
efficient proteolytic degradation of TIM (16 hours for mAID1 and 3 hours for mAID2).

Two clones for mAID1- Clone 10 and Clone 28, and two clones for mAID2- Clone O3 and Clone L4 were
selected, based on their ability to deplete TIM to near-complete levels. In mAID1, 16h treatment with
2 ug/ml doxycycline (dox) was used to induce osTIR1 expression. 16h treatment with 500 uM 3-1AA (aux)
was used in mAID1 while 4h treatment with 1.25 uM 5-ph-IAA in mAID2 to induce TIM degradation. TIM
was strongly depleted in both mAID1 and mAID2, and as expected its partner TIPIN was concurrently
downregulated in mAID1 due to prolonged TIM depletion (Fig. 1A and 1B). The levels of CLASPIN were not
affected by TIM depletion. mAID tagging neither caused replication stress in the clones (Fig 1A and 1B) nor
affected the ability of the clones to induce the ATR replication checkpoint upon replication stress (Fig S1A
and S1B).

In order to test the effect of TIM depletion on cell growth, we seeded equal numbers of Clone 10, Clone
28 or U20S cells, and in a separate experiment, Clone O3, Clone L4 or U20S cells, and treated them with
DMSO or dox/3-1AA or 5-ph-IAA for 72 h and counted the cells every 24 h (Fig. S1IE and S1F). Untreated
clones grew slightly slower compared to the U20S cells, however, the addition of dox/3-IAA or 5-ph-IAA
greatly reduced the proliferation of TIM-depleted clones Clone 10, Clone 28, Clone O3 and Clone L4, which
is in agreement with the essential role of TIM in human cells. Doxycyline treatment also slightly reduced
the growth of U20S cells, as has been previously observed [31], [32].

Next, in order to investigate the effect of TIM depletion on S phase entry, we depleted TIM in cells that
were synchronized in G2/M using a double thymidine-nocodazole block and then allowed to enter S phase
at the same time (Fig 1C). We added dox/3-IAA to mAID1 cells at the time of nocodazole addition and 5-
ph-IAA to mAID2 cells at the time of release from nocodazole. Cells were collected Oh (mitosis), 3h (mid-
G1 phase), 6h (beginning of S phase), and 9 h (majority of cells in S phase) following the release from
nocodazole. For FACS experiments, a 30-minute pulse with nucleotide analog EdU (5-ethynyl-2'-
deoxyuridine) was given to the cells before collection to label newly synthesized DNA. To study S phase
entry, the percentages of cells having successfully transitioned from G1 into S phase were analyzed by dual
EdU-7-AAD FACS, a technique that allows simultaneous measurement of EdU incorporation and DNA
content. Quantifications of S phase cells (Fig. 1E) and G1 phase cells (Fig. S1G) showed a G1 accumulation
and a significant reduction in the S phase population in clones 10 and 28 compared to U20S, indicating
that TIM depletion in G2 phase reduces the efficiency of S phase entry in the subsequent cell cycle.
Additionally, DNA synthesis as measured by the level of EdU incorporation was lower in these clones
compared to U20S cells (Fig. 1F). Clones Clone 03 and Clone L4 did not show a significant reduction in the
percentage of cells entering S phase (Fig. 1H) or exiting G1 phase (Fig. S1H), but did show reduced EdU
incorporation compared to U20S cells (Fig. 1), indicating that TIM depletion in G1 phase allows for normal
S phase entry but reduced DNA synthesis, the latter may be at least partly due to previously documented
[16] slower fork speed upon TIM depletion. These results indicate that TIM supports replication initiation
and maintains the normal speed of DNA synthesis during S phase entry.

TIM depletion leads to a defect in chromatin loading of CLASPIN and delays PCNA recruitment during
origin firing

Delayed S phase entry indicates possible defects with replication initiation, we therefore aimed to
determine which steps of replication initiation are affected by the absence of TIM. We synchronized clones
Clone 10, Clone 28, Clone O3 Clone L4, and U20S using the double thymidine-nocodazole block, depleted
TIM and collected cells at the same timepoints as described above. To test the ability of various replication
initiation proteins to be recruited to chromatin during S-phase entry in the absence of TIM, we analyzed
presence of the proteins of interest in the chromatin fraction using western blot.



After prolonged TIM depletion in Clones 10 and 28, cellular levels of TIPIN were depleted (Fig. 1A, 2E). We
observed a failure in the recruitment of these proteins to chromatin during S phase entry. Interestingly,
we also observed a delay in the recruitment of PCNA and CLASPIN in these clones (Fig. 2A,C). CDC45
showed a delay in unloading during replication termination in the previous cell cycle, which is consistent
with similar previous observations [33], attributed to the fact that TIM is required for normal replication
termination. However, CDC45 chromatin loading was not affected by TIM depletion, indicating that there
was no significant delay in CMG assembly, a critical step in replication initiation. After short TIM depletion
in Clones 03 and L4, cellular levels of CLASPIN were unaffected by TIM depletion (Fig. 1B, 2F). However,
the recruitment of CLASPIN to chromatin during S phase entry was significantly reduced. Interestingly, the
recruitment of PCNA and CDC45 to chromatin was unaffected after TIM depletion in G1 (Fig. 2B,D). Our
data indicated that TIM is required for the chromatin loading of CLASPIN during the initiation of DNA
replication.

To confirm our findings using an alternative approach, we used an ATR inhibitor AZD6738 (ATRi) which is
known to rapidly induce massive origin firing resulting in a strong recruitment of replication proteins to
chromatin, MCM4 phosphorylation and an increase in EdU incorporation by replicating cells [34], [35]. We
treated Clones 10 and 28, 03 and L4 or U20S cells with DMSO or dox/3-1AA or 5-ph-IAA for 16 h or 4 h,
and added DMSO or 5 uM ATRi (AZD6738) for the last 1 h to induce origin firing. ATRi treatment caused a
robust increase in EdU incorporation in untreated clones but a more modest increase in TIM depleted
clones (Fig S2A). We observed significant reductions in CLASPIN and TIPIN recruitment to chromatin in
response to ATRi after both prolonged TIM depletion in mAID1 clones (Fig. 2E,G) and short TIM depletion
in mAID2 clones (Fig. 2F,H), while the recruitment of CDC45, GINS and POLE remained unaffected.

These data demonstrate that TIM is required for the recruitment of CLASPIN to chromatin during the
initiation of DNA replication for the proper assembly of the FPC at the replication fork.

TIM loading to chromatin during origin firing occurs in multiple steps dependent on CMG assembly and
on DNA synthesis

Very few studies have explored the dynamics of TIM, TIPIN or CLASPIN loading to origins during replication
initiation. We therefore studied the chromatin loading of these proteins to origins relative to the loading
of other replication initiation proteins using cell synchronization, to shed more light on the order of their
loading.

We synchronized U20S using the double thymidine-nocodazole block and collected cells at the following
timepoints post release from nocodazole: Oh (mitosis), 2.5h (G1 phase), 4h, 5h, 6h, and 7h (most cellsin S
phase), and analyzed the chromatin fraction by Western blot. By 4h, CDC45 was loaded, indicative of CMG
assembly. TIM, TIPIN and CLASPIN are observed to load concurrently with CMG assembly. MCM
phosphorylation is observed next. PCNA is seen to begin loading starting from 4h but reaching a
significantly high level by 5h (Fig. 3A,B). This is followed by polA loading, which is observed to happen by
6h. We speculate that PCNA may bind chromatin by 5h, but may actually be loaded onto DNA only after
polAis available, as it has been reported that chromatin-bound PCNA does not correlate with the assembly
of the replisome [36]. Overall, these data indicate that the FPC is loaded simultaneously with CMG
assembly in human cells.

To identify the exact step in the cascade of origin firing when the FPC loads onto origins, we inhibited
different steps of origin firing using CDK1, CDK2 or CDC7 inhibitors, which are important for S phase entry
in human cells, and also used aphidicolin to block DNA synthesis by B-family DNA polymerases. We tested
whether the FPC proteins could load to origins upon treatment with these inhibitors. Cell cycle analysis
confirmed that these inhibitors suppress S phase entry (Fig. S3,B). We found that FPC loading is partially
dependent upon CDK1, CDK2 and CDC7 activities, with FPC loading being reduced but not completely
blocked by these inhibitor treatments (Fig. 3C-F). As observed previously [28], CDK1 inhibitor + CDC7



inhibitor combination treatment is the only inhibitor treatment that blocks CDC45 loading completely.
Unsurprisingly, FPC loading is completely blocked by this combination treatment. These data indicate that
loading of the FPC components, TIM, TIPIN and CLASPIN, is dependent upon the activities of the above
tested kinases in human cells. Interestingly, FPC loading was only partially blocked by aphidicolin, which
did not affect CDC45 chromatin loading. These data indicate that while DNA synthesis is required for full
loading of the FPC to firing origins, CMG assembly is sufficient for partial loading. We propose that some
molecules of the FPC proteins may load during the kinase-dependent steps of CMG assembly, and others
may load after DNA synthesis is initiated. This observation suggests that there may be more than one
molecule of the FPC present at replication forks.

Proximity labelling enabled by TIM interaction with core replication initiation proteins indicates the
presence of more than one molecule of TIM per fork

There is conflicting evidence about the position of TIM at the replication fork, with structural studies
finding that TIM is positioned ahead of the advancing MCM helicase [10], [11], [26], while biochemical
evidence suggested that TIM interacts with the polymerases at the fork and stimulates their activities [17]
[20]. To obtain some clues about the exact position of TIM at the fork, we employed a split-Turbo ID-based
proximity biotin labelling strategy [29]. In this technique, two proteins are fused to two respective part of
the Turbo ID enzyme (TurboN and TurboC). When these tagged proteins interact in the cell, they bring
together the two inactive halves of the Turbo ID biotin ligase and reconstitute its activity, tagging proximal
proteins with biotin. Biotinylated proteins can then be isolated using a streptavidin pulldown and analyzed
by western blotting. To identify the best replication protein to be combined with TIM for this approach,
we tagged several replication initiation proteins (MCM4, AND1, ORC6, POLE2) with TurboC and combined
each of them with TurboN-TIM. TIM-ORC6 and TIM-AND-1 combinations yielded the best overall
biotinylation signal (Fig. 4A, S4A). Following streptavidin pulldown, we identified TIM, TIPIN, CLASPIN, DNA
polymerases alpha and epsilon, CDC45 and CHK1 among the proteins biotinylated by both of the selected
pairs (Fig. 4B). These data indicate that TIM is positioned in close AND1, ORC6, as well as the identified
DNA polymerases and CDC45 proteins at the fork. These biotinylation patterns do not align with the
canonical position of TIM, as at this position, N-terminus of TIM is spatially too far away from ORC6 [11]
(likely behind the fork working in mismatch repair) and C-terminus of AND-1, with the MCM hexamer
complex in the way. Even considering the flexibility of AND1 and the lagging strand, it is difficult to
reconcile the biotinylation of POLE and CDC45 by TIM positioned at the leading edge of the fork.

To explore the possibility that there could be more than one molecule of TIM per fork, we tested
biotinylation using a combination of TIM-TurboC with TIM-TurboN with TurboN and TurboC fused to either
the N-terminal or the C-terminal end of TIM to check if any of the combinations produced a strong
biotinylation signal. TIM tagged with split-Turbo ID halves to either its N terminal or its T terminal were
tested (Fig. 4C, S4B). Interestingly, TIM-TurboC produced strong biotinylation in combination with either
TurboN-TIM or TIM-TurboN, indicating two molecules of TIM being positioned in proximity of each other.
Analyses of proteins biotinylated by TIM-TIM combinations identified TIPIN, CLASPIN, CHK1, CDC45 and
DNA polymerases alpha and epsilon, as with the previous combinations, and additionally DNA polymerase
delta (Fig. 4D). Based in these data, we propose the model that there are two TIM molecules at each fork
- one at the leading edge of the fork, and the other on the flexible strand, are depicted in Fig. 4E.

TIM mutant unable to interact with MCM cannot load to chromatin or rescue the replication initiation
defect in TIM depleted cells

In our model, only one of the FPCs interacts with MCM. To clarify whether TIM-MCM interaction is needed
for chromatin loading of TIM and its function in replication initiation, we generated and a mutant of TIM
unable to interact with MCM - TIM-M*. We designed this mutant of TIM based on the data from [17]. This
paper showed that the region of TIM comprising of amino acids 1-663 is sufficient for MCM interaction,
but neither of the two broader regions present on either side of region 1-663 (specifically, amino acids 1-



307 or amino acids 308-1208) is sufficient for MCM interaction. We reasoned that a stretch of amino acids
at the border of these two regions may be participating in MCM interaction. We deleted the amino acids
276-302 at the border of these two regions (structure shown in Fig. 5A). We also took into consideration
structural data [38], [39] to ensure our deletion is not too close to the region of TIM known to be necessary
for interaction with TIPIN. Phyre2 [40] and AlphaFold [41] were utilized to ensure that the amino acids
chosen for deletion would cause minimal changes to the 3D structure of TIM, aiming to preserve TIM’s
interactions with its other partners. This mutant was confirmed to be unable to interact with MCM using
co-immunoprecipitation, while the interactions with TIPIN, CLASPIN and POLE were not affected (Fig. 5B).

We reasoned that the mutant TIM-M* would not be able to load to chromatin at its canonical position,
ahead of MCM at the leading edge of the fork, as it is unable to bind MCM. To test whether the TIM-M*
mutant is able to load to chromatin or not, we generated a cell line expressing this mutant under the
doxycycline-inducible promoter, on the background of our TIM-depleting mAID1 clones Clone 10 and
Clone 28. We selected one clone on each background - Clone 10.8 and Clone 28.6, based on their ability
to express TIM-M* upon addition of dox. We then titrated dox concentrations to identify the concentration
of dox inducing expression of TIM-M* to levels comparable to levels of TIM-mAID-mCherry in these
clones. With 72h treatment with 0.01 ug/ml dox and 12h treatment with 3-IAA, we were able to have
similar levels of TIM-M* and TIM-mAID-mCherry in our clones (Fig. S5A). We used the double thymidine-
nocodazole block to synchronize cells and compared the ability of TIM-M* to load to chromatin to TIM-
mAID-mCherry. We found that TIM-M* is unable to load to chromatin (Fig. 6C, D). The replication initiation
defect in these clones was similar to that observed in TIM depleted mAID1 clones: TIPIN, CLASPIN and
PCNA were unable to load to chromatin (Fig. 6C,E), despite the presence of TIM-mAID-mCherry as well as
TIPIN in the cells at normal levels (Fig. S5B). This suggests that the TIM-M* may have a dominant negative
effect, sequestering other FPC components and preventing their loading to chromatin.

We next studied the ability of the TIM-M* mutant to rescue the S-phase entry defect in TIM depleted cells,
using the same clones. For this experiment, we used 12h treatment with 2 ug/ml dox and 3-1AA, as these
are the conditions necessary to deplete TIM-mAID-mCherry to near-complete levels in our mAID1 system
(Fig. S6A). Clones Clone 10, Clone 28, Clone 10.8, Clone 28.6 and U20S were synchronized using the double
thymidine nocodazole block, and a 30-minute pulse with EdU was used before collection to label newly
synthesized DNA. The ability of TIM-M*-expressing clones to rescue S phase entry was studied by
comparing percentages of S phase cells, G1 phase cells and levels of EdU incorporation between TIM-
depleted clones and TIM-M* mutant expressing clones. As expected, this mutant could not completely
rescue the defect in S phase entry in TIM-depleted cells, despite its high levels present in the cells (Fig. 6A-
C,S6B). No significant difference was observed between percentages of S and G1 phase cells and levels of
EdU incorporation between TIM-depleted clone Clone 28 and TIM-M* expressing clone Clone 28.6.
Surprisingly, Clone 10.8 showed a reduction in S phase population, but an increase in EdU incorporation
compared to TIM-depleted clone Clone 10. It is possible that a high number of origins fire in this clone,
but replication fails shortly afterwards, leading to this effect. However, this effect cannot be attributed to
the presence of the TIM-M* mutant, as it was observed in only one of the two clones expressing this
mutant.

Our findings suggest that TIM-MCM interaction is required for TIM recruitment to firing origins during
replication initiation and to play its role in supporting replication initiation in human cells

Discussion:

In this study, we established and made use of an auxin-inducible degron (mAID) system to achieve rapid
and efficient conditional depletion of TIM (Fig. 1A,B). Most previous studies of the role of TIM in replication
initiation have used other strategies of TIM depletion [42], [43], [21], which are known to not be able to
achieve a near-complete depletion of TIM. Here we show that TIM is required for the recruitment of TIPIN



and CLASPIN to the chromatin to assemble the Fork Protection Complex during replication initiation in
human cells.

TIM depletion affects S-phase entry

We show that the absence of TIM leads to a delay in S phase entry (Fig. 1D,E,G,H,51G,H) in human cells.
This is in agreement with a previous study that showed a reduction in S phase population in TIM depleted
cells compared to TIM-proficient cells [33]. A previous study reported a reduction in inter-origin distances
upon TIM depletion, which is indicative of excessive origin firing [44]. Slowed forks were also reported in
the absence of TIM [16]. We also observed a reduction in DNA synthesis in our system upon TIM depletion
(Fig. 1F1). TIM depletion is known to lead to a decrease in chromatin-associated cyclin E in late G1, and
high levels of inhibitors p21 and p27, which suppresses CDK2 activity and delays CMG assembly [33]. We,
however, did not observe a delay in CMG assembly in TIM-depleted cells, and speculate that prolonged
TIM depletion in this study may have resulted in DNA damage and checkpoint activation, and therefore
the delay in CMG assembly.

TIM recruits CLASPIN to chromatin during the initiation of DNA replication

TIM depletion leads to a depletion of its partner TIPIN, and since TIPIN is required to recruit CLASPIN to
the fork [28] [45], [46], the reduction in TIPIN levels upon TIM depletion in both our mAID1 and mAID2
system (Fig. 1A,B,2E,F) may explain the reduced loading of CLASPIN (Fig. 2A-D). It is also possible that TIM
recruits CLASPIN to origins by direct interaction, and future studies using a mutant version of TIM unable
to interact with CLASPIN may clarify this question. Findings from a study that reconstituted human
replication with purified proteins [19] indicate that TIM-CLASPIN interaction is crucial for leading strand
replication. Taking this into account, we posit that TIM-TIPIN may promote replication initiation, by
supporting the recruitment of CLASPIN to the replisome.

TIM depletion leads to a defect in PCNA chromatin loading

To our knowledge, any role of the FPC in supporting the recruitment of PCNA to the fork for replication
initiation has not been previously reported. We show that when TIM/TIPIN are depleted in our mAID1
system in G2 phase of the cell cycle, PCNA recruitment to chromatin during the subsequent G1-S transition
is delayed (Fig. 2A, C). It is possible that TIM’s roles in maintaining the integrity of DNA during mitosis are
affected by its loss in G2 phase in this system, which would cause replication stress, and lead to a delay in
S phase entry and consequently PCNA loading. However, we do not observe any delay in CDC45
loading/CMG assembly, indicating that replication checkpoint is not activated. Interestingly, PCNA is seen
to load normally when TIM/TIPIN are depleted in our mAID2 system later during the cell cycle, in G1 phase
(Fig. 2B,D).

In both our mAID1 and mAID2 systems, the loading of TIM, TIPIN and CLASPIN are compromised. The loss
of which component of the FPC may be responsible for the delay in PCNA loading during origin firing is not
fully clear. An interaction of TIM with PCNA in undamaged cells has been reported [47], [48]. CLASPIN has
also been shown to directly interact with PCNA in the absence of DNA damage [49], [50], via its PIP (PCNA
Interacting Protein)-box motif, and this interaction is required to maintain normal speed of DNA replication
[34]. However, in our mAID2 system, we observe normal PCNA loading to chromatin even when FPC
loading is greatly reduced. This leads us to speculate that interaction with the FPC may not be required
for PCNA loading per se, but the interaction between FPC proteins and PCNA may stabilize PCNA after it is
recruited by Replication Factor C during replication initiation to maintain its appropriate levels at the fork.
Further studies using a CLASPIN or TIPIN depletion system are necessary to understand whether one or all
of the FPC proteins are required for normal PCNA loading.

Upon TIM depletion in G2 phase in mAID1, there is a delay but not complete abrogation of PCNA
recruitment. In this case, PCNA may get loaded/stabilized at a later timepoint during replication initiation



by means of interaction with one of its numerous other PIP motif-containing partners present at the fork
[3], such as CDC45 [35].

What leads to the delay in PCNA loading at the subsequent G1-S transition when TIM is depleted in G2
phase, in not clear. It has been previously reported that prolonged TIM depletion leads to an increase in
the levels of replication inhibitor p21 in cells [33]. p21 is known to inhibit DNA replication through
interacting with and inhibiting two distinct targets: cyclin-CDK2 kinase and PCNA [53]. In case of PCNA,
p21 has been shown to act by inhibiting Replication Factor C (RFC)-catalyzed PCNA loading onto DNA [54],
[55]. The above-mentioned TIM depletion study used 48 hours of siRNA-based TIM depletion and
observed a reduction in CMG assembly due to the CDK2-inhibitory activity of p21. Although we did not
observe any reduction in CMG assembly, likely due to lower levels of accumulated p21 than this study, it
is quite possible that even a modest increase in p21 in our study could have led to its other effects in the
cell. Based on this, we speculate that an increase in p21 in cells due to TIM depletion in G2 phase in our
mAID1 system may have led to decreased PCNA loading onto DNA at the subsequent G1-S transition. Since
in our mAID2 system TIM is depleted after completion of G2 phase and mitosis, its shorter depletion in G1
may not have led to a significant increase in p21, and thus allowed for normal PCNA loading.

TIM couples the activities of CMG helicase and DNA polymerase epsilon at replication forks [27], with a
loss of TIM causing replication stress and a slow-down of replication forks. PCNA enhances the catalytic
rate [56] as well as processivity [57] of DNA polymerase delta by direct interaction. DNA polymerase
epsilon also requires PCNA for maximal activity [58]. Effectively, PCNA reduction may lead to decreases in
the catalytic activity and/or processivity of these polymerases, further slowing down replication forks. A
lack of FPC and PCNA at the forks explain the decreased fork speed upon the loss of TIM. This possibility
needs to be further investigated.

Surprisingly, PCNA chromatin loading was inhibited in TIM-M* mutant (a mutant of TIM unable to interact
with MCM) expressing cells, even though wild type TIM-mAID-mCherry was also present at normal levels
and loaded to chromatin in these cells (Fig. 5C,E). We speculate that TIM-M* may exert a dominant
negative effect, and sequesters CLASPIN and TIPIN, inhibiting their loading to chromatin.

Timing and dynamics of TIM loading during origin firing

We show that during origin firing, TIM, TIPIN and CLASPIN begin to load to chromatin after MCM loading,
at the same time as CMG assembly, and before DNA polymerase alpha (Fig. 3A,B). This is consistent with
the previous study that reported that TIM is recruited to origins concurrently with CDC45 [24], however
this study did not investigate TIM loading in comparison to other replication initiation proteins loading.

FPC loading likely requires CMG assembly, as CDK1 and CDC7 inhibitor combination treatment abrogates
both CDC45 and FPC loading (Fig. 3C-F). TIM loading is also reduced but not completely blocked upon
CDK1, CDK2 or CDC7 single treatments, suggesting that TIM loading partially depends on the activities of
these kinases. Interestingly, FPC loading is also partially dependent on DNA synthesis, as inhibition of DNA
synthesis by aphidicolin leads to a significant reduction in FPC loading without affecting CDC45 recruitment
(Fig. 3C-F). This leads us to propose that the FPC may load to chromatin in at least two steps during
replication initiation: some molecules of the FPC may load at the same time as CMG assembly and the rest
of the molecules may load after initial DNA synthesis. Notably, before the beginning of DNA synthesis, the
two CMG complexes are next to and facing each other, and would later bypass each other head-on as DNA
synthesis begins. Before the bypass, the canonical position of TIM at the leading edge of the replication
fork, is not available, and yet we observe loading of TIM independent of/before DNA synthesis. It is
possible that such TIM molecules load immediately after CMG bypass, as the canonical position becomes
available, however our method does not allow us to resolve such closely timed events. We speculate that
TIM molecules that are recruited before DNA synthesis do it through the interaction with MCM and stay
on leading edge of the replication fork. After DNA synthesis begins, additional molecules of TIM/FPC load



by binding RPA on the lagging strand. TIM-TIPIN are known to interact with and be bound to each other
throughout the cell cycle, however, there is evidence that TIPIN loads by binding to RPA on ssDNA, and
recruits TIM to DNA, under conditions of replication stress [59]. This could be the mechanism of loading
of the second molecule of TIM-TIPIN to origins; they may load on the lagging strand after ssDNA becomes
available, recruited via TIPIN-RPA interaction.

Although our studies reveal that TIM, TIPIN and CLASPIN are recruited to chromatin with similar dynamics,
our findings have not excluded the possibility that these proteins load concurrently but independently
from one another. TIM-TIPIN loss affects CLASPIN loading, but CLASPIN loss does not affect TIM-TIPIN
loading [8], suggesting that these could load independently. If CLASPIN loads after TIM loading, our
method does not provide the resolution necessary to distinguish such closely timed events. Further studies
using conditional depletion systems of each player (TIM, TIPIN or CLASPIN ) individually will clarify this
question.

Position of TIM at the replication fork

In our proximity ligation studies, we found that TIM-AND1 and TIM-ORC6 pairs biotinylate TIPIN, CLASPIN,
CDC45, DNA polymerases alpha and epsilon, as well as CHK1 (Fig. 4B). Our study captures TIM-proximal
proteins not specifically at replication initiation but throughout replication. AND-1 moves along with
replication forks, and ORC6 is present at behind replication forks (involved in mismatch repair) [60]. CDC45
is a part of the CMG helicase, and CHK1 is possibly present interacting with CLASPIN at the RPA on the
lagging strand [48]. The above findings do not align with the canonical position of TIM, even after taking
into account the fact that the lagging strand is flexible. AND-1 is present at forks near CDC45, GINS and
DNA polymerase epsilon [10], [11] and it is hard to imagine that TIM at its canonical position could come
into close proximity with AND-1 to reconstitute a stable biotin ligase. TIM may come into proximity with
ORC6 when it is present on the flexible lagging strand behind the moving fork. Two molecules of TIM in
close proximity of one another at forks allowed TIM-TIM pair to biotinylate the same proteins as the TIM-
AND1 and TIM-ORC6 pairs, with the addition of DNA polymerase delta (Fig. 4D). These observations
support our model that there are multiple molecules of TIM present at the fork. These additional TIM
molecules are presumably positioned on the lagging strand RPA-covered ssDNA, and could come close to
AND-1, ORCS, leading edge FPC, and any fork components as the flexible lagging strand could allow for a
change of positions (Fig.4E). It is theoretically possible that the biotinylation that we observe in case of the
TIM-TIM pair could come from two TIMs situated on two distinct but close forks, or forks coming from
opposite directions that merge together, however it is unlikely that such a combination would biotinylate
the proteins located behind the fork, such as POLE.

Our results point towards the presence of more than one TIM molecule at each replication fork, with one
molecule of TIM being at the canonical position suggested by structural studies: at the leading edge of the
fork, interacting with MCM, and additional molecule(s) of TIM/FPC interacting with RPA the lagging strand.

Significance of TIM-MCM interaction for replication initiation

We next studied whether TIM interaction with MCM was required for chromatin loading of TIM in either
of the two proposed positions. The mutant of TIM unable to interact with MCM could not load to
chromatin during S-phase entry (Fig.5C,D) or support compensation of the absence of the endogenous
TIM during S-phase entry (Fig.6A-C,S6B). One possibility is that TIM molecules would first load at the
leading edge of the fork stabilized by MCM interaction, and then would jump to the lagging strand as the
flexible lagging strand moves, and these would be stabilized on the lagging strand by TIPIN-RPA interaction
[27], [61]. Alternatively, molecules of TIM-TIPIN may load onto the lagging strand without interaction with
MCM, but via TIPIN-RPA binding. However, it is then unclear why the TIM-M* mutant failed to load, as in
our TIM-M* expressing cells, TIPIN levels were normal.



It has been reported that TIM interacts with MCM throughout the cell cycle and even before the beginning
of S phase [21], which led us to wonder whether TIM is loaded along with MCM during replication
initiation. However, we observed that TIM is recruited to chromatin significantly later than MCM.
Interestingly, TIM-M* was unable to load to chromatin during S-phase entry. We speculate that TIM loads
to origins after MCM has already loaded, however TIM is stabilized and held in place at the fork by MCM
interaction. Further studies are needed to clarify the mechanistic details of how exactly TIM is loaded and
which player recruits TIM to the fork.

In the presence of TIM-M* mutant, CLASPIN and TIPIN could not load to chromatin during S-phase entry,
although TIM-mAID-mCherry was present in the cells at normal levels and able to load to chromatin (Fig.
5C,E). We attribute this to a possible dominant negative effect of the TIM-M* mutant, which we think may
sequester CLASPIN and TIPIN before the beginning of S phase and thus prevent their chromatin loading.

Perspectives

Many studies indicate that TIM, as part of the FPC, couples together the helicase activity of MCM with the
activities of the polymerases by physically tethering them together [27], [16], [17]. We speculate that
uncoupling of MCM and the polymerases may begin to occur very early on in the absence of TIM, and
TIM'’s coupling activity may be important for not just replication elongation but replication initiation as
well.

Loss of TIM also causes a significant fork slow-down [15]. Poorly processive polymerases due to a strong
reduction in recruited PCNA, combined with uncoupled helicase-polymerases due to absence of the FPC,
may lead to a catastrophic fork slow-down, as has been observed previously in the case of TIM-depleted
cells [15], and this may lead to the replication initiation defect that we observe upon prolonged TIM
depletion.

We show that TIM is required for CLASPIN recruitment to chromatin during replication initiation. The
presence of TIM is also required in G2 phase for timely PCNA loading during the subsequent S phase. TIM,
TIPIN and CLASPIN load to firing origins partially at the same time as CMG assembly, and partially after the
start of DNA synthesis, and their loading requires TIM-MCM interaction.

Future studies are needed for a better understanding the role of each FPC component in replication
initiation individually, as in our system, all three FPC components were absent at chromatin. Conditional
depletion systems of each players would help shed light on each component’s individual role. We have not
answered how exactly TIM loads CLASPIN, and which regions of TIM may be responsible for this function.
Mutants of TIM that do not interact with CLASPIN would help to shed light on this. A TIPIN-depletion
system should help elucidate the loading defect of the TIM-M* mutant, as if TIM loads to the lagging strand
via TIPIN-RPA interaction, loss of TIPIN would be expected to abrogate this loading of TIM. Detailed
investigations of the defect in PCNA loading would be necessary, to understand which FPC player plays a
role in supporting timely PCNA loading, and how. It is not known how TIM is loaded to DNA during
replication initiation. During replication stress, it has been reported that TIM is loaded to DNA via PARP-1
interaction independent of TIPIN [62]. However, as few studies have investigated how TIM loads in the
absence of stress, future efforts should focus on this. Overall, as TIM is found to be upregulated in various
forms of cancer, studies that uncover its various roles in critical processes such as DNA replication initiation
are very imperative in paving the way for development of future anti-cancer therapies.

Materials and methods:
Plasmids and cloning

For osTIR1 KI we used PX458-AAVS1 (a gift from Adam Karpf—Addgene plasmid # 113194) and pMK243-
Tet-OsTIR1-PURO (a gift from Masato Kanemaki—Addgene plasmid # 72835) plasmids [23]. For cloning
TIM gene into pUC57 vector, TIM gene was PCRed out of human cDNA using the following primers:



TIm_Sgfl_F: ATGCGATCGCCATGGACTTGCACATGATGAA and Tim_MIul_R:
ATACGCGTGTCATCCTCATCATCCTCAA and the plasmid was verified by sequencing.

For mAID Kl templates, homology arms were synthesized by Genscript in the pUC57 vector with stop codon
substituted to BamHl site (5" GGATCC 3’). Insert from plasmids pMK293 (mAID-mCherry2-Hygro) (Addgene
plasmid # 72831 was a gift from Masato Kanemaki) [23]. This insert was cloned into the BamHl site of the
synthesized plasmid. TIM gene was then cloned into this plasmid before the mCherry-Hygro sequence,
such that TIM was fused to mCherry gene and separate from hygromycin resistance gene, and flanked
between the synthesized homology arms.

TIM C-terminus-targeting gRNA (ACGTGTCTATCTCTACCCCT) was expressed from pSpCas9 BB-2A-Puro
(PX459) v2.0 plasmid (Genscript).

For generation of the TIM-M* mutant, the sequence corresponding to amino acids 276-302 was deleted
from the TIM gene, using Gibson Assembly-based cloning. TIM-M* mutant was placed under the CMV
promoter for coimmunoprecipitation experiments to achieve high overexpression, and under the
doxycycline promoter for mutant cell line generation to achieve tunable expression. This plasmid also
contained a neomycin (G418) resistance gene to be used as a selection marker during stable cell line
generation.

Turbo ID constructs

TurbolD fragments were cloned out of 3xHA-TurbolD-NLS_pCDNA3 plasmid that was a gift from Alice Ting
(Addgene plasmid # 107171)[63] using the following primers TurboN_F:
ATACGCGTTACCCCTATGACGTCCCAGA; TurboN_R: ATGTTTAAACCAGAATCTGTTTAGCGTTCA; TurboC_F:
ATGATATCGGACAGCTGGACGGCGGGAG; TurboC_R: ATGTTTAAACCTTTTCGGCAGACCGCAGAC.

Cell lines, cell culture, and transfections

U20S (ATCC HTB-96) cells were grown in RPMI media (Capricorn Scientific, RPMI 1640 Medium, with L-
Glutamine, 500 ml), supplemented with 10% FBS (GIBCO) and 1% penicillin-streptomycin (Invitrogen).

For generation of mAID1 TIM-depleting cell lines by CRISPR, as per [20] and [21], U20S cells, having osTIR1
stably transfected under the dox promoter, were transfected with gRNA and the mAID-mCherry-hygroR Kl
HR templates. Growth medium was changed 8 h after transfection, 2.5 uM DNAPK inhibitor was added for
48 h. Kl cells were selected with hygromycin until the non-transfected control died, followed by single cell
cloning and KI validation by PCR and western blot. Transfections were carried out using Lipofectamine
2000 (ThermoFisher), according to manufacturer’s instructions. For generation of mAID2 TIM-depleting
cell lines by CRISPR, U20S-based Clone 14 F74G cells, having modified osTIR1 F74G mutant under the CMV
promoter, were used, and subjected to the same procedure. The mAID tag was the same in both mAID1
and mAID2.

Primers used to validate the presence of the knock-in were as follows: TIMhtestF:
CGACAATTGCTGGACAGCGAC and gtestR: GGATCCTTACTTGTACAGCTC, whereas primers used to validate
the absence of wt TIM allele were as follows: TIMhtestF and TIMhtestR: ATCTCCAGAGAGCTGCTGGGG.

For TIM-M*-expressing cell line generation, as per [22], mAID1 Clone 10 or Clone 28 cells were transfected
with the corresponding plasmid, growth medium was changed 8 h after transfection, and Kl cells were
selected with G418 until the non-transfected control died, followed by single-cell cloning and Kl validation
by PCR and western blot. Transfections were carried out using Lipofectamine 2000 (ThermoFisher),
according to manufacturer’s instructions.

For validations of the knock-ins, genomic DNA was isolated using genomic DNA miniprep kit (Zymo
Research, D3025).



293FT cells (ThermoFisher #R70007) were grown in DMEM media (Lonza), supplemented with 10% FBS
(GIBCO) and 1% penicillin-streptomycin (Invitrogen).

Cell lysis, insoluble chromatin isolation, and western blots

Cells were lysed in 50 mM Tris-HCI (pH 7.5), 150 mM NaCl, 50 mM NaF, 1% Tween-20, 0.5% Nonidet P-40,
and protease inhibitors (Pierce #A32953) for 20 min on ice. Lysates were cleared by centrifugation, and
soluble protein was used for immunoprecipitation or mixed with 2X Laemmli Sample Buffer (Bio-Rad) and
incubated for 7 min at 96 °C and analyzed by Western blot. For nuclease insoluble chromatin, pellets were
suspended in 150 mM Hepes (pH 7.9), 1.5 mM MgCl,, 10% glycerol, 150 mM potassium acetate, and
protease inhibitors containing universal nuclease for cell lysis (ThermoFisher, 88700) and incubated for
10 min at 37 °C on the shaker. Nuclease-insoluble chromatin was pelleted by centrifugation, washed with
water, and dissolved in Laemmli Sample Buffer.

For western blot analyses, proteins were separated in 8-12% SDS-polyacrylamide gels in Running buffer
(25 mM Tris, 192 mM glycine, 0.1% SDS), transferred onto PVDF membrane (BioRad, #1620177) in transfer
buffer (25 mM Tris, 192 mM glycine,10% ethanol), blocked with 5% non-fat milk (BioRad, #1706404) in
TBST (TBS ThermoFisher, #8P2471, 0.1% Tween-20), incubated with an appropriate dilution of the primary
antibody overnight at 4 °C, washed with TBST buffer, incubated with secondary antibody for 1 h at room
temperature, washed with TBST and developed using SignalFire™ Elite ECL Reagent (Cell Signaling,
#12757P) and ImageQuant LAS 4000 imager (GE Healthcare). Quantification of western blots was
performed using Fiji/lmage) (version 1.53u).

Coimmunoprecipitation

293FT cells were transfected with an empty vector or N-terminally FLAG-tagged wtTIM and TIM-M*
expressing constructs, using Lipofectamine 2000 as per manufacturer’s instructions. 48 h later cells were
lysed, and FLAG-tagged proteins were immunoprecipitated using anti-FLAG M2 affinity gel beads (Sigma-
Aldrich), followed by elution with FLAG peptide.

Split Turbo ID experiments

293T cells were transfected using Lipofectamine2000, according to the instructions from the
manufacturer. 48h after transfection, cells were incubated for 1h with 50uM biotin, washed with PBS, and
lysed in RIPA buffer (150mM NaCl; 50mM Tris-HCI pH 7.5; 1%Triton X100; 0.1% SDS, protease inhibitors
(Pierce #A32953)) on ice. After sonication using a Bioruptor sonicator (20 cycles, 30 seconds on; 30 seconds
off), the lysates were cleared by centrifugation (14 000g, 15 min) and incubated with streptavidin agarose
(Thermofisher) for 16h. The beads were then washed once with RIPA buffer, once with 1M NaCl, and two
more times with RIPA buffer. Washed beads were then boiled with 1x Laemmli buffer (BioRad) and
analyzed by western blot.

Synchronizations and chromatin loading of CMG components

In order to synchronize U20S cells, 2 mM thymidine was added to ~25% confluent cells for 24 h. After
thymidine removal, cells were washed once with warm PBS and allowed to recover in fresh medium for
5 h. Nocodazole was then added for 12 h to stop the cells in G2/M. Dox (2 ug/ml) and 3-IAA (500 uM) for
mAID1 and TIM-M* FACS experiments, or 5-pH-IAA (1.25 uM) for mAID2, were added at the same time as
nocodazole. 8 h later, cells were released from nocodazole, washed once with warm PBS, and incubated
in pre-warmed medium with dox/aux for the indicated periods of time. For the experiments with added
inhibitors, cells were released from nocodazole, washed once with warm PBS, and incubated in pre-
warmed medium with 5 uM of each inhibitor for the indicated periods of time.

In order to assess the loading of the CMG components on chromatin, samples were collected by
trypsinization at the indicated timepoints, pellets washed once with ice-cold PBS and kept at -80 °C and
processed the next day. To obtain the nuclease-insoluble fraction, thawed pellets were resuspended in



CSK buffer (10 mM PIPES pH 7.0, 300 mM Sucrose, 100 mM NaCl, 3 mM MgCl,, 0.5% Triton X-100, protease
inhibitors (Pierce #A32953)), incubated for 5 min on ice, followed by a 5-min centrifugation (1000 x g,
4 °C). The supernatant was collected as “soluble fraction”, the pellets were washed once more with CSK
buffer, digested in CSK buffer with universal nuclease for cell lysis (ThermoFisher, #88700) for 10 min at
37 °C. Samples were mixed with 2x Laemmli Sample Buffer (BioRad) and boiled for 10 min before
proceeding to western blot analysis. Quantifications were performed using ImageJ and GraphPad Prism 9.

Antibodies

POLE1 (Santa Cruz, #sc-390785, 1:500), osTIR1 (MBL International, #PD048, 1:1000), GAPDH (Santa Cruz,
#sc-47724, 1:1000), pCHK1 (Cell Signaling, #2360S, 1:1000), MCM4 (Cell Signaling, #3228S, 1:300), CDC45
(Santa Cruz, #sc-55569, 1:500), SLD5 (Santa Cruz, #sc-398784, 1:300), H3 (Santa Cruz, #sc-517576, 1:1000),
POLE2 (Santa Cruz, #sc-398582, 1:500), PCNA (Santa Cruz, #sc-56, 1:1000), FLAG (Sigma, F3165-1MG,
1:3000), polD1 ().

Flow cytometry

For EdU FACS, cells were treated with 10 uM EdU for 30 min, trypsinized, washed with PBS, and fixed with
cold 70% ethanol on ice for 30 min or at -20°C overnight. Cells were washed with PBS, and EdU staining
was performed by using the EdU Click-iT kit (ThermoFisher, C10632), according to the manufacturer’s
instructions. For DNA staining, we used 7-AAD (7-Aminoactinomycin D) (ThermoFisher, # A1310) or
FxCycle™ PI/RNase Staining Solution (ThermoFisher, #F10797).

Flow cytometry was performed on FACSCalibur flow cytometer, and data were analyzed by using FCSalyzer
software. GraphPad Prism 9 was used for statistical analyses.
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Figure 1: TIM depletion compromises S phase entry and decelerates DNA synthesis
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Figure 1: A-B. Wildtype U20S, mAID1 clones Clone 10, Clone 28 or mAID2 clones Clone 03, Clone L4 were treated
for 16 h with doxycycline and auxin 3-1AA, or with auxin 5-pH-IAA. Western blots of total cell lysates are shown (A,B).
Synchronization timeline using the double thymidine-nocodazole block and the timepoints used for mAID1 clones
(C). D-I. Wildtype U20S, mAID1 clones Clone 10, Clone 28 or mAID2 clones Clone 03, Clone L4 were synchronized
using the double thymidine- nocodazole block, and treated for the last 12 h with DMSO, dox /3-IAA or with 5-pH-IAA
after release from nocodazole. 10 uM EdU was added for the last 30 min of treatment. Flow cytometry plots showing
EdU incorporation and DNA content (7-AAD staining) are shown (D,G). Quantification of the flow cytometry data is
shown- mean + SD from n = 3 independent experiments (E,F,H,l,). EdU+ cells were quantified based on EdU signal
being above G1 and G2 levels. Cells were assigned to S-phase based on DNA content of higher than 2n and being
EdU positive, and to G1-phase based on DNA content of 2n and being EdU negative.
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Figure S1. A-B. Wildtype U20S, mAID1 clones Clone 10, Clone 28 or mAID2 clones Clone O3, Clone L4 were treated
for 16 h with doxycycline(2 ug/ml)/auxin 3-I1AA, auxin 5-pH-IAA, or Hydroxyurea (HU) (5 mM), as indicated. Western
blots of total cell lysates are shown (A,B). C-D. Wildtype U20S, mAID1 clones Clone 10, Clone 28 or mAID2 clones
Clone 03, Clone L4 were treated with DMSO, doxycycline /3-1AA or 5-pH-IAA for 16 h. 10 uM EdU was added for the
last 30 min of treatment. Quantification of the flow cytometry data is shown- mean + SD from n =3 independent
experiments (C,D). EdU+ cells were quantified based on EdU signal being above G1 and G2 levels. E-F. Equal numbers
of wild-type U20S, mAID1 clones Clone 10, Clone 28 or mAID2 clones Clone O3, Clone L4 were seeded on 60 mm
dishes and treated with DMSO or dox (2 ug/ml) /3-1AA for 72 h. Cell numbers were counted every 24 h and growth
curves were plotted. The data are depicted as mean + SD from n = 3 independent experiments (E,F). Wildtype U20S,
mAID1 clones Clone 10, Clone 28 or mAID2 clones Clone 03, Clone L4 were synchronized using the double thymidine-
nocodazole block, and treated for the last 12 h with DMSO, dox /3-IAA or with 5-pH-IAA after release from
nocodazole. 10 uM EdU was added for the last 30 min of treatment. Quantification of the flow cytometry data is
shown- mean + SD from n =3 independent experiments (G,H). Cells were assigned to Gl-phase based on DNA
content of 2n and being EdU negative.

Figure 2: TIM depletion leads to a defect in chromatin loading of CLASPIN and delays PCNA recruitment
during origin firing

A B
u20s Clone 03 Clone L4
U205 Clone 10 Clane 23 0 3 8 0 3 8 0 3 8 hpNocrelease
0 3 69 03 6 59 0 3 6 92 hpNocrelease i
- - 130 — -
1= r— 55 —
e S — - W TIPIN
— TN
o 25053 — — g Claspin
- e F———— e
- - -— we s PCNA
- — — o — e — p—
o —— -— W CDC4s
0
e —— e e
= 15 — — e ———— — —— 13
C D
CLASPIN PGNA cocas TIPIN PCNA cocas

9hi0h ratio
9h/0h ratio
a
9h/oh ratio
9h/Oh ratio
9hi0h ratio
9hi0h ratio




U20s clone 03 clone L4
u20s clone 10 clone 28

= - + - - — ATRI 1h - 4+ - 4+ - + - + - + - + ATRi,1h
- - - - - - i
. - - 4+ + - - + + - - + + 5PhIAA 4h
- - 4+ + - - 4+ + - - + + dox/aux, 16h 250
250 — -
— - -— — - -
— . -y ——— CLASPIN v CLASPIN
TIMELESS E s
150 — s~ — ~ 150 — -
S -l = TIMELESS
50— - —_—
— — TIPIN 50 — S & ot ¥ TIPIN
250— - Snememcegm  POLE1 75—
75— 4 CDC45
- — - — W CDC45
—_— - o - - -— —
25 — — e ——— GINS4 L] GINS4
— | - B ———— -3
15 H3
G H
CLASPIN (U20S) CLASPIN (clone 10) CLASPIN (clone 28) GLASPIN (U205) GLASPIN (clone 03) CLASPIN (clone 04)
00120 09995 0.0092 07447 00193 >09999
yq V0056 C00M s g 00008 Q997 * oozs1 00874 ° 2 o DUSO
. 1 e DMSO 20 o
3 3 sof | o doaw 30
z* 2 3 H z 2
H H . §" B %
@ .
32 3 3 3, 3s 3
o o, o2 0.5
o o 00
o o o TE BE SE E TE T E
3 3 H 3 s s £S5 £ % £z £X% = =
5% EE EE s EE fE i 8 A -

Figure 2: A-D. Wildtype U20S, mAID1 clones Clone 10, Clone 28 or mAID2 clones Clone O3, Clone L4 were
synchronized using the double thymidine- nocodazole block, and treated for the last 12 h with DMSO, dox /3-IAA or
with 5-pH-1AA after release from nocodazole. Western blot analysis of the nuclease-insoluble chromatin fraction from
the cells collected at the indicated timepoints is shown (A,B). Equal amounts of protein were loaded. D.

Quantifications of protein loading from A,B are shown (C,D). Western blot signal intensities were quantified
by Imagel, and data were analyzed and plotted using GraphPad Prism 9. Mean + SD from 3 independent experiments
is shown. E-H. Wildtype U20S, mAID1 clones Clone 10, Clone 28 or mAID2 clones Clone 03, Clone L4 were treated
for 16 h with doxycycline(2 ug/ml)/auxin 3-1AA, or auxin 5-pH-1AA, as indicated. 5 uM ATRi was added to the indicated
samples for 1 h, followed by cell lysis and the isolation of the insoluble chromatin fraction. Equal amounts of protein
were loaded. Western blots of the insoluble chromatin fraction are shown (E,F). Quantifications of protein loading
from E,F are shown (G,H). Western blot signal intensities were quantified by ImageJ, and data were analyzed and
plotted using GraphPad Prism 9. Mean + SD from 3 independent experiments is shown.
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Figure S2: A. Wild-type U20S, mAID1 clones Clone 10, Clone 28 or mAID2 clones Clone 03, Clone L4 were treated
for 16 h with doxycycline(2 ug/ml)/auxin 3-1AA, or auxin 5-pH-IAA, as indicated. 5 UM ATRi was added to the indicated
samples for 1 h before harvest, and 10 uM EdU was added for the last 30 min of treatment. Flow cytometry plots
showing EdU incorporation histograms (c) and relative EdU incorporation, normalized to the samples without ATRi,
are shown. Mean + SD from 3 independent experiments is shown.

Figure 3: TIM loading to chromatin during origin firing occurs in multiple steps, is dependent on CMG
assembly and on DNA synthesis
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Figure 3: A-B. Wildtype U20S cells were synchronised using the double thymidine- nocodazole. Samples were
collected at the indicated timepoints post nocodazole release. Western blot analysis of the nuclease-insoluble
chromatin fraction from the cells collected at the indicated timepoints is shown (A). Equal amounts of protein were
loaded. Quantifications of protein loading from A are shown (B). Western blot signal intensities were quantified by
Imagel, and data were analyzed and plotted using GraphPad Prism 9. Mean + SD from 3 independent experiments is
shown. C-F. Wildtype U20S cells were synchronised using the double thymidine- nocodazole block. 3h post
nocodazole release, the indicated inhibitors were added at 5 uM. Samples were collected at the indicated timepoints
post nocodazole release. Western blot analysis of the nuclease-insoluble chromatin fraction from the cells is shown
(C). Equal amounts of protein were loaded. Quantifications of protein loading from C are shown (D-F). Western blot
signal intensities were quantified by ImagelJ, and data were analyzed and plotted using GraphPad Prism 9. Mean + SD
from 3 independent experiments is shown.
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Figure S3. A-B. Wildtype U20S cells were synchronised using the double thymidine- nocodazole block. 3h post
nocodazole release, the indicated inhibitors were added at 5 uM. Samples were collected at the indicated timepoints
post nocodazole release. 10 UM EdU was added for the last 30 min of treatment. Plots (A) and quantification (B) of
the flow cytometry data is shown- mean + SD from n = 3 independent experiments. EdU+ cells were quantified based
on EdU signal being above G1 and G2 levels. Cells were assigned to S-phase based on DNA content of higher than 2n
and being EdU positive.



Figure 4: Proximity labelling enabled by TIM interaction with core initiation proteins indicates the
presence of more than one molecule of TIM per fork
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Figure 4. A-D. HEK293FT cells were transfected with the plasmids expressing indicated TurboN- or TurboC-tagged
proteins. After treatment with 50 uM biotin for 1 hour, 48h after transfection, cells were lysed. (A, C) Cell lysates
were analyzed by western blot using antibodies against biotin. (B, D) Western blot analyses of the streptavidin
pulldowns and the lysates samples are shown E. A model depicting the position of TIMELESS, proposed based upon
our findings, is shown.
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Figure S4: A-B. HEK293FT cells were transfected with the plasmids expressing indicated TurboN- or TurboC-tagged
proteins. After treatment with 50 pM biotin for 1 hour, 48h after transfection, cells were lysed. Cell lysates were
analyzed by western blot using indicated antibodies.

Figure 5: TIM mutant unable to interact with MCM cannot load to chromatin
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Figure 5: A. The deleted fragment in TIM-M* mutant designed based on the 3D structure 7PLO from PDB [11], and
biochemical study [17] is shown. B. 293FT cells were transfected with an empty vector or the constructs shown, fused
to FLAG tags at their N-termini. 48 h later cells were lysed, and FLAG-tagged proteins were immunoprecipitated using
M2 agarose beads, followed by elution with FLAG peptide. Western blots of the eluted protein and input samples
are shown (B). C-E. Wildtype U20S, mAID1 clones Clone 10 and Clone 28, and TIM-M*-expressing clones Clone 10.8
and Clone 28.6 were synchronised using the double thymidine- nocodazole block and treated for the last 72 h with
0.01 ug/ml doxycycline and for the last 12 h with dox/3-IAA. Western blot analysis of the nuclease-insoluble
chromatin fraction from the cells collected at the indicated timepoints is shown (C). Equal amounts of protein were
loaded. Quantifications of indicated proteins loading from C are shown (D,E). Western blot signal intensities were
quantified by ImageJ, and data were analyzed and plotted using GraphPad Prism 9. Mean + SD from 3 independent

experiments is shown.
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Figure S5:

A B
u20s 10.8 28.6 u20s Clone 10.8 Clone 28.6
0.005 0.01 0.015 0.0050.01 0.015 0.005 0,01 0,015 'Bmdoxrh 525 0 3 7 B & 7 0 3 7 hphceeasse
s TS S ——— wt TIM
- . — oy 130 — b R —

—_—— ~ noMTIM

a TIM
— — —— o —

T . — —— ———— TIPIN

— —— . — U —_— S TIPIN

R L B
"—.. GAPDH

35 = m— PCNA

35_ m GAPDH

FlgureS5: A. Wildtype U20S, mAID1 clones Clone 10 and Clone 28, and TIM-M*-expressing clones Clone 10.8 and
Clone 28.6 were treated for 72 h with the indicated concentrations of doxycycline and for the last 12 hours with 3-
IAA. Western blots of total cell lysates are shown (A). Equal amounts of protein were loaded. B. Wildtype U20S,
mAID1 clones Clone 10 and Clone 28, and TIM-M*-expressing clones Clone 10.8 and Clone 28.6 were synchronised
using the double thymidine- nocodazole block and treated for the last 72 h with 0.01 ug/ml doxycycline and for the
last 12 h with dox/3-IAA. Western blot soluble fraction from the cells collected at the indicated timepoints is shown
(B). Equal amounts of proteins were loaded.

Figure 6: TIM mutant unable to interact with MCM cannot rescue the initiation defect in TIM depleted
cells
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Figure 6. A-C. Wild-type U20S, mAID1 clones Clone 10 and Clone 28, and TIM-M*-expressing clones Clone 10.8 and
Clone 28.6 were treated for the last 72 h with 2 ug/ml doxycycline and for the last 12 h with 3-IAA. 10 uM EdU was
added for the last 30 min of treatment. Flow cytometry plots and histograms showing EdU incorporation and DNA
content (7-AAD staining) are shown (A). Quantifications of % S phase cells (B) and relative EdU incorporation (C),
from A are shown with mean + SD plotted from n = 3 independent experiments. EdU+ cells were quantified based on
EdU signal being above G1 and G2 levels. Cells were assigned to S-phase based on DNA content of higher than 2n
and being EdU positive, and to G1-phase based on DNA content of 2n and being EdU negative.
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Figure S6: A. Wild-type U20S, mAID1 clones Clone 10 and Clone 28, and TIM-M*-expressing clones Clone 10.8 and
Clone 28.6 were treated for 16 h with the indicated concentrations of doxycycline and 3-IAA. Western blot analysis
of the soluble fraction from the cells collected at the indicated timepoints is shown (A). Equal amounts of protein
were loaded. B. . Wild-type U20S, mAID1 clones Clone 10 and Clone 28, and TIM-M*-expressing clones Clone 10.8
and Clone 28.6 were treated for the last 72 h with 2 ug/ml doxycycline and for the last 12 h with 3-IAA. 10 uM EdU
was added for the last 30 min of treatment. Flow cytometry plots showing G1-phase cells are shown (B) with mean
+ SD plotted from n = 3 independent experiments. Cells were assigned to G1-phase based on DNA content of 2n and
being EdU negative.

Figure 7: Proposed model of TIM dynamics at the replication fork
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	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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