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Abstract

Oncogene-induced Replication Stress (RS) has a major role in driving genomic instability

and in promoting both cancer initiation and evolution. Whilst several mechanisms of

oncogene-induced RS have been proposed, the exact mechanism still remains unclear.

In this thesis, I investigate how the oncogene c-Myc generates RS using a c-Myc inducible

cell line, and I propose a new mechanism for oncogene-induced RS. Reported mechanisms

of c-Myc-induced RS are based on deregulation of DNA replication initiation events. My

data suggests that these mechanisms, involving DNA over- and under-replication, and

collisions between the replication and transcription machineries do not have a prominent

role in generating RS in the first S-phase upon c-Myc activation. My findings support

a model where increased binding of the cohesin complex to DNA in the G1-phase of

the cell cycle generates RS in the following S-phase. In fact, preventing an increase in

the levels of chromatin-bound cohesin by either depleting cohesin subunits or regulators

partially prevents the onset of RS and DNA damage in c-Myc-activated cells. c-Myc

activation leads to increased expression of the cohesin loader Mau2 and Establishment of

Sister Chromatid Cohesion N-Acetyltransferase 1 (ESCO1), which respectively increase

cohesin loading on the DNA and cohesin stabilisation, i.e. stable interaction of cohesins

with DNA. I established by Chromatin immunoprecipitation (ChIP)-seq analysis that the

cohesin complex binds preferentially to CCCTC-binding factor (CTCF) sites upon c-Myc

activation. The accumulation of cohesins at these sites seems to be key in the process of

c-Myc-induced RS, since depleting CTCF in c-Myc-activated cells prevents RS.

Finally, I investigate whether the biological relevance of this novel mechanism of c-Myc-

induced RS in cancer cell lines that display various levels of c-Myc overexpression. My data

shows that depleting the loader Mau2 and the cohesin subunit Rad21 partially rescues RS

in cancer cells with high levels of c-Myc overexpression, similarly to our c-Myc-inducible

cell line.
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Since c-Myc activation is a crucial event in many human cancers, identifying the mechan-

isms through which it promotes RS and genomic instability provides critical insights into

cancer biology and therapy.
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Impact statement

Cancer is characterised by aberrant, continued tissue growth. It is estimated that about

one quarter of all deaths in developed countries is caused by cancer, which therefore repres-

ents a major health issue (Torre et al. [2015]). In recent years, the number of cancer cases

has increased because of population ageing and the increase in prevalence of risk factors

such as smoking, obesity and physical inactivity. Two main factors that promote cancer

development are the hyperactivation or overexpression of oncogenes and the inactivation

of tumour suppressors. c-Myc is a key proto-oncogene that is overexpressed or activated

in more than half of human cancers. Its activation is one of the driving events for cancer

initiation and evolution (Dang [2012]).

Oncogenic c-Myc is known to generate Replication Stress (RS), which is defined as slowing

or stalling of replication fork progression and DNA synthesis (Zeman and Cimprich [2014])

and is a source of genomic instability. Genomic instability promotes cancer evolution and

progression, therefore establishing how c-Myc induces RS is key to understanding cancer

biology and for the development of new therapeutic approaches. Several mechanisms of

c-Myc-induced RS have already been proposed but some aspects of the process still remain

unclear. In this thesis, I used a c-Myc-inducible cell line to study how c-Myc generates

RS. I discovered that some proposed mechanisms of c-Myc-induced RS do not generate

RS in the first S-phase upon activation of the oncogene, but that another event, taking

place in G1-phase is responsible for this process. This event involves the binding of the

cohesin complex to DNA in G1, which is increased when the c-Myc is activated. In

fact, lowering the levels of cohesins on DNA by depleting different cohesin subunits and

regulators reduces RS in c-Myc-activated cells.

I also showed that this mechanism is maintained in cancer cells that express high levels

of oncogenic c-Myc and that experience RS. Therefore, my work provides new insights on

how oncogenes are able to generate genomic instability and subsequently promote cancer
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evolution and progression. Understanding key mechanisms of tumourigenisis is at the

basis of the development of new therapeutic approaches.

In this thesis, I also demonstrated that overly reducing the levels of cohesins on DNA is

detrimental especially for cells that experience RS. This is probably a consequence of the

role the cohesin complex has in protecting genomic stability. Therefore, targeting com-

ponents or regulators of the cohesin complex could represent a new strategy to selectively

reduce cancer cell viability.

The work presented in this thesis provides a new mechanism of c-Myc-induced RS, which

might guide novel therapeutic approaches that will translate into significant benefits for

cancer patients and their families.
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Introduction

1.1 Oncogenic c-Myc and cancer

Cancer is characterised by aberrant, continued tissue growth. It is estimated that about

one quarter of all deaths in developed countries is caused by cancer, which therefore

represents a major health issue (Torre et al. [2015]). In recent years, the number of cancer

cases has been increasing because of population ageing and the increase in prevalence of

risk factors such as obesity and physical inactivity.

Main factors that promote cancer development are the hyperactivation or overexpression

of oncogenes and the inactivation of tumour suppressors. c-Myc is a main proto-oncogene

that is overexpressed or activated in more than half of human cancers. Its activation is

one of the necessary events for the initiation and evolution of many cancers because it

can induce autonomous proliferation and growth, genome instability, immortalisation and

escape from immune surveillance (Dang [2012]).

c-Myc is a key component of many growth-promoting cellular pathways because it regu-

lates many genes that are involved in cell cycle control. For example, it promotes cellular

proliferation by controlling the expression of many genes implicated in S-phase entry and

progression (Amati et al. [1998b]). Oncogenic c-Myc activation accelerates progression

through G1 and therefore promotes entry into S-phase because it positively regulates the

expression of several cyclins and Cyclin-dependent Kinases (CDKs) such as Cyclin A, E, A

and B1 and CDK 1, 2, 4 and 6 (Fernandez et al. [2003], Amati et al. [1998b]). In addition,

it represses CDK inhibitors such as p21, p15 and p27 (Gartel et al. [2001], Staller et al.

[2001], Vlach et al. [1996]). In order to sustain cell proliferation, c-Myc also regulates
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genes involved in purine and pyrimidine biosynthesis pathways (Liu et al. [2008]). Fur-

thermore, it is thought to directly control DNA replication initiation and S-phase entry

via a transcription-independent function. (Dominguez-Sola et al. [2007a]). Overall, it is

well established that oncogenic c-Myc contributes to tumourigenesis by deregulating the

cell cycle, which causes genome instability and Replication Stress (RS). However, whilst

several mechanisms of c-Myc-induced RS have been proposed, the exact mechanism still

remains unclear. Investigating how c-Myc induces RS is the main focus of this thesis.

1.2 The cell cycle

The cell cycle is a highly-regulated process which ensures that a cell duplicates into two

genetically identical daughter cells. The cells cycle is divided into distinct phases. The

cycle starts with a first growth phase called Gap phase 1 (G1). At this stage, cells commit

to complete an entire cell cycle and they enter a synthesis phase (S-phase) where the DNA

is duplicated. DNA duplication is followed by another gap phase, Gap phase 2 (G2), which

leads to M-phase, where the cell divides into two genetically identical daughter cells. Each

phase is highly regulated to ensure that each stage is completed before the next one starts

(Morgan [2007]). The progression through the cell cycle is controlled by Cyclin-dependent

Kinases (CDKs), ), which require cyclins for their activation. When activated, CDKs

phosphorylate proteins involved in cell cycle progression (Morgan [1995]). CDK levels are

stable throughout the cell cycle but they are activated by interactions with cyclins, which

are expressed during different phases. The accumulation of cyclin-CDK complexes is reg-

ulated by waves of transcription and protein degradation, which allow the accumulation

of cyclins at specific cell cycle phases (Figure 1.1) (Evans et al. [1983]). When cells are

ready to enter the cell cycle, they increase the activity of the Cyclin D/CKD4 complex,

which results in the phosphorylation and sequestration of the S-phase cyclin/CDK inhib-

itor p27. Decreased p27 levels allow an increase in Cyclin E/CDK2 activity in G1 (Sherr

and McCormick [2002]). Increased activity of this complex results in the activation of the

E2F-dependent transcriptional wave, which triggers the transition between the G1 and

S phases of the cell cycle (Bertoli et al. [2013]). During S-phase, inactivation of E2F-

dependent transcription causes the degradation of Cyclin E (Montagnoli et al. [1999]) and

allows the increase in Cyclin A/Cdk2 activity. Cyclin A/CDK2 is the complex responsible

for the progression through S-phase while Cyclin A/CDK1 allows the progression through

G2-phase (Pagano et al. [1992]). At the end of G2, activation of Cyclin B1-CDK1 com-

plex initiates mitosis (Lindqvist et al. [2009]). This complex, by phosphorylating different
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substrates, is able to promote reorganisation of cell architecture that is essential for cell

division (Champion et al. [2017]). During mitosis, at the metaphase to anaphase trans-

ition, the activation of Anaphase Promoting Complex/Cyclosome (APC/C) destroys the

mitotic cyclins, triggers chromatid separation and therefore allows the completion of the

cell cycle (Figure 1.1) (May and Hardwick [2006]).

1.2.1 Cell Cycle Checkpoints

As an additional level of regulation, a number of checkpoints exist at key transition points,

G1-S, G2-M and in M-phase. These checkpoints ensure that the cell faithfully replicates its

components and divides into two genetically identical cells (Grana and Reddy [1995]). The

first checkpoint, called the ‘restriction’ point, is located in G1. It represents the moment

when a cell commits to enter and complete a cell cycle independently of signals from its

environment (Pardee [1974]). The checkpoint ensures that the cell does not enter a new

cycle when DNA is damaged, it has not reached the correct size, there are not enough

nutrients available or in the absence of mitogens (Blagosklonny and Pardee [2002]). When

a problem is detected at the level of the restriction point, cell cycle arrest is induced

by the activation of different proteins, such as p21 and p27 (Di Leonardo et al. [1994]).

p21 and p27 are stoichiometric inhibitors of CDKs, therefore their activation prevents

cell cycle entry (Harper et al. [1995]). If the restriction point is passed, the transition

between G1 and S-phase is driven by the activation of a cell cycle-dependent transcription

wave called G1-S transcription. During late G1, G1-S transcription is activated, and this

event promotes Cyclin E and Cyclin A-dependent CDK activity and entry into S-phase.

Following the G1-to-S transition, transcription is turned off. High levels of regulation

of the transition into S-phase and of DNA replication are essential to maintain genome

stability (Bertoli et al. [2013]).

A second checkpoint, called the Replication Stress checkpoint, is located in S-phase and

it is activated when replication is stalled or slowed down and portions of single-stranded

DNA (ssDNA) are exposed. The activation of the checkpoint, which will be discussed

in detail in a following section, prevents the accumulation of DNA damage (Zeman and

Cimprich [2014]). Another checkpoint arrests the cell cycle at ant point if DNA damage

is detected. It allows DNA repair before cells enter M-phase. Both RS and DNA damage

checkpoints inhibit cell cycle progression by inactivating CDC25 phosphatases, which are

required for CDK activation (Boutros et al. [2006]). A final checkpoint, defined as the

‘spindle’ checkpoint, makes sure that all chromosomes are attached to the mitotic spindle
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on opposite end of the cell before Anaphase is triggered. If all chromosomes are properly

attached to the spindle, APC/C becomes active and promotes Anaphase therefore allowing

the separation of the cell into two daughter cells (Musacchio and Salmon [2007]).

Figure 1.1: CDK-cyclin complexes activate events of the cell cycle. The cells cycle
is divided into four distinct phases: G1, S, G2 and M. The progression through the cell
cycle is controlled by Cyclin-dependent Kinases (CDKs) and cyclins. CDK levels are stable
throughout the cell cycle but they are activated by their interaction with cyclins. Specific
cyclins are expressed during the different phases of the cell cycle. The accumulation
of cyclin-CDK complexes is regulated by waves of transcription and protein degradation,
which allow the accumulation of cyclins at specific cell cycle phases. CDK activity increases
during the cell cycle peaking in mitosis at metaphase to anaphase transition when the
activation of the APC/C destroys the mitotic cyclins and triggers chromatid separation
and completion of the cell cycle (From New Science Press).

Cell cycle checkpoints are key to maintaining cell cycle control and genome integrity.

Mutations in proteins involved in cell cycle control are often found in cancer cells. As

an example p53, a tumour suppressor with a central role in cell cycle arrest, is the most

commonly mutated gene in human cancer (Kandoth et al. [2013]). Oncogenes can also

induce genomic instability by deregulating the cell cycle. c-Myc activation for example,

reduces the requirement for growth factors, compromising the ability of cells to exit the

cell cycle, and accelerates cell division (Sorrentino et al. [1986], Karn et al. [1989]).

1.3 DNA replication

DNA is replicated many times in a human life time. This process is highly regulated to

ensure accurate and complete replication and guarantee that the DNA is duplicated only

once in each cell cycle and to prevent the accumulation of errors in its sequence, which

could lead to mutations and genomic instability. To make sure that the DNA is replicated
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only once per cell cycle, initiation of replication is separated into two steps, replication

origin licensing and firing (explained below). Additional mechanisms have been developed

by eukaryotic cells to ensure DNA replication fidelity and prevent genomic instability.

Genomic instability is deleterious for cells and tissues as it is the cause of many diseases

such as cancer. (Fragkos et al. [2015]).

The positions on DNA where replication can be initiated are called replication origins.

Replication can be initiated at these origins via a two-step process to prevent re-replication.

The first step is defined as origin ‘licensing’, which involves the recruitment of the pre-

replicative complex (pre-RC) at all replication origins throughout the genome during

G1-phase. Initiation of DNA replication in S-phase, from these licensed origins, is termed

origin ‘firing’, which only happens at a subset (about 10 %) of replication origins (Blow

[1993], Diffley et al. [1994]).

Origin licensing and subsequent firing are separated by the lack and subsequent accumu-

lation of CDK activity, respectively. In G1, low CDK activity and high APC/C activity

promote origin licensing by allowing pre-RC assembly (Masai et al. [2010]). First, the

Origin Recognition Complex (ORC), which has ATPase activity, is recruited to origins,

followed by the ATPase Cdc6 and Cdt1(Cook et al. [2002], Rialland et al. [2002], Gillespie

et al. [2001]). Afterwards, the inactive form of the replicative DNA helicase, the double

hexamer Minichromosome Maintenance (MCM) 2-7 complex, is loaded around double-

stranded DNA (dsDNA) and completes the assembly of the pre-RC (Remus et al. [2009]).

During G1 to S transition, the pre-initiation complex (pre-IC) is assembled, which com-

prises of DBF4-dependent kinase (DDK), Cdc7 and CDKss (Zou and Stillman [1998]).

During S-phase, it is activated into a functional replisome through a process called origin

firing, which depends on DDK and CDK activity. DDKs and CDKs phosphorylate several

replication factors such as MCM10, RECQL4, treslin, DNA topoisomerase 2-binding pro-

tein 1 (TOPBP1) and DNA polymerase ε, and consequently promote their recruitment to

the pre-IC. These factors convert each double hexamer of the pre-IC in two active helicase

complexes called CMG complexes, which consists of CDC45, MCM 2-7 and the DNA rep-

lication complex GINS (Gambus et al. [2006], Heller et al. [2011], Ilves et al. [2010]). After

assembly of the two CMG complexes, each inactive hexamer is separated from the other

and activated through the interaction with Mcm10 and ATP hydrolysis (Douglas et al.

[2018]). After its activation, each hexamer moves in opposite direction forming a so-called

replication bubble, characterized by the presence of two replication forks moving apart
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(Tanaka and Araki [2013]). In recent years, detailed studies of how these complexes are

formed and activated and how proteins interact with each other at replication origins have

been made possible through in vitro experiments. By combining the use of circular DNA

molecules and purified replication proteins with electron microscopy, these studies have

allowed the analysis and visualisation of each step of DNA replication initiation (Remus

et al. [2009], Abid Ali et al. [2017], Miller et al. [2019], Douglas et al. [2018]).

After its activation, the helicase complex unwinds the DNA, generating sections of ssDNA.

ssDNA is protected by Replication Protein A (RPA) (Wold and Kelly [1988]). Following

this, other proteins such as Proliferating Cell Nuclear Antigen (PCNA) are recruited

to form replication factories. PCNA is a sliding clamp that is loaded on the DNA at

replication forks and allows for the recruitment of enzymes required for DNA synthesis,

such as DNA polymerases (Moldovan et al. [2007]). The reaction of DNA synthesis carried

out by DNA polymerases occurs only in a 5’ to 3’ direction. As a consequence of this, only

one strand, called the leading strand, can be replicated continuously. The other strand,

called the lagging strand, is replicated discontinuously with Okazaki fragments (Ogawa

and Okazaki [1980]).

1.3.1 Mechanisms for the prevention of re-replication

DNA replication must occur only once during a cell cycle, to prevent inaccurate duplic-

ation of the genome (Arias and Walter [2007]). In fact, re-replicating cells experience

DNA damage and genomic instability, which can result in cell cycle arrest, induction of

senescence and apoptosis (Neelsen et al. [2013]). Different mechanisms have been evolved

to prevent re-replication. One of these involves the regulation of a component of the pre-

RC Cdt1, which has a central role in origin licensing. Cdt1 promotes the recruitment of

MCM 2-7 to chromatin (Yanagi et al. [2002], Ferenbach et al. [2005]) and its activation

by contributing to the recruitment of CDC45 (Ballabeni et al. [2009]). Given its central

role in origin licensing, Cdt1 activity is inhibited outside G1 through different mechan-

isms. One inhibitory mechanism involves a coiled-coil protein called Geminin, which is

able to bind to and therefore sequester Cdt1 (Tada et al. [2001]). Another one involves the

ubiquitin-proteasome pathway. When cells enter S-phase, Cdt1 is targeted by a Cullin-

based E3 ubiquitin ligase for degradation (Li et al. [2003]). Studies in Xenopus extracts

have shown that the degradation of Cdt1 through Cullin-based E3 ubiquitin ligase re-

quires its interaction with PCNA, which suggests that Cdt1 degradation is coupled with

DNA replication (Havens and Walter [2009]). Cdt1 is also targeted for degradation by
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the APC/C (Sugimoto et al. [2008]). All these mechanisms contribute to prevent origin

re-activation by inhibiting the activity of Cdt1 in S-phase. An additional mechanism that

does not involve Cdt1 regulation is the phosphorylation and therefore inactivation and

degradation of components of the pre-RC complex, such as Cdc6 (Nguyen et al. [2001]).

1.3.2 Origin usage flexibility

Of all origins that are licensed in G1, only a limited number is activated during a cell

cycle. In an unperturbed S-phase about 10 % of origins are activated, leaving the vast

majority dormant (McIntosh and Blow [2012]). Of the origins that are activated, some

are used in all cell types and are called ‘constitutive’, while the remaining are fired in a

stochastic manner. By definition, dormant origins have a low firing efficiency and are not

necessary for normal S-phase progression. Even if dormant origins are not used during

an unperturbed S-phase, they become essential when replication progression is impeded

(Woodward et al. [2006]). When problems occur during DNA replication, replication

forks can slow down or stall. Sometimes the problem can be overcome, however, in other

occasions, forks can collapse and the replication cannot be completed, leaving sections

of DNA un-replicated. In this case, in order to complete replication, cells rely on the

activation of dormant origins (Courbet et al. [2008]).

How dormant origins are activated is still unclear. Dormant origin activation could be a

consequence of the stochasticity of origin firing. During a normal S-phase, dormant origins

are replicated passively from near active origins and therefore do not have time to fire. A

mathematical model predicts that if problems occur during replication, slowdown of fork

progression would allow dormant origin activation and completion of DNA replication

(Blow and Ge [2009]). Another possible way of activating dormant origins is through the

DNA replication stress checkpoint. In presence of RS, DNA replication is defective and

in this case activation of a nearby dormant origin would allow the progression of DNA

synthesis (Ge et al. [2007]). How the DNA replication stress checkpoint activates dormant

origins will be discussed in detail in a following section.

1.3.3 Organization of replication origins and the replication timing pro-

gram

In metazoan cells the genome is organised in compartments inside the nucleus. This organ-

isation, which is key to regulate DNA replication, depends on different nuclear structures

such as the nuclear envelope and chromatin domains. Components of the nuclear envel-
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ope are essential for the process of origin activation and selection of which origin should

be activated (Newport and Spann [1987], Coué et al. [1996]) while chromatin domains

contribute to organise replication origins in the genome both from a structural and tem-

poral point of view (Huberman and Riggs [1968], Rhind and Gilbert [2013]). Within a

chromatin domain, origins are organised at different levels. The first level involves the

assembly of several replication origins to form a replication unit or replicon (Figure 1.2)

(Cayrou et al. [2011]). In each replicon, only one origin is activated during a single cell

cycle, while origins that are not activated remain dormant and are repressed through a

process called negative origin interference. This process involves the removal of pre-RCs

from replication origins by replication forks that were fired from origins activated earlier

(Lebofsky et al. [2006]).

Figure 1.2: Organization of replication origins in the genome. Replication origins
have different levels of organization in the genome. A few potential replication origins
form a replication unit or replicon. A few replication units interact to form a replicon
cluster or replication focus. Only one origin per replicon is activated during each cell cycle
(Modified from Fragkos et al. [2015]).

A second level of regulation involves the formation of a replicon cluster from a few adjacent

replicons (Figure 1.2). In these clusters, chromatin is organized in loops, which bring

together origins that are activated in each replicon (Cayrou et al. [2011]). The loops are

generated by a complex bound to DNA called cohesin complex and a transcription factor

called CTCF (Wendt et al. [2008], Dixon et al. [2012]). How cohesins and CTCF interact

to form DNA loops will be described in detail in section 5 of this chapter. Origins that

are brought together by DNA looping and are located in the same replicon cluster are

activated all at the same time (Huberman and Riggs [1968]) through a process called

positive interference. This process is described as the increased probability of firing in

a DNA section as a consequence of activation of an origin in that same section. It is

still not clear how this process takes place, however, it is thought to be promoted by the
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attachment of a replication factory to origins that are in close proximity (Marheineke and

Hyrien [2004]).

The organisation of replication origins in chromatin domains allows the regulation of a

temporal program of origin activation in S-phase. This further level of regulation is key

to maintain genome stability and prevent tumoural transformation (Grinberg-Rashi et al.

[2010], Fritz et al. [2013]). The replication timing program is divided in three phases, early

S, middle S and late S. In each phase, different regions of the genome are replicated. In

early S-phase, replication takes place in regions that are transcriptionally active and are

characterised by open chromatin and a high number of replication origins. On the contrary,

late replication takes place in low gene density regions, characterized by heterochromatin

and low number of replication origins (Dellino et al. [2013], Yoshida et al. [2013], Rhind and

Gilbert [2013]). Because different regions in the genome are replicated at different moments

during S-phase, replication foci, which are the subnuclear structures where DNA synthesis

occurs, show a characteristic pattern of distribution throughout S-phase (Figure 1.3).

In early S-phase, replication foci are distributed throughout the nucleoplasm apart from

the nucleoli. In middle S-phase, foci are present in the nuclear periphery and around the

nucleoli, while during late S-phase there are few big foci distributed across the nucleoplasm

(Leonhardt et al. [2000], Chagin et al. [2010]).

DNA timing domains are established already in the G1-phase of the cell cycle at a point

called the Timing Decision Point (TDP). The existence of the TDP was discovered with

experiments that involved the use of Chinese hamster ovary (CHO) nuclei and Xenopus

extracts. When CHO nuclei in G1 were incubated in Xenopus extract, DNA was replicated

following the standard replication timing program. This occurred only if the G1 nuclei

had previously established spatial chromatin domains. From these experiments the au-

thors could conclude that TDP coincides with the formation of chromatin domains in the

nucleus, therefore linking replication timing program and chromatin structure (Dimitrova

and Gilbert [1999]).

1.4 DNA Replication Stress and Replication Stress response

During DNA replication cells have to overcome many potential obstacles in order to com-

plete a successful and faithful duplication of their genome. When replication forks en-

counter such impediments, DNA Replication Stress (RS) can arise. RS is defined as

slowing or stalling of replication fork progression and DNA synthesis (Zeman and Cim-
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Early Middle Late

Figure 1.3: Temporal progression of genome replication. Replication foci show a
different pattern of distribution during S-phase. In early S-phase, the replication foci are
distributed throughout the cytoplasm but not in the nucleoli. In middle S-phase, the foci
are present in the nuclear periphery and around the nucleoli. During late S-phase there
are few big foci distributed across the nucleoplasm.

prich [2014]) and is a main cause of genomic instability. RS onset has several consequences

for cells.

The main consequence is the activation of the DNA RS checkpoint. This checkpoint

initiate a response to prevent RS-induced DNA damage and therefore protects cells from

genomic instability (Zeman and Cimprich [2014]). The RS checkpoint is activated as a

consequence of the accumulation of ssDNA, which occurs as a consequence of stalled DNA

polymerase when the helicase continues to unwind the parental DNA (Byun et al. [2005]).

The accumulation of ssDNA is also caused by the degradation of newly synthesised DNA

carried out by nucleases and DNA helicases (Magdalou et al. [2014]). When ssDNA is

exposed, it is coated by Replication Protein A (RPA) and this represents the signal for

the activation of the RS checkpoint (Hartwell and Weinert [1989]).

Ataxia-Telangectasia mutated and Rad3 related (ATR) is the central kinase that activ-

ates the checkpoint in response to RS because it recognises RPA-coated ssDNA (Zou and

Elledge [2003]) (Figure 1.4). ATR alone is not able to bind RPA-coated ssDNA and it

requires the activity of another protein, called ATR-interacting protein (ATRIP) (Cortez

et al. [2001]). ATR-ATRIP interacts with RPA-coated ssDNA and activates the ATR

signalling cascade together with a protein complex called Rad9-Rad1-Hus1 (9-1-1), a het-

erotrimeric ring-shaped molecule that recognises a DNA end that is close to a stretch of

RPA-coated ssDNA (Bermudez et al. [2003]) (Figure 1.4). Another protein required for the

activation of the ATR signalling cascade is called DNA topoisomerase 2-binding protein

1 (TOPBP1), which is recruited near ATR by 9-1-1 (Lee et al. [2007]). Once activated,
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ATR phosphorylates RPA, which stimulates DNA synthesis and reduces the amount of

ssDNA generated (Vassin et al. [2009]). It does this through the recruitment of Palb2, a

protein involved in Double Strand Breaks (DSBs) repair, at stalled forks (Murphy et al.

[2014]). ATR also phosphorylates Checkpoint kinase 1 (CHK1), which is released from

chromatin and phosphorylates different targets for a global response to RS (Figure 1.4).

Figure 1.4: ATR and ATM signalling pathways. Schematics showing the activation
of ATR and ATM signalling pathways in response to RS and DNA damage. A) ATR
interacts with RPA-coated ssDNA through ATRIP. TOPBP1, an ATR activator, binds
9-1-1 complex and is recruited to the stalled fork, where it activates ATR. ATR phos-
phorylates CHK1, which activates different cellular responses. B) In the presence of DSBs
the MRN complex and ATM are recruited. ATM phosphorylates H2AX and starts a pos-
itive feedback loop that allows the propagation of the signal. ATM also phosphorylates
CHK2 giving rise to different cellular responses (From Cimprich and Cortez [2008]).

Amongst the targets of CHK1 are the CDC25 phosphatases. CDC25 proteins promote

cell cycle progression by removing the inhibitory phosphorylation of CDKs, therefore pro-

moting cell cycle progression and entry into mitosis (Boutros et al. [2006]). In response

to RS, CHK1 phosphorylates and therefore inactivates CDC25. This results in the in-

hibition of CDK1, which causes a delay in mitotic entry (Takizawa and Morgan [2000]).
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CHK1 also plays a role in regulating DNA replication. When a replication fork stalls,

two opposite events take place: the global inhibition of origin activation and the local

activation of dormant origins that are close to the stalled fork. This allows the comple-

tion of replication where it was already ongoing (Ge et al. [2007], Yekezare et al. [2013]).

CHK1 is also able to promote DNA repair by homologous recombination by activating

BRCA2 and Rad51 (Hoeijmakers [2001]). BRCA2 is recruited at DNA damage sites and

it sequesters Rad51 and mobilises it at the damaged site. Rad51 covers the ssDNA and

allows its invasion of dsDNA, which serves as a template for DNA polymerisation (Davies

et al. [2001]). CHK1 also activates the Fanconi anaemia pathway, which prevents the

formation of replication-associated DSBs and contributes to DNA damage repair (Branzei

and Foiani [2010]).

Another key role of the RS response is the protection of stalled forks in order to prevent

DNA damage. The prolonged permanence of stalled forks causes replication fork collapse

and gives rise to DNA DSBs, which activate the DNA damage checkpoint. The checkpoint

is initiated by the recruitment of the Mre11, Rad50 and Nbs1 (MRN) complex to where the

breakage is present (Cimprich and Cortez [2008]). MRN plays a central role in initiating

the DNA repair pathway via homologous recombination (HR) in S-phase (van den Bosch

et al. [2003]). This complex also contributes to the response to DNA damage by recruiting

the dimeric, inactive form of Ataxia-Telangectasia Mutated (ATM), the central kinase of

this pathway, and promoting its dissociation to the monomeric, active form. Activated

ATM phosphorylates the carboxy-terminal domain of the histone variant H2AX , defined

as γH2AX (Figure 1.4) (Brown and Baltimore [2003]). γH2AX binds to the Mediator of

DNA Damage Checkpoint Protein 1 (MDC1), which recruits additional ATM and MRN

proteins and generates a positive feedback loop that promotes further H2AX phosphoryla-

tion (Figure 1.4) (Stucki and Jackson [2006]). ATM also phosphorylates different targets,

such as Checkpoint kinase 2 (CHK2), which activates several cellular pathways that result

in cell cycle arrest and DSB repair (Figure 1.4) (Cimprich and Cortez [2008]).

1.4.1 Causes of Replication Stress

Cells can experience DNA RS under physiological conditions but it can also be induced

by exogenous factors. During the normal process of DNA replication, the presence of

DNA structure or protein complexes on DNA can generate RS. In a similar way, cytotoxic

agents of oncogenic stimuli can damage the DNA and therefore interfere with replication.

In this section I will described both endogenous and exogenous causes of RS.
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Special DNA structure and chromosome fragile sites

Some DNA regions, defined as fragile sites, are genomic regions that are difficult to rep-

licate and are therefore prone to break. Because of their particular sequences, the rep-

lication machinery can be slowed down or blocked at these sites and as a consequence

of this, RS can arise. Fragile sites could be classified as common fragile sites (CFSs) or

early-replicating fragile sites (ERFSs) (Mazouzi et al. [2014]). CFSs are present in late-

replicating domains, where the density of replication origins is low. In these regions, forks

have to cover long distances between origins during replication, and if a fork collapses,

there are few chances of activation of a nearby origin (Ozeri-Galai et al. [2011]). In ad-

dition, CTFs are often characterised by the presence of AT-rich regions, which are prone

to form secondary structures, which represent a physical impediment to fork progression

(Zlotorynski et al. [2003]). Other DNA sequences can form secondary structures such as

hairpins, G-quadruplexes, cruciforms, H-DNA and Z-DNA, which are similarly barriers to

fork progression (Mirkin and Mirkin [2007]).

The other category of fragile sites, ERFSs are instead located in early-replicating and

highly-expressed genomic regions. The main cause of fragility in these sites are collisions

between the replication and transcription machineries. Why collisions between the two

machineries can generate RS will be discussed more in detail in the following section

(Barlow et al. [2013]).

Obstruction to replication

Different proteins and complexes that are bound to DNA can interfere with fork progres-

sion and generate RS. Histones, which compact DNA into chromatin are amongst these

complexes. In fact, it has been shown that heterochromatic regions, which are character-

ised by high chromatin compaction, are prone to DNA damage, indicating that chromatin

state can affect DNA replication (Rozenzhak et al. [2010], Szilard et al. [2010]). In support

to this, it has been shown that in human cancer cells, heterochromatic regions, such as

the ones located at the nuclear periphery, are subject to higher mutation rates (Schuster-

Böckler and Lehner [2012], Jäger et al. [2013], van Steensel and Belmont [2017]).

As mentioned previously, replication-transcription collisions are another source of RS and

genomic instability. In fact, to prevent genomic instability, in higher eukaryotes, DNA

replication and transcription are coordinated processes. During the S-phase of the cell

cycle, when both processes take place, it has been suggested that transcription is spatially
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separated from sites where replication is taking place (Vieira et al. [2004]). However,

overlap of the two processes can occur at the level of very long genes. Transcription in

this case could last for more than one cell cycle and, therefore, the chances of collisions

between the replication and transcription machineries are higher (Mazouzi et al. [2014]).

As a consequence of the collision between replication and transcription machineries, DNA-

RNA loops (R-loops) are created. R-loops are three-stranded structures composed by a

DNA-RNA duplex and a ssDNA strand, which are processed into DNA DSBs by the

transcription-coupled nucleotide excision repair pathway (Sollier et al. [2014]).

Besides transcription machineries, other large protein complexes that are bound to DNA

could interfere with replisome progression. The cohesin complex is amongst them. How

the cohesin complex might contribute to generate RS will be a main focus of this thesis.

Endogenous and exogenous DNA damage

Natural reactions that take place in the cells, such as depurination and base oxidation,

can generate DNA damage. This is because the DNA polymerase cannot recognise the

damaged bases and therefore is not able to proceed with DNA synthesis. The presence of

stalled forks creates RS and consequently DNA damage. As well as physiological reactions,

cytotoxic agents and irradiation also cause different DNA lesions that are not recognised by

the DNA polymerase and impede DNA replication. For example, ionizing radiation (IR)

causes DSBs, while ultraviolet radiation (UV) leads to the formation of pyrimidine dimers

that cannot be recognized by DNA polymerases and cause fork stalling. Chemotherapy

drugs and many chemicals are also able to trigger RS by interfering with DNA replication

(Muñoz and Méndez [2017]).

Oncogenic stress

Oncogene-induced RS has a central role in tumorigenenesis (Bartkova et al. [2005], Gorgoulis

et al. [2005]) and it has been identified as a hallmark of cancer (Macheret and Halazonetis

[2015]). In fact, it has been shown that RS induced by oncogene activation results in

DNA damage both in pre-neoplastic and neoplastic lesions (Figure 1.5) (Gorgoulis et al.

[2005], Tsantoulis et al. [2008]). The presence of DNA damage activates the DNA dam-

age response, which has a central role in preventing tumoural transformation (Bartkova

et al. [2006], Di Micco et al. [2006], Halazonetis et al. [2008]). As mentioned before, this

response detects and repairs DNA damage through the ATM-CHK2 signalling pathway

(Jackson and Bartek [2009]). In healthy cells, if the DNA damage cannot be repaired,
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senescence or apoptosis is initiated (Figure 1.5) (Bartkova et al. [2006], Di Micco et al.

[2006]). However, if mutations that allow cells to bypass the checkpoint are selected, RS

can promote genomic instability and therefore cancer initiation and evolution (Figure 1.5)

(Halazonetis et al. [2008]).

Figure 1.5: Oncogene-induced Replication Stress. Schematic showing the activation
of the DNA damage response as a consequence of oncogene activation. Oncogene activation
causes RS, which results in DNA damage and genomic instability. This activates the
DNA damage response. In normal conditions, if the DNA damage is too widespread to be
repaired, senescence or apoptosis is induced. However, if this response is defective, cancer
initiation and evolution are promoted (Adapted from Gorgoulis et al. [2005]).

Despite the critical role of oncogene-induced RS in cancer, the mechanisms that generate

RS remain unclear. Several mechanisms have already been described, which include the

deregulation of replication initiation and the interference between replication and tran-

scription machineries (Macheret and Halazonetis [2015]). If these are oncogene specific or

if these are responsible to induce RS at different stages of cancer development is unclear.

It has been shown that oncogenes can interfere with replication initiation in different ways.

For example, Cyclin E overexpression causes under-replication by shortening the length

of G1, which prevents the binding of MCM proteins to all replication origins during G1.

When this happens, cells enter S-phase with a reduced number of licensed origins and

consequently a reduced number of origins are activated (Ekholm-Reed et al. [2004b]).

Cyclin E overexpression can also initiate replication from a higher number of origins and

therefore cause over-replication (Jones et al. [2013]). An increased number of activated

origins during S-phase can lead to the depletion of replication factors, such as dNTPs

and RPA (Bester et al. [2011], Toledo et al. [2014]). When this happens, forks progress

at a slower pace during replication, increasing the chance of fork stalling and collapse.

In addition, the increased presence of ongoing forks can lead to collisions between the

replication and transcriptional machineries (Jones et al. [2013], Macheret and Halazonetis

[2018]). Similarly to Cyclin E, another oncogene, Ras is able to increase origin activation

therefore causing depletion of the dNTP pool and collisions between replication and tran-

scription machineries (Aird et al. [2013], Kotsantis et al. [2016]). This induces premature

termination of replication forks and genomic instability (Di Micco et al. [2006], Aird et al.

[2013]).
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Oncogenic activity can also cause DNA re-replication. In normal conditions, origin licens-

ing takes place only once in each cell cycle to guarantee that DNA is not re-replicated.

Both Cyclin E and Ras as well as some pre-RC factors can cause origin re-licensing during

S-phase when overexpressed. If this happens, the DNA could be re-replicated, leading to

DNA damage and genomic instability (Gonzalez et al. [2005], Hills and Diffley [2014]).

1.4.2 c-Myc oncogene and its role in generating Replication Stress

c-Myc is a transcription factor and a key component of many growth-promoting cellular

pathways. It controls many processes such as cell-cycle progression, cell differentiation and

growth, protein synthesis and cell metabolism (Pelengaris et al. [2002], Dang et al. [2006]).

Therefore, it is not surprising that c-Myc is a main proto-oncogene that is overexpressed

or activated in more than half of human cancers (Dang [2012]).

From a structural point of view, c-Myc is composed of 439 amino acids and contains many

highly-conserved domains, which are essential for its role as a transcription factor and for

its regulation. The amino-terminal domain, for example, is characterised by the presence

of conserved regions defined as Myc boxes (MBI, MBII), which have roles in activating

transcription. In the central domain there are two additional Myc boxes (MBIII and

MBIV), and two regulatory domains. One is called PEST, a domain rich in proline,

glutamic acid, serine and threonine residues, which allows c-Myc degradation. The other

is a nuclear localisation sequence called the NLS. The carboxy-terminal region has a role

in DNA binding and it contains a basic helix-loop-helix leucine zipper (bHLHZ) domain.

Myc dimerises with another transcription factor called Max and binds to DNA through

the bHLH domain which is able to recognised a particular DNA sequence called the E-box

(5’-CACGTG-3’). When the heterodimer composed by Myc and Max binds to DNA, it

stimulates the activation of the promoters that are close to the E-box (Conacci-Sorrell

et al. [2014]).

Because of its central role in promoting cell growth and proliferation, c-Myc is highly

regulated at different levels (Sampson et al. [2007], Hyeon et al. [2009], Sears et al. [1999],

Hung et al. [2014]). At the post-transcriptional level, c-Myc is regulated by micro-RNAs

that control its mRNA stability while c-Myc protein activity is controlled by kinases, ubi-

quitin ligase and acetyltransferases. c-Myc is a target of several E3 ubiquitin ligases, such

as Fbw7 (Grim et al. [2008]) and Skp2 (Kim et al. [2003]), which promote its degradation

through the proteasome pathway. On the other hand, its stability is promoted by the
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activity of an acetyltransferases called CBP/p300, which interferes with the process of

ubiquitination (Zhang et al. [2005]).

Oncogenic c-Myc activity

c-Myc is a proto-oncogene that is frequently deregulated in human cancer. In healthy

cells, c-Myc activity is controlled by the activation of several pathways that activate the

expression of different tumour suppressor genes such as p53, ARF and PTEN. When c-Myc

is hyperactivated, these tumour suppressors promote cell cycle arrest and eventually cell

death (Eischen et al. [2001], Kaur and Cole [2013]). Therefore, inactivation of oncosup-

pressor genes, which is a frequent event in all types of human cancer, is a central step

in c-Myc-mediated tumorigenesis. c-Myc tumorigenic activity is promoted not only by

inactivation of tumour-suppressors, but also by increased c-Myc activity. The increased

activity is promoted by amplifications that generate more copies of the Myc gene and

translocations that bring the gene close to an active enhancer (Stine et al. [2015]). It

has also been shown that, in cancer cells, c-Myc presents point mutations, which could

potentially lead to a gain of function (Hemann et al. [2005]).

c-Myc has a central role in promoting cellular proliferation because it controls the expres-

sion of many genes implicated in S-phase entry and progression (Amati et al. [1998b]).

Because of its role in regulating the cell cycle and in particular S-phase, c-Myc hyperactiv-

ation and overexpression can induce RS. Whilst several mechanisms of c-Myc-induced RS

have been proposed, how this oncogene causes RS still remains unclear. One mechanism

involves c-Myc’s ability to activate DNA replication. It is believed that oncogenic c-Myc

can generate RS by increasing origin activation, an activity that is independent on its

role in transcription (Dominguez-Sola et al. [2007b]). As a proof of this, affinity puri-

fication experiments and mass spectrometry showed that c-Myc is able to interact with

the pre-RC complex (Dominguez-Sola et al. [2007b]). In addition, in Xenopus extracts

Myc depletion causes a reduction in the number of active origins, while in mammalian

cells, c-Myc overexpression increases the number of replication foci, detected with BrdU

labelling (Dominguez-Sola et al. [2007b]). These experiments indicates that c-Myc has

a direct role in activating replication origins. c-Myc seems to have a role also in activ-

ating origin firing through Cdc45. In fact, it has also been shown that, when c-Myc is

overexpressed, it enhances the recruitment of Cdc45 to chromatin (Dominguez-Sola et al.

[2007b]). DNA combing indicates that c-Myc overexpression, as well as Cdc45 overexpres-

sion, lead to premature and more synchronous firing, increase origin density and promote
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asymmetrical fork progression (Srinivasan et al. [2013]).

c-Myc, being a transcription factor, activates transcription of several genes encoding for

proteins involved in DNA replication. It has been shown that c-Myc not only activates

specific genes, but it is also able to bind to most active genes and therefore induce a large

transcriptional program that promotes proliferation and growth (Nie et al. [2012]). Be-

cause c-Myc is able to stimulate both replication and transcription, it would be logical to

hypothesise that its activation could increase transcription-replication interference. How-

ever, to date, this mechanism of oncogene-induced RS has not been observed in cells that

are experiencing high levels of c-Myc activation.

1.5 The cohesin complex

The cohesin complex is part of the Structural Maintenance of Chromosomes (SMC) family,

which comprises three complexes: cohesin, condensin and Smc5/6 complex. SMC proteins

have a central role in organising and regulating chromosome structure and function and in

genome stability maintenance. Condensin has a central role in chromosome condensation,

the Smc5/6 complex has a role in DNA repair, while the cohesin complex is mainly known

for its role in sister chromatid cohesion (Uhlmann [2016]). All functions of the cohesin

complex will be described in detail in this chapter.

SMC complexes are characterized by a ring shape (Haering et al. [2002]), where the ring

is composed of two SMC subunits arranged in coiled-coil domains (Figure 1.6). These

subunits are connected by a ‘hinge’ at one end (Haering et al. [2002]) and two ATPase

heads, which dimerise when ATP is bound to the ATP cassette, at the other end (Lammens

et al. [2004]). Another subunit, called kleisin also contributes to keep the two ATPase

heads together (Haering et al. [2004], Palecek et al. [2006]).

The cohesin complex structure comprises two SMC subunits, Structural Maintenance of

Chromosomes 1 (SMC1) and Structural Maintenance of Chromosomes 3 (SMC3), and a

kleisin protein, called SCC1 in budding yeast or Rad21 in vertebrates (Haering et al. [2002],

Haering et al. [2004]). Other components of the complex are HEAT (Huntingtin, EF3,

PP2A, TOR1) subunits, called SCC3 in budding yeast or SA1 and SA2 in vertebrates

(Losada et al. [2000]) and Pds5 in budding yeast or Pds5A and Pds5B in vertebrates

(Panizza et al. [2000]), which are present in close proximity to the kleisin protein.
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Figure 1.6: Model of SMC complexes. Model of the structure of SMC complexes.
SMC complexes are characterized by a ring shape; the ring is composed by two SMC
subunits arranged in coiled-coil domains and connected by a ‘hinge’ at one end. The other
end is connected to two ATPase heads and a kleisin subunit (From Uhlmann [2016]).

1.5.1 Cohesin loading and unloading

The cohesin complex needs to be loaded and bind to DNA in order to perform its functions.

Different mechanisms of how cohesin binds to DNA have been proposed. It has been shown

that the cohesin complex is able to embrace a DNA molecule, which is therefore trapped

inside the ring (Haering et al. [2008], Srinivasan et al. [2018], Murayama and Uhlmann

[2015], Murayama et al. [2018]). This type of binding, which is defined as topological,

requires the opening of the ring in order for the DNA access it (Figure 1.7). Other studies

suggest that cohesin can also interact with DNA in a non-topological manner (Srinivasan

et al. [2018], Davidson et al. [2019]). In this case, the opening of the ring is not required

to entrap a DNA molecule, which interacts with the ring possibly by creating a DNA loop

(Srinivasan et al. [2018]) (Figure 1.7).

Topological binding of DNA to the cohesin rings is a key mechanism in the establishment

of sister chromatid cohesion (Murayama et al. [2018]). The entrapment of one or two

DNA molecules inside the ring requires the temporary separation of components of the

cohesin complex. How DNA molecules enter and exit the ring is still hotly debated. To

study how this process is carried out, experiments were performed in yeast using modified

cohesin subunits. In these experiments, different cohesin subunits are fused together so

that they cannot separate and therefore open the ring (Gruber et al. [2006]). Initial work
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Figure 1.7: Mechanisms of cohesin binding to DNA. Schematics of the possible types
of interaction between the cohesin ring and DNA. It has been shown that the cohesin
complex is able to embrace the DNA and entrap the DNA molecule (topological binding).
This happens during sister chromatid cohesion. Other studies suggest that cohesin can
also bind the DNA without entrapping it inside the ring (non-topological binding), for
example during the process of loop formation (From Srinivasan et al. [2018]).

used different modified cohesin rings that cannot open at the levels of the hinge or where

SMC1 and SMC3 interact with the kleisin subunit (Gruber et al. [2006]). The results of

this work and further studies suggested that DNA access the ring through the hinge and

therefore that the dissociation between SMC1 and SMC3 subunits is required to promote

this process (Gruber et al. [2006], Srinivasan et al. [2018]). In this model, the DNA exits

the ring through the SMC3-kleisin interface (Chan et al. [2012], Buheitel and Stemmann

[2013]). A different in vitro biochemical study that used a purified fission-yeast tetramer,

suggested that both entry and exit take place through the interface between SMC3 and

the kleisin subunit, which is defined as the kleisin gate (Murayama and Uhlmann [2015]).

For this mechanism, which is promoted by ATP hydrolysis, both entry and exit require

the interaction between DNA and two conserved lysines (K105 and 106), called the DNA

sensor, located on the SMC3 head. These two residues point inward when the ring reaches

the final configuration that embraces DNA. Therefore, when the DNA is trapped by the

cohesin ring, it could easily contact the sensor, to initiate the unloading reaction (Figure

1.8). The contact between lysines and DNA triggers ATP hydrolysis and causes the

disengagement of the ATPase heads. However, the disengagement of the heads is not

sufficient to release the DNA: the kleisin gate has to be opened. This step is activated

by the cohesin regulator Wapl, which dissociates the kleisin N-terminus from SMC3, thus
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finally releasing the DNA (Figure 1.8) (Murayama and Uhlmann [2015]).

Figure 1.8: Model of cohesin loading and unloading. Schematics of the processes
of loading and unloading of cohesin on DNA. Both loading and the unloading reactions
follow the same steps and they require the interaction between DNA and two conserved
lysines (K105 and 106), called the DNA sensor, ATP hydrolysis, disengagement of the
ATPase heads and opening of the kleisin gate. Two additional proteins are required for
the interaction of the DNA with the sensor during the loading reaction (From Murayama
and Uhlmann [2015]).

.

This same in vitro model suggested that the loading reaction follows the same two steps

as unloading, but that two additional proteins are required for the interaction of the DNA

with the sensor. In fact, as mentioned before, when the ring reaches the final configuration,

the lysine residues point inward and cannot contact the DNA, unless the cohesin ring

undertakes a conformational modification. This modification could be promoted by the

cohesin loaders (Nipped-B-like protein (NIPBL) and Mau2 in vertebrates or SCC2 and

SCC4 in budding yeast), which are able to expose the lysine residues. As a consequenche

of this, the DNA is able to interacts with the sensor and ATP hydrolysis is triggered, thus

activating the disengagement of the heads. Afterwards, the kleisin gate is opened, and the

DNA can finally enter the ring (Figure 1.8) (Murayama and Uhlmann [2015]). A more

recent study based on Forster resonance energy transfer (FRET) and cryo-EM suggested

that the DNA first passes through the kleisin gate and the ATPase gate is opened only
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afterwards to allow DNA entry into the cohesin ring (Higashi et al. [2020]).

The cohesin complex cyclically associates and dissociates from the DNA during the cell

cycle. The processes of loading and unloading of cohesin on DNA are promoted by several

cohesin regulators. The loading of cohesin on DNA, as mentioned before, depends on two

cohesin loaders, NIPBL and Mau2 in vertebrates (Ciosk et al. [2000]). The activity of

the loaders is antagonised by the release factor Wapl (Kueng et al. [2006], Tedeschi et al.

[2013]). Wapl seems to be mainly involved in cohesin unloading, however a study suggests

that in might also have a role in the loading process (Murayama and Uhlmann [2015]).

It has been shown that Wapl interacts with the cohesin complex through Pds5 (Kueng

et al. [2006]). Pds5, another cohesin regulator, interacts with Wapl and modulates the

interaction of cohesin with DNA. This protein seems to be able to regulate sister chromatid

cohesion both positively and negatively (Losada et al. [2005]) probably because it regulates

both the processes of loading and unloading (Murayama and Uhlmann [2015]).

1.5.2 Cohesion establishment and cohesin stabilisation

While cohesin loading and release occur throughout the entire cell cycle, during S-phase

and G2 cohesin interaction with the DNA is more stable (Gerlich et al. [2006]). A stable

binding of cohesin to DNA is achieved through a mechanism called ‘establishment’, a

process through which the cohesin complex is stably bound to DNA because the unloading

reaction is prevented by a modification to the ring. This process, which takes place during

S-phase, promotes sister chromatid cohesion (Zhang et al. [2008a]) until mitosis, when

the two sister chromatids are separated (Michaelis et al. [1997]). It is maintained during

G2 to facilitate the repair of DSBs by homologous recombination (Sjögren and Nasmyth

[2001]), but it also takes place in G1 where it contributes to the formation of long-range

chromatin interactions (Dileep et al. [2015a]). Cohesion establishment is promoted by

an acetyltransferase, Establishment of Cohesion 1 (Eco1) in budding yeast (Tóth et al.

[1999]), which acetylates the SMC3 subunit of the cohesin complex. SMC3 acetylation

blocks the release activity of Wapl (Zhang et al. [2008a], Ben-Shahar et al. [2008], Rowland

et al. [2009b]). During S-phase, Eco1 binds to chromosomes most probably through the

interaction with PCNA (Moldovan et al. [2006]), which allows Eco1 to promote sister

chromatid cohesion at replication forks (Moldovan et al. [2006]).

In vertebrates, cohesion establishment is carried out through a similar mechanism, but

it involves two establishment factors, Establishment of Sister Chromatid Cohesion N-
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Acetyltransferase 1 (ESCO1) and Establishment of Sister Chromatid Cohesion N-Acetyl-

transferase 2 (ESCO2). They both acetylate SMC3 and seem to have partially overlapping

functions. In fact, the overexpression of one can in part compensate for the loss of the

other (Kawasumi et al. [2017]). However, even if their functions are partially overlapping

they are not completely redundant (Lafont et al. [2010], Whelan et al. [2012], Alomer

et al. [2017]) and they are also expressed differently during the cell cycle. ESCO1 is

present during the entire cell cycle and has a prominent role in cohesin stabilisation in

G1, where it promotes the role of cohesin in organising chromatin structure (Minamino

et al. [2015], Alomer et al. [2017], Wutz et al. [2020]), while ESCO2 is expressed only

in S-phase and it mainly contributes to sister chromatid cohesion (Hou and Zou [2005],

Kawasumi et al. [2017], Alomer et al. [2017]). In vertebrates, cohesion establishment in S

and G2 requires the activity of another protein called Sororin. When SMC3 is acetylated

by ESCO2, Sororin can interact with the cohesin complex and displace Wapl from its

interacting partner Pds5. When Wapl is displaced, the unloading of cohesin is prevented,

therefore the binding of the ring to DNA is more stable (Figure 1.9) (Nishiyama et al.

[2010]).

Esco1

Esco2

Ac

Smc3Smc1

Wapl

Nipbl

Mau2

Rad21 
Sororin

Figure 1.9: Cohesion establishment. Schematic of the process of cohesion establish-
ment by the establishment factors ESCO1 and ESCO2. The SMC3 subunit of the cohesin
complex is acetylated by ESCO1 or ESCO2 in vertebrates. When SMC3 is acetylated
Sororin can interact with the cohesin complex and displace Wapl from the ring. When
Wapl is displaced the unloading of cohesin is prevented, therefore the binding or the ring
to DNA is more stable.

Cohesion establishment through Sororin activity takes place only in S and G2. This is

because Sororin is a target of APC/CCdh1, a form of APC/C that is active during mitotic

exit and in G1. Therefore, Sororin is cell cycle regulated and is not present in G1 (Rankin
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et al. [2005]).

SMC3 acetylation also takes place in the G1-phase of the cell cycle and it promotes the

stabilisation of the cohesin complex on DNA. As mentioned before, ESCO1 is the estab-

lishment factor responsible for this process during G1. A study showed that ESCO1 is re-

cruited to the cohesin complex through the interaction with Pds5 (Minamino et al. [2015]).

Therefore, Pds5 seems to be required for cohesin stabilisation promoted by ESCO1. The

role of cohesion stabilisation in facilitating long-range chromatin interactions in G1 will

be discussed in detail in the next section.

1.5.3 Functions of the cohesin complex

The cohesin complex carries out different functions in the cell, such as sister chromatid

cohesion, transcription regulation, DNA repair and genome organisation.

Sister chromatid cohesion

A key function of the cohesin complex is sister chromatid cohesion. Cohesins keep together

sister chromatids until they are separated by the mitotic spindle in anaphase (Michaelis

et al. [1997]). Sister chromatid cohesion is established in S-phase, when DNA is replicated

(Uhlmann and Nasmyth [1998]) and it occurs in proximity of replication forks (Gillespie

and Hirano [2004], Takahashi et al. [2004]). In fact, it has been shown that in Xenopus

eggs, the cohesin loaders are able to interact with the pre-RC complex (Gillespie and

Hirano [2004], Takahashi et al. [2004]).

In order for sister chromatid separation to take place, cohesins have to be removed from

DNA in mitosis. In budding yeast, cohesin removal occurs in mitotis specifically at the

metaphase to anaphase transition. (Uhlmann et al. [1999]). As well as in budding yeast,

in vertebrates this process also occurs in mitosis but includes two steps instead of one.

The first step takes place in prophase and prometaphase and involves the removal of

cohesin from chromosome arms, while the second is carried out in anaphase, when cohesins

are removed from centromeres (Uhlmann et al. [1999], Waizenegger et al. [2000], Peters

and Nishiyama [2012]). The dissociation of cohesins during prophase and prometaphase

requires the activity of the cohesin unloader Wapl and the phosphorylation of the subunit

SA2 of the cohesin complex (Gandhi et al. [2006], Hauf et al. [2005]). SA2 phosphorylation

is carried out by Polo-like kinase (Plk1) and other mitotic kinases, such as cyclin-dependent

kinase 1 (Cdk1) and Aurora B (Sumara et al. [2002], Hegemann et al. [2011]). When SA2
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is phosphorylated, cohesins can dissociate from the chromosome arms during prophase and

prometaphase (Hauf et al. [2005]). For cohesin dissociation to occur at this stage, another

event needs to take place; the cohesin regulator Sororin has to be inhibited to allow Wapl

unloading activity. Sororin inactivation is performed through the phosphorylation carried

out by Plk1, Aurora B and Cdk1 (Nishiyama et al. [2010], Zhang et al. [2011], Dreier et al.

[2011], Nishiyama et al. [2013]) and through the ubiquitylation and degradation promoted

by the APC/CCdh1 at the end of mitosis (Rankin et al. [2005]). As a consequence of Sororin

inactivation, Wapl is able to unload cohesin from DNA and the complex can therefore be

removed from the chromosome arms (Nishiyama et al. [2010]).

The stage of cohesin removal from centromeres takes place at the metaphase to anaphase

transition, after the spindle assembly checkpoint (SAC). Centromeric cohesin is maintained

until this point thanks to a protein called Shugoshin. Shugoshin recruits the protein phos-

phatase 2A complex (PP2A), which protects cohesin at centromeres because it probably

removes the phosphorylation from SA2 in these regions (Kitajima et al. [2006]). When all

chromosomes are attached to the mitotic spindle, the checkpoint activates the APC/C,

which triggers the degradation of a protein called Securin (Hagting et al. [2002]). Securin

is an inhibitor of a protease known as Separase (Musacchio and Salmon [2007]), which is

able to cleave the cohesin ring at the level of the kleisin subunit (SCC1 or Rad21) and

it removes it from the DNA (Waizenegger et al. [2000] Uhlmann et al. [1999]). When

Securin is degraded the protease activity of Separase can be activated, which cleaves the

cohesin ring leading to the removal of the complex from centromeres, allowing sister chro-

matid separation (Waizenegger et al. [2000], Uhlmann et al. [1999], Musacchio and Salmon

[2007]).

DNA repair and genome stability

The cohesin complex plays an important role in repairing DNA damage and in maintaining

genome stability. An example of this is the essential function of sister chromatid cohesion in

promoting DNA damage repair by homologous recombination. Homologous recombination

is a key mechanism in the DNA repair process. During the G2-phase of the cell cycle,

the cohesin complex holds the two sister chromatids together at DSB sites and facilitates

strand invasion during homologous recombination (Sjögren and Nasmyth [2001], Schär

et al. [2004]). In the absence of cohesin and of some of its regulators, cells are unable

to repair DNA DSBs and they therefore accumulate DNA mutations and missegregated

chromosomes (Sjögren and Nasmyth [2001], Strom et al. [2004], Ünal et al. [2004], Schmitz
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et al. [2007]). Cohesin is recruited at DSB sites through proteins, such as Rad53 and Mre11,

that are activated in response to DNA damage (Ünal et al. [2004]) and its enrichment

at these sites requires the presence of the cohesin loaders (Ünal et al. [2004]). Other

proteins involved in regulating cohesin functions are essential for DSB repair in G2. These

include the establishment factor Eco1 in yeast (Sjögren and Nasmyth [2001]) and Sororin

in vertebrates (Schmitz et al. [2007]).

Apart from its role in DNA damage repair, cohesin is involved in other processes that

maintain genome stability. For example, in yeast, during DNA replication, the complex has

been shown to protect stalled forks and promote fork restart (Frattini et al. [2017], Tittel-

Elmer et al. [2012]). In the presence of stalled forks, cohesin is mobilised by ubiquitylation

and it is repositioned behind the stalled replisome where it allows the locking together of

nascent chromatids. While doing this, it protects fork architecture and functionality until

DNA replication is ready to resume (Frattini et al. [2017]). By keeping together sister

chromatids where a replication fork is stalled, the complex is also able to promote fork

restart by allowing homologous recombination (Tittel-Elmer et al. [2012]).

The cohesin complex seems to also have a role in fork protection in vertebrates. It has

recently been shown that the cohesin regulator Pds5 has a central role in this process

(Morales et al. [2020]). In addition, another study has shown that cohesin prevents non-

homologous end-joining (NHEJ) between double-strand DNA ends that are located in

distant regions of the genome. Because joining of distant double-strand DNA ends pro-

motes genome instability, this confirms the central role of the complex in maintaining

genome stability (Gelot et al. [2016]).

Chromatin organisation and transcription regulation

Chromosomes are organised within the nucleus; each chromosome occupies a so-called

chromosome territory which is organised in chromatin domains, called Topologically Asso-

ciated Domains (TADs). Within TADs, DNA sequences can interact with other sequences

that are located in the same domain (Dixon et al. [2012]). As mentioned before, the rep-

lication timing program is linked to the general structure of chromatin and replication

domains have been shown to overlap with TADs (Ryba et al. [2010], Pope et al. [2014]

Dileep et al. [2015b]).

The mechanism of TAD formation is still not fully elucidated, but different studies indicate

that the cohesin complex, and in mammalian cells the transcription factor CTCF, have
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a central role in this process (Wendt et al. [2008], Dixon et al. [2012]). A strong indica-

tion that cohesins are involved in regulating chromatin structure comes from experiments

where Wapl, the cohesin unloading factor, is depleted. Wapl-depleted cells show chro-

matin compaction and re-localisation of cohesin on DNA. Usually, cohesin in interphase

is localised across the chromatin, but in Wapl-depleted cells it accumulates in axial struc-

tures called ‘vermicelli’ (Tedeschi et al. [2013]). It is thought that these structures could

represent DNA loops that are normally present in interphase cells. In Wapl-depleted cells

they become visible because the binding of cohesin to DNA is more stable (Tedeschi et al.

[2013]). These DNA loops are created by the cohesin complex and they contribute to

organise chromatin structure.

How cohesin creates DNA loops is still matter of debate. One proposed mechanism is

that cohesin processively extrudes a DNA loop (Wutz et al. [2017], Davidson et al. [2019],

Kim et al. [2019]). This mechanism has been shown in in vitro experiments but it is still

not clear if it takes place in vivo. In mammalian cells, CTCF contributes to the process

of loop formation (Wendt et al. [2008], Dixon et al. [2012]). ChIP-seq analysis showed

that cohesin and CTCF co-localise at specific sites on the genome (Wendt et al. [2008]).

Many of these sites coincide with the base of chromatin loops (Rao et al. [2014]) and are

also located at the boundaries of TADs (Dixon et al. [2012]). It has been shown that

CTCF binding sites that are located at the bases of loops are oriented towards each other

(Rao et al. [2014]). For this reason, it has been suggested that CTCF sites could serve

as boundary elements during the process of loop formation carried out by cohesin (Wutz

et al. [2017]). This would explain why cohesins accumulate at CTCF sites (Wendt et al.

[2008]).

Cohesin accumulates at CTCF sites but is not loaded on DNA in these regions. In fact, the

complex is loaded on DNA by NIPBL and Mau2 (SCC2 and SCC4 in budding yeast) mostly

at active transcription-start sites (TSSs) (Busslinger et al. [2017]). In budding yeast, it

has been shown that, after being loaded on DNA, cohesins are moved along the DNA by

the transcription machinery and accumulate at sites where transcription of different genes

converges (Lengronne et al. [2004]). This process has recently been observed in vertebrate

cells as well. In this case, after cohesin loading, transcription relocates cohesin to CTCF

sites unless it is removed from DNA by Wapl (Busslinger et al. [2017]). This mechanism

contributes to the formation of DNA loops and TADs (Busslinger et al. [2017], Wutz et al.

[2017]). Recent work indicates that CTCF does not only represent a physical barrier for
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cohesin during the process of loop formation, but also stabilises the complex at the loop

anchors (Li et al. [2020]). In this study, the authors used a modified CTCF, which is not

able to interact with the cohesin complex. When the interaction between CTCF and the

complex is compromised, cells experience a robust reduction of CTCF-anchored loops (Li

et al. [2020]). A possible explanation for this is that CTCF and Wapl compete for the

same binding sites on the SA2 subunit of the cohesin complex. Therefore, if the binding

of cohesin to CTCF is compromised, Wapl can interact with the complex and promote its

unloading from DNA (Li et al. [2020]).

The process of DNA loop formation carried out by the cohesin complex requires not

only the presence of CTCF but also of the establishment factor ESCO1. A recent study

found that a portion of cohesins, which are specifically associated to the SA1 subunit but

not to SA2, can bind to chromatin for a long time in G1 and contribute to DNA loop

formation. This sub-population of cohesins is acetylated specifically by ESCO1. In this

case, the process of cohesin stabilisation does not depend on Sororin activity to inhibit

the unloading factor Wapl. The same study suggests that in G1 cohesin stabilisation

and therefore the organisation of chromatin interactions and chromatin boundaries could

depend on CTCF activity as well as ESCO1 activity (Wutz et al. [2020]).

Long-range chromatin cis-interactions and DNA loops generated by cohesins also have

a role in the regulation of gene expression. Several studies have shown that disrupting

long-range chromatin interactions leads to aberrant gene expression (Dowen et al. [2014],

Lupiáñez et al. [2015], Hnisz et al. [2016]). This is a consequence of the fact that DNA

looping promotes interactions between enhancers and promoters, and therefore allows

transcriptional activation of specific genes (Kagey et al. [2010]). Co-immunoprecipitation

(Co-IP) experiments have shown that cohesin is able to interacts with a complex called

Mediator, which is a transcriptional coactivator. The cohesin complex and Mediator form

a complex that brings together enhancers and promoters through DNA looping and they

therefore promote gene expression activation (Kagey et al. [2010]).

1.5.4 Cohesin complex and genomic instability

As mentioned previously, cohesin has an essential role in maintaining genome integrity.

However, a few recent studies suggest that the presence of cohesin on DNA could contribute

to generate genomic instability. One study indicates that chromatin organisation could

per se perturb genome stability (Canela et al. [2017]). In this study, the authors use
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End-seq to visualise DNA DSBs induced by etoposide treatment and ChIP-seq to identify

the regions of the genome where cohesins and CTCF are present. These experiments

found that in interphase cells, DSBs co-localise with CTCF and cohesin binding sites. In

addition, Hi-C analysis confirmed that DSBs are found at chromatin loop anchors and

also inside loop domains. This suggests that the process of loop formation could promote

DNA breakage. Since etoposide generates DSBs by blocking the activity of Topoisomerase

2 (Top2), which is an enzyme that is required to resolve topological stress, the authors

propose a mechanism by which the process of loop formation would generate topological

stress on both sides of the loop anchors and the activity of Top2 would be required to deal

with it (Canela et al. [2017]).

Another study suggests that the process of loop formation, required to generate TADs,

might be responsible for generating somatic hypermutation (SHM) because the presence of

NIPBL on DNA strongly correlates with SHM susceptibility (Senigl et al. [2019]). Finally,

in Benedict et al. [2020], the authors propose a mechanism by which, under conditions

of oncogene-induced RS, cohesins have to be removed from DNA in order to repair the

damage and complete DNA synthesis, suggesting that the presence of the complex on

DNA could interfere with the replication process.

These few studies indicate that the cohesin complex could contribute to generate genomic

instability. The possible role of cohesin in this process will be a main focus of this thesis.

1.5.5 Cohesin complex in human disease and cancer

Cohesin is mutated in different human diseases, called cohesinopathies, which are develop-

mental disorders. Because of its central role in many cellular processes, it is not surprising

that mutations in both cohesin subunits and regulators can cause genetic diseases. A

well-known cohesinopathy is the Cornelia de Lange syndrome (Piché et al. [2019]). This

is caused by dominant mutations of genes encoding for the cohesin loader NIPBL and

for cohesin subunits such as SMC1, SMC3 and Rad21 (Ansari et al. [2014]). Another

disorder called Robert’s syndrome, which is instead recessive, is caused by mutations in

the establishment factor ESCO2 (Vega et al. [2005]).

The cohesin complex has an essential role in sister chromatid cohesion. It is therefore

surprising that cell lines derived from patients affected by cohesinopathy do not show high

levels of affected sister chromatid cohesion (Kaur et al. [2005], Revenkova et al. [2009]).

In fact, different studies support the hypothesis that these developmental disorders are
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not caused by cell cycle defects but instead by deregulation of gene expression induced by

mutations in cohesin subunits and regulators (Kawauchi et al. [2009], Banerji et al. [2016],

Xu et al. [2013].

Cohesin mutations are found in many human cancers (Lawrence et al. [2014]). This is

not surprising in light of the fact that cohesins have a central role in maintaining genome

stability, because they take part in DNA DSB repair, stalled fork protection and fork re-

start. Both cohesin subunits and regulators are mutated in different types of cancers such

as colorectal cancer (Barber et al. [2008]), glioblastoma, melanoma, sarcoma (Solomon

et al. [2011]) and bladder cancer (Guo et al. [2013]). The first functional studies on co-

hesin mutations showed that these mutations are often associated with reduced cohesion

and therefore mis-segregation and aneuploidy (Barber et al. [2008], Solomon et al. [2011]).

However, further study indicated that cohesin mutations can also lead to changes in chro-

matin organisation and gene expression as observed in cohesinopaties (Wilson et al. [2010],

Balbás-Mart́ınez et al. [2013], Tirode et al. [2014], Flavahan et al. [2016]). Overexpression

of cohesin subunits has also been found in cancer. Rad21 overexpression, for example,

has been associated with faster tumour proliferation, metastasis and poorer prognosis (Xu

et al. [2011], Yamamoto et al. [2006]).

1.6 Project aim

The aim of my thesis is to investigate how the oncogene c-Myc causes Replication Stress.

Oncogene hyperactivation or overexpression are the main factors that promote tumoural

transformation. c-Myc is a well-known oncogene that is overexpressed or hyperactivated

in more than half of human cancers. How c-Myc induces tumourigenesis is still object

of study. c-Myc has a central role in promoting cellular proliferation and controlling

the expression of many genes implicated in S-phase entry and progression (Amati et al.

[1998b]). Elevated c-Myc levels accelerate progression through G1 because it positively

regulates the expression of several cyclins and CDKs (Fernandez et al. [2003]), which is

thought to lie at the basis of c-Myc-induced RS.

How c-Myc induces RS has been studied for several years, however the mechanism still

remains unclear. I have used an inducible c-Myc activity cell-based system to better

understand how this oncogene causes RS. In chapter 3 of the results section, I describe

cell cycle experiments that aim to understand which phase of the cell cycle is required to

generate RS upon c-Myc activation. Interestingly, I find that events taking place in the
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G1-phase of the cell cycle have a key role in this process, suggesting that transcription-

replication interference and over-replication of DNA are unlikely mechanisms. An event

that occurs in G1 is the establishment of chromatin interaction and TAD formation carried

out by the cohesin complex and the transcription factor CTCF. Recent studies suggest

that the process of loop formation and the presence of cohesin complex on DNA could be

involved in causing genomic instability (Canela et al. [2017], Minchell et al. [2020]). In the

next chapters, I investigate if the cohesin complex could have a role in generating RS and

genomic instability. My data suggests that cohesin occupancy is increased upon c-Myc

activation and that this contributes to generate RS.

Altogether my work provides a new mechanism for oncogenic c-Myc-induced RS. This

seems to be independent of the previously suggested mechanisms involving deregulation

of replication initiation events and transcriptional interference. c-Myc activation is a

crucial event in many human cancers, and identifying the mechanisms through which this

oncogene promotes RS will therefore have important implications for understanding cancer

initiation and progression.
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Materials and Methods

2.1 Cell culture

RPE1 c-Myc-ER and RPE1 ER-empty cells were constructed by Cosetta Bertoli for Bertoli

et al. [2016]. RPE1 hTERT cells (ATCC CRL-4000) were retrovirally infected with the

pBABE c-Myc-ER and ER-empty plasmid (Addgene plasmid 19128) (Ricci et al. [2004]).

Infected cells were selected in 2 µg/ml puromycin and the surviving polyclonal population

was used for further assays. Cells were cultured in phenol red free DMEM/F12 media

supplemented with 10 % charcoal-treated FBS, 1 % penicillin/streptomycin (Gibco) and

3 % sodium bicarbonate (Gibco). Cells were maintained in puromycin (2 µg/ml). Charcoal

treated FBS was prepared by the addition of 0.5 g charcoal and 0.05 g dextran to 500 ml

FBS. This was warmed to 37 °C with stirring for 2.5 h and filtered using a 0.2 µm filter.

NL20 (ATCC CRL-2503) and A549 (ATCC CCL-185) cells were cultured with DMEM/F12

media supplemented with 10 % FBS and 1 % penicillin/streptomycin (Gibco). H1299

(ATCC CRL-5803) cells were cultured in RPMI media supplemented with 10 % FBS and

1 % penicillin/streptomycin (Gibco).

2.2 Drug treatment

RPE1 c-Myc-ER and RPE1 ER-empty cells were treated with 4OH-T (Sigma) 100 nm

for different times as indicated in figures to activate c-Myc. Hydroxyurea (HU) was used

overnight at a final concentration of 2 mm. Nocodazole (Noco) was used at 200 ng/ml for

8 h. Palbociclib (Palb) was added overnight and for 8 h after seeding cells at a final con-

centration of 5 µm. 5,6-Dichloro-1-beta-Ribo-furanosyl Benzimidazole (DRB) was added
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at final concentration of 75 µm 2 h before sample collection.

2.3 Transfection

For siRNA transfection, Lipofectamine RNA iMAX (Invitrogen, 13778-075) was used in

Optimem (Gibco, 51985-026) following the manufacturer’s instructions, 24 h after seeding

cells. Samples were collected 24 h or 48 h after transfection.

In synchronised experiments, reverse transfection was carried out. Lipofectamine RNA

iMAX (Invitrogen, 13778-075) was used in Optimem (Gibco, 51985-026) following the

manufacturer’s instructions. Synchronised cells were diluted in antibiotic and phenol red

free DMEM/F12 media charcoal treated and plated on top of transfection reagents. Ex-

periments were carried out 20 h after release and reverse transfection.

siRNA oligonucleotides with the following sequences, were used:

• siEsco1 (GGACAAAGCUACAUGAUAG)

• siRad21 (GACCAAGGUUCCAUAUUAU)

• siCTCF (GGAGCCUGCCUGCCGUAGAAAUUTT)

• siWapl (CGGACUACCCUUAGCACAA)

• siMau2 (CAGAUGUUAAGUUCUGAGG)

• siMau2a (ACACAGGAUUAGGACCUGC)

• siMau2b (AGGUUCUGUUUUCAACUGC)

• siNIPBLa (UCACCUCUUCUGCUAUUCG)

• siNIPBLb (UUAUAUCAUACAUUGCCGC)

Non-targeting siRNA, referred as to sicont, (D-001206-13-05 siGENOME Non-Targeting

siRNA pool), siEsco1 pool (L-023413-01-0005 ON-TARGETplus Human Esco1) and siRad21

pool (L-006832-00-0005 smart-pool ON-TARGETplus Human Rad21) were purchased

from Dharmacon.

2.4 Western blot

Cell extracts were prepared in RIPA buffer (Tris pH 7.5 20 mm, NaCl 150 mm, EDTA 1 mm,

EGTA 1 mm, NP-40 1 %, NaDoc 1 %), phosphatase inhibitor cocktail 2 and 3 (Sigma P5726
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and P0044) 1:1000, and protease inhibitor cocktail (Sigma P8340) 1:1000. Protein con-

centration was quantified using the Bradford assay (Bio-Rad 500-0006) according to the

manufacturer’s instructions. Between 7 and 10 µg were loaded in the gel for each sample.

Protein samples were prepared in sample buffer (Tris-HCl pH6.8, SDS, Bromophenol blue,

glycerol) and boiled for 2 min at 95 °C prior to loading onto a gel. Equal concentrations

of protein were then loaded onto NuPAGE Novex 4-12 % Bis-Tris protein gels (Invitro-

gen, NP0322) in MOPS buffer (Invitrogen NP0001), and transferred onto nitrocellulose

membranes by wet transfer in transfer buffer (25 mm Tris base, 250 mm glycine, 10 % eth-

anol). Membranes were blocked in PBS-0.2 % tween (Sigma) supplemented with 5 % milk

for at least 1 h at room temperature. Membranes were incubated in primary antibodies

overnight at 4 °C in PBS-tween supplemented with 5 % milk or 5 % BSA for phospho-

antibodies. Primary antibodies and their dilutions are listed in Table 2.1. Membranes

were washed three times in PBS-tween and incubated in secondary antibodies, listed in

Table 2.1, in PBS-tween supplemented with 5 % milk for 1.5 h at room temperature. The

membranes were washed three times in PBS-tween. Luminata Crescendo HRP (Merck

WBLUR0100) was applied to the membranes and they were developed using ECL films

(GE Healthcare Life Sciences, 28906836) and a XOGRAF Compact X4 film processor.

2.5 Flow cytometry

For analysis of DNA content by Propidium Iodide (PI), cells were collected by trypsinisa-

tion, washed with PBS and fixed in 70 % ethanol at -20 °C overnight. After centrifugation,

the cell pellet was washed with PBS and resuspended in 100 mg/ml RNaseA and 50 mg/ml

PI in PBS, and incubated at -4 °C overnight or 2 h at room temperature. Samples were

acquired on a BD LSRII flow cytometer using DIVA software (BD) and analysed using

FlowJo software.

2.6 RNA extraction and Reverse Transcriptase qPCR

For RNA extraction cells were collected by trypsinisation and washed with PBS. RNA

was extracted using RNeasy plus mini kit Qiagen following manufacturer’s instructions.

Before column purification cell pellets were vortexed for 30 s in RLT buffer plus 1 % β-

mercaptoethanol. Mesa Blue mastermix (Eurogentec) was used for Real Time Reverse

Transcriptase quantitative Polymerase Chain Reaction (RTqPCR) SYBR assays following

the manufacturer’s instructions. 80 ng of RNA in a final reaction volume of 14 µl was
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Protein Source Host
dilution

WB
dilution

IF

BRdU Abcam AB6326 Rat - 1:250

BRdU
Biosciences 347580
BD

Mouse - 1:100

CHK1 Cell Signalling Technology 2360 Mouse 1:1000 -
CHK1 P-S345 Cell Signalling Technology 2341 Rabbit 1:250 -
CTCF Abcam AB70303 Rabbit 1:5000 1:1000

Cyclin E
Biotechnology sc-247
Santa Cruz

Mouse 1:1000 -

ESCO1 Minamino et al. [2015] Mouse 1:1000 -
GAPDH Getetex GT239 Mouse 1:1000 -

γH2AX
Technology 20E3
Cell Signalling

Rabbit 1:250 1:250

MCM7
Biotechnology sc-56324
Santa Cruz

Mouse - 1:150

Mau2 (Scc4) Abcam AB183033 Rabbit 1:500 -

c-Myc
Biotechnology 9E10 sc-40
Santa Cruz

Mouse 1:1000 -

NIPBL (IDN3) Abcam AB106768 Rat 1:500 -
Rad21 Abcam AB992 Rabbit 1:2000 -
RPA2 Millipore RPA34-20 Mouse - 1:500

RPA2 P-S33
A300-246A
Bethyl Laboratories

Rabbit 1:1000 -

SMC1
A300-055A
Bethyl Laboratories

Rabbit 1:10000 1:1000

SMC3
A300-060A
Bethyl Laboratories

Rabbit 1:10000 1:1000

SMC3ac Minamino et al. [2015] Mouse 1:1000 -
Vinculin Abcam AB129002 Rabbit 1:10000 -
Wapl Abcam AB70741 Rabbit 1:5000 -

(secondary antibody)
Rabbit IgG HRP

Thermo Fisher 31460 Goat 1:4000 -

(secondary antibody)
Mouse IgG HRP

Thermo Fisher PA1-77421 Goat 1:4000 -

(secondary antibody)
488-Mouse IgG
Alexa Fluor

A11029
Life Technologies

Goat -
1:500 (fibre)

1:2000

(secondary antibody)
647-Rabbit IgG
Alexa Fluor

A21244
Life Technologies

Goat - 1:2000

(secondary antibody)
555-Rat IgG
Alexa Fluor

A21434
Life Technologies

Goat - 1:500

Table 2.1: Antibodies used in this thesis. This table lists all antibody used in this
thesis in Western blot and immunofluorescence. It gives information about the targeted
protein, the source with catalogue number, the host and the dilution used in different
essays.

used per well. A BioRad CTX Connect qPCR machine was used following the program

detailed in Table 2.2. Samples were loaded in triplicate and at least three biological repeats

were assayed for each experiment. All reactions were normalised to GAPDH as a control.

Sequences of used primers are listed in Table 2.3.
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Temp (°C) Time Cycles
48 30 minute x1
95 5 minute x1
95 3 second
60 45 second x40

Measure
65 - 85 10 s each Melt curve

Table 2.2: RTqPCR cycling conditions. Programme used to perform RTqPCR.

Gene Fw/Rev Sequence 5’-3’
Fw TGTCCTGGATGTTGACTGCCTTGA

Cyclin E
Rev TGTCGCACCACTGATACCCTGAAA
Fw GGGAGGGTTGATTGCCTAAA

eIF4E
Rev GACAAGTTGCCTGTGTGTTTATT
Fw CTTCTGACCCACCATTGGATAA

ESCO1
Rev GAGTCGAAGCAGCAGTAACA
Fw AGACACATCAAGCCTGTATCAA

ESCO2
Rev CCCGAGGAGCATTGGAATTA
Fw GAAATCCCATCACCATCTTCCAGG

GAPDH
Rev GAGCCCCAGCCTTCTCCATG
Fw GGGAAGGAAATAGACACCAAGA

Mau2
Rev TCCCTGGAAGAAGGAGAAGA
Fw GATCCAGGCAAATCTGCAATAC

MDM2
Rev TGGTCTAACCAGGGTCTCTT
Fw CTGCCTCTTCCATCTCCTTTAC

NIPBL
Rev GTGAAACCAAATTGTCATCCCTAC
Fw CCCAGATTTAGCGAAGGATCTC

Pds5
Rev CCCTCTTGGCAGCTGTTATTA
Fw AGCTCTTTACACGCTGTCTTAC

Rad21
Rev CCTCTCTAGGAACCTCTGGATT
Fw CTTGCTGTAGGGAGTTGAAGAG

SMC1
Rev GCTCCTCAAAGGCAGGATAAA
Fw GCTCAGTATCAGAAGTGGGATAAA

SMC3
Rev TCTCCACTAGTCTCTCGCTTAG
Fw TCATGCTGTCCAGGCTTTAG

Wapl
Rev CTTGCCACTCTCCACTCTTATC

Table 2.3: Primer sequences. This table lists the primers used for RTqPCR. Both
forward and reverse primer sequences are provided.

2.7 Immunofluorescence

2.7.1 Extracted cells

Pre-extraction was carried out to remove all proteins not bound to chromatin, for example,

for visualisation of chromatin-bound SMC1 and SMC3. Cells were pre-extracted with ice-

cold 0.2 % triton solution in PBS for 1 min and fixed for 20 min in 4 % formaldehyde

solution. Coverslips were blocked in blocking solution (1 % BSA, 0.2 % tween in PBS) 1 h

at room temperature. The incubation with primary antibodies (Table 2.1) was carried out

overnight at 4 °C. The following day coverslips were incubated with secondary antibodies
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(Table 2.1) for 2 h at room temperature. Cells were stained with Hoechst (Invitrogen

H3570) solution 1:10000 for 5 min at room temperature to visualise the nuclei. Coverslips

were mounted on slides with Fluoroshield (Sigma, F6182). Images were obtained with

Leica SPE2 using 40x objective lens and processed with Fiji.

2.7.2 Non-extracted cells

Cells were fixed in 4 % formaldehyde for 20 min and permeabilised for 5 min in 0.2 % triton.

Immunofluorescence was carried out as described in the previous section.

2.7.3 EdU incorporation

Cells on coverslips were incubated with EdU (final concentration 10 µm) for 30 min and

fixed in 4 % formaldehyde solution for 20 min. Cells were permeabilised in 0.2 % triton

for 5 min and incubated with Click-it reaction cocktail (Click-it Alexa Fluor 647 Thermo

Fisher, C10424) for 30 min following manufacturer’s instructions. Immunofluorescence was

performed at the same time as 5-Ethynyl-2’-deoxyuridine (EdU) incorporation, incubation

with primary and secondary antibodies were carried out as described in the previous

sections, before Click-it reaction. Nuclei were stained in Hoechst (Invitrogen H3570)

solution 1:10000 for 5 min at room temperature. Coverslips were mounted on slides with

mounting medium Fluoroshield (Sigma). Images were obtained with Leica SPE2 using

40x objective lens and processed with Fiji.

2.7.4 EU incorporation

For detection of global RNA synthesis levels by 5-Ethynyl Uridine (EU) staining, 1 mm

EU was added to cells for 1 h prior to collection. Cells were fixed in 4 % formaldehyde.

EU detection was performed using the Click-iT RNA Alexa Fluor 488 Imaging kit (Ther-

moFisher, C10329) following manufacturer’s instructions. Coverslips were rinsed for 2 min

in Click-iT reaction rinse buffer and stained in Hoechst solution (1:10,000, Invitrogen

H3570) for 5 minutes at room temperature. Fluoroshield (Sigma, F6182) was used for

mounting on slides. Once dry, coverslips were sealed with nail varnish. Leica SPE2 using

40x objective lens and processed with Fiji.

2.8 DNA fibre analysis

Cells were labelled with 25 µm 5-Chloro-2’-deoxyuridine (CldU) for 15 min at 37 °C and

then with 250 µm CO2-equilibrated 5-Iodo-2’-deoxyuridine (IdU) for 15 min at 37 °C. Fibre
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spreading and labelling was performed as in Petermann et al. [2010]. After labelling, cells

were collected by trypsinisation and resuspended in PBS to obtain a final concentration

of 100 × 104 cells/ml. 2 µl of cell suspension was placed on one side of a glass slide and

incubated for 5 min at room temperature. 7 µl of spreading buffer (200 nm Tris pH 7.4,

50 nm EDTA, 0.5 % SDS) was mixed with the cell suspension and incubated for 2 min at

room temperature. Slides were then tilted to allow the DNA to spread until dry. DNA

was then fixed in MeOH/AcOH (3:1) for 10 min. Slides were left to air-dry and stored at

4 min previous staining.

2.8.1 DNA fibre staining

Slides were incubated for 75 min in 2.5m HCl to denature DNA, washed in PBS and

incubated in blocking solution (1 % BSA and 0.1 % tween in PBS) for 1 h . The fibres

were stained with primary antibodies (Rat anti-BRdU and Mouse anti-BRdU as indicated

in Table 2.1) overnight at 4 °C. Following washing with PBS, slides were incubated in 4 %

formaldehyde to fix the antibodies on DNA. After washing with PBS, incubation with

secondary antibodies (Alexafluor 555 anti-rat and Alexafluor 488 anti-mouse as indicated

in Table 2.1) was carried out for 1.5 h at room temperature. Slides were rinsed in PBS

and mounted with coverslips using Fluoroshield (Sigma, F6182). Once dry, coverslips were

sealed with nail varnish. Images were obtained with Leica SPE2 using 63x objective lens

and processed with Fiji. 100-250 fibres were measured for each experiment.

2.9 Image analysis

2.9.1 Measurement of DNA fibre length

Maximum projection was used for this analysis. Composite images were constructed to

visualise red and green channels simultaneously. The ‘line’ tool in Fiji was used to measure

length of DNA replicating fibres, which are characterised by the presence of consecutive red

and green signals. Total amount of fibres (ongoing fibres, replication origins, replication

terminations, stalled forks) and replication origins (characterised by a red track between

two green tracks) were counted to quantify the percentage of origin firing.

2.9.2 Max projection of all open images

This macro generates a max projection of all open images and it was used for all image

analysis described in this thesis.
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// Select all open images and store this information in imgArray

imgArray = newArray(nImages);

for ( i=0; i<nImages; i++){

selectImage(i+1);

imgArray[i] = getImageID();

}

// Select items in imgArray one at a time and complete the same

// operation on them, a maximum projection

for ( i=0; i< imgArray.length; i++){

selectImage(imgArray[i]);

run(”Z Project ... ”, ”start=1 stop=99999 projection=[Max Intensity]”);

}

2.9.3 Quantification of fluorescence intensity

This macro was used to quantify mean fluorescence intensity of SMC1, SMC3, RPA,

γH2AX, MCM7 and EdU in nuclei of fixed cells.

// Get information about the currently selected image

ti = getTitle() ;

// Choose the nuclear stain channel and select RoI for nuclei

setSlice (1) ;

run(”Gaussian Blur...”, ”sigma=4”);

setAutoThreshold(”Huang dark”);

run(”Create Mask”);

run(”Watershed”);

run(”Analyze Particles ... ”, ”size=15.00−Infinity circularity =0.00−1.00 show=Nothing

exclude clear add”);

// Pause the macro to let the user correct the misidentified nuclei

waitForUser(”Pause”, ”Correct ROIs”);

// Measures the fluorescence intensity within nuclei in channel 2

selectWindow(ti);

run(”Set Measurements...”, ”mean standard redirect=None decimal=2”);

setSlice (2) ;

roiManager(”Measure”);
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// Pauses and allow the user to copy/paste intensity measurements

waitForUser(”Pause”, ”Copy results”);

// Measures the fluorescence intensity within nuclei in channel 3

selectWindow(ti);

run(”Set Measurements...”, ”mean standard redirect=None decimal=2”);

setSlice (3) ;

roiManager(”Measure”);

// Pauses and allow the user to copy/paste intensity measurements

waitForUser(”Pause”, ”Copy results”);

selectWindow(”mask”);

saveAs(”png”);

close () ;

// Saves the ROIs in the designated folder ’ directory ’

selectWindow(”ROI Manager”);

2.10 Statistical analysis

Throughout this thesis, I use Graphpad Prism software to carry out Mann-Whitney

tests and Student’s t-tests, unpaired two-tailed, to compare between two data sets. Key

throughout: ns=p-value>0.05, *=p-value<0.05, **=p-value<0.01, ***=p-value<0.001,

****=p-value<0.0001.

2.10.1 Immunofluorescence

In immunofluorescence experiments, statistical significance was analysed using Mann-

Whitney unpaired two-tailed tests. When appropriate, S-phase cells were defined as

the portion of cells where RPA2>15a.u. (Figure 3.3E), RPA2>40a.u. (Figure 3.7D, E),

Rpa2>25a.u. (Figure 3.8D, E), Rpa2>50a.u. (Figure 4.1), Rpa2>18a.u. (Figure 4.2). In

Figure 4.1 and Figure 4.2, values for each experiment were normalised to the mean of that

experiment and they were grouped together if the Gaussian distributions were compar-

able. In Figure 3.9, S-phase cells were defined as the portion of cells where EdU>8a.u.;

G1-phase cells are defined as cells where EdU<8a.u.
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2.10.2 DNA fibre

Statistical significance was measured using the Mann-Whitney unpaired two-tailed test.

When indicated in the figure legend, two or three experiments were pooled down together.

This was done only when the Gaussian distributions of the different experiments were not

comparable.

2.10.3 WB quantification

Western blot were quantified with Fiji and statistical analysis was carried out with Stu-

dent’s t- unpaired two-tailed test.

2.10.4 RTqPCR, flow cytometry and EdU staining

Statistical analysis was carried out with Student’s t- unpaired two-tailed test.

2.11 CHiP-seq

To perform ChIP, cells were cultured in 15 cm dishes for 48 h with or without the addition

of 4OH-T. Cells were then washed with 1x PBS and crosslinked in 10 ml of 1 % formalde-

hyde at room temperature for 10 min. Quenching was carried out adding 1 ml of 1.25m

glycine for 10 min at room temperature. Cells were then scraped in PBS, spin down, resus-

pended in cold buffer A (100 mm Hepes pH 8, 100 mm EDTA, 5 mm EGTA, 2.5 % triton)

and rocked for 10 min at 4 °C. The same step was repeated using cold buffer B (100 mm

Hepes pH 8, 2m NaCl, 100 mm EDTA, 5 mm EGTA, 0.1 % triton). Cells were resuspended

in cold ChIP buffer (25 mm tris/HCl pH 8, 2 mm EDTA, 150 mm NaCl, 1 % triton, 0.1 %

SDS) plusprotease inhibitor cocktail (Sigma P8340) and sonicated at maximum output on

a Bioruptorfor (30 s on 30 s off) for 30 min using Diagenode tubes.

Sonication was checked on 1 % agarose gel. After sonication, lysates where centrifuged for

15 min at maximum speed at 4 °C. Protein A solution was prepared by resuspending beads

in ChIP buffer (about 50 %) 1 µg/µl BSA and rocking at 4 °C for 15 min. The supernatant

(soluble chromatin) was transferred in new tubes and pre-cleared adding blocked protein

A solution and rocking for 2 h at 4 °C. Cleared soluble chromatin was centrifuged for 4 min

at 4000 rpm at 4 °C. The supernatant was transferred in a new tube and 10 µl was saved

as input.

The soluble chromatin was incubated overnight with 10 µg of anti SMC1 (Bethyl labor-
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atories A300-055A rabbit). The following day 20 µl protein A beads prepared as above,

were added to chromatin, which was then rocked at 4 °C for 2 h. Beads were spin down

for 2 min at 2000 rpm and washed with ChIP buffer, wash solution 1 (25 mm Tris/HCl pH

8, 2 mm EDTA, 500 mm NaCl, 1 % triton, 0.1 % SDS), Wash solution 2 (250 mm LiCl, 1 %

NP40, 1 % NaDOC, 1 mm EDTA, 10 mm Tris/Hcl pH 8) and twice with TE.

TE was then removed and elution buffer (1 % SDS, 100 mm NaHCO3) was added. All

samples were incubated at 65 °C overnight to reverse crosslinking. The day after, samples

were purified using QIAquick PCR purification kit (QUIAGEN). The DNA was then

diluted in ddH2O. Quality control was performed using the ThermoFisher Qubit and

either the Agillent BioAnalyser or TapeStation. The DNA samples were normalised and

prepared into Illumina compatible libraries using the KAPA HyperPrep kit according to

the manufacturer’s instructions. The libraries were pooled to 4 nM and sequencing was

performed on the HiSeq 4000 with at least 75 bp reads.

2.11.1 CHiP-seq analysis

Sequencing data have been deposited in GEO under accession code GSE146766

The nf-core/chipseq pipeline (version 1.0.0, https://www.ncbi.nlm.nih.gov/pubmed/

32055031; https://doi.org/10.5281/zenodo.3240507) written in the Nextflow domain

specific language (version 0.32.0; (Di Tommaso et al. [2017])) was used to perform the

primary analysis of the samples in conjunction with Singularity (version 2.6.0; (Kurtzer

et al. [2017])). The command used was ’nextflow run nf-core/chipseq –design design.csv –

genome hg19 –singleEnd –narrowPeak –minrepsconsensus 2 -profile crick -r 1.0.0’. To sum-

marise, the pipeline performs adapter trimming (Trim Galore! - https://www.bioinformatics.

babraham.ac.uk/projects/trim_galore/), read alignment (BWA (Li and Durbin [2009]))

and filtering (SAMtools (Li et al. [2009]); BEDTools (Quinlan and Hall [2010]); BamTools

(Barnett et al. [2011]); picard-tools - https://github.com/pysam-developers/pysam;

http://broadinstitute.github.io/picard), normalised coverage track generation (BED

Tools Quinlan and Hall [2010]; bedGraphToBigWig Kent et al. [2010]), peak calling

(MACS Zhang et al. [2008b]) and annotation relative to gene features (HOMER Heinz

et al. [2010]), consensus peak set creation (BEDTools Quinlan and Hall [2010]), differen-

tial binding analysis (featureCounts Liao et al. [2014]; R core Team [2017]; DESeq2 Love

et al. [2014]) and extensive quality control and version reporting (MultiQC Ewels et al.

[2016]; FastQC - https://www.bioinformatics.babraham.ac.uk/projects/fastqc/;
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preseq Daley and Smith [2013]; deepTools Ramirez et al. [2016]; phantompeakqualtools

Landt et al. [2012]). All data was processed relative to the human UCSC hg19 genome

(UCSC Karolchik et al. [2004]) downloaded from AWS iGenomes (https://github.com/

ewels/AWS-iGenomes). Gene annotation files in GTF format were originally downloaded

from UCSC on July 17th 2015.

Peaks and bigWig coverage files were manually inspected in the Integrative Genomics

Viewer (IGV) genome browser Robinson et al. [2011]. A selection of these regions showing

peaks in the c-Myc activated samples compared to the control. Three peak sets were

generated based on being common to both or exclusively present in either one of the c-Myc

activated or control conditions. Motif discovery 40 (Heinz et al. [2010]) was performed on

each of these groups and revealed that the CTCF motif was the top hit.
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c-Myc-induced Replication Stress

and DNA damage are dependent

upon events in G1-phase

Whilst various mechanisms have been proposed for c-Myc-induced RS, how this oncogene

causes RS still remains unclear. To study this process, I used an inducible c-Myc cell-

based system to dissect both when in the cell cycle, and how c-Myc generates RS. In

this chapter, I describe different synchronisation and release experiments, which have the

purpose of identifying which phase of the cell cycle, and therefore which likely mechanism,

plays a central role in this process. The findings described in this chapter are in line with

the idea that c-Myc-induced RS depends on events taking place in the G1-phase of the

cell cycle. Surprisingly, other mechanisms suggested to play a role in c-Myc-induced RS,

such as over- or under-replication and transcription-replication collisions, do not seem to

contribute to the generation of RS in our system.

3.1 c-Myc activation induces Replication Stress and DNA

damage in RPE1 c-Myc-ER cells

To establish how c-Myc induces RS, I used a c-Myc inducible system in immortalised but

not transformed Retinal Pigment Epithelial 1 (RPE1) hTERT cells, previously exploited

in the lab (Bertoli et al. [2016]). This RPE1-inducible cell line stably expresses a fusion

protein composed of the oncogene c-Myc and the estrogen receptor (ER). In untreated
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condition, the fusion protein is located in the cytoplasm but when hydroxytamoxifen

(4OH-T) is added to the medium, the fusion protein translocates into the nucleus where

c-Myc activates its targets (Figure 3.1A). A control cell line was used to make sure that

the results obtained are generated solely by c-Myc activation. This control cell line, called

RPE1 ER-empty, contains the same plasmid expressing ER but not c-Myc. It allows to

distinguish which phenotypes are generated by oncogene activation or by mere addition

of 4OH-T or presence of plasmid backbone.

Before starting my studies, I decided to fully characterise our cell lines. First, I needed to

know how long after 4OH-T addition c-Myc is active. To study this, I looked at the levels

of expression of some c-Myc targets with Reverse Transcription quantitative Polymerase

Chain Reaction (RTqPCR). As shown in Figure 3.1B, in our system, c-Myc induces the

transcription of some early targets already after 1 h of 4OH-T addition. Both eIF4E and

Cyclin E mRNA levels increase after 1 h-treatment compared to untreated cells and they

progressively reach a 2-3-fold increase after 24 h (Figure 3.1B). This is not observed in

RPE1 ER-empty cells, where the mRNA levels oscillate around 1. This suggests that the

increased transcription of these targets is a consequence of c-Myc-ER activation (Figure

3.1B).

Second, I looked at the cell cycle profiles upon c-Myc activation. Fractions of cells in

G1 and S do not change significantly upon treatment with 4OH-T for 24 h and 48 h in

both c-Myc-ER and ER-empty cells (Figure 3.2A), while a small reduction in the G2-M

population is detected at 48 h in c-Myc-ER cells (Figure 3.2A).

Because c-Myc is known to generate RS and DNA damage when hyperactivated

(Dominguez-Sola et al. [2007b]), it is key for this study to know if this is also the case in

our inducible system. First, I tested if c-Myc activation induces RS, which is defined as

slowing down or stalling of replication forks (Zeman and Cimprich [2014]). Since RS is

defined as slowing down of forks, the gold standard method to monitor replication fork

speed is the DNA fibre analysis because it allows to measure the length of replicative

forks. When forks are slowed down in conditions of RS the replicative length is decreased.

This technique allows the visualization of single replicating molecules, providing a valu-

able tool to study replication dynamics. Briefly, cells are incubated with two nucleotide

analogues (CldU and IdU) for 15 min each (Figure 3.3A), which are incorporated into the

replicated DNA during DNA synthesis. Cells are then spread on a slide and the DNA is

allowed to stretch along it. The incorporated nucleotide analogues are then visualised by
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Figure 3.1: 4OH-T addition to RPE1 c-Myc-ER activates c-Myc-dependent
transcription. A) Model that describes the c-Myc-ER inducible system. Cells stably
express a fusion protein composed by the oncogene c-Myc and the estrogen receptor (ER).
In untreated condition the fusion protein is located into the cytoplasm. When hydroxy-
tamoxifen (4OH-T) is added to the cell media the fusion protein translocates into the
nucleus where c-Myc activates its targets. B) Time-course of c-Myc activation. mRNA
levels of the c-Myc targets eIF4E and Cyclin E at the indicated time points of 4OH-T
addition in RPE1 c-Myc-ER (top graphs n=4) and RPE1 ER-empty cells (bottom graphs
n=3). eIF4E: p-value***=0.0009 and 0.0006, *=0.02, 0.01, 0.01 calculated with Student’s
t-test. Cyclin E: p-value ****<0.0001, ***=0.0001, **=0.0017, 0.0028, 0.0019, *=0.0325,
0.0191, 0.0151 calculated with Student’s t-test.
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Figure 3.2: c-Myc activation does not significantly change cell cycle profiles. A)
Graphs showing the fractions of cells in different phases of the cell cycle in RPE1 c-Myc-
ER and RPE1 ER-empty cells upon addition of 4OH-T for 24 h and 48 h. Cell fractions
were measured with flow cytometry looking at DNA content visualised with Propidium
Iodide (PI). n=3; p-value **=0.0038 calculated with Student’s t-test. B) Representative
cell cycle profiles in RPE1 c-Myc-ER and RPE1-ER empty cells upon addition of 4OH-T
for 24 h and 48 h, generated with flow cytometry looking at DNA content visualised with
PI.

using specific antibodies to the two nucleotide analogues by immunofluorescence with two

different fluorophores. Labelling the DNA with two analogues allows the analysis of dif-

ferent replication structures. In particular, I am interested in measuring replicating track

length, which is a proxy for replication fork speed. Replicating tracks are characterized

by the presence of consecutive red and green signals as shown in Figure 3.3A. I evalu-

ated the replication track length by measuring the length of both CldU and IdU tracks

of replicative forks in both untreated and c-Myc cells. Both at 24 h and 48 h after c-Myc

activation I observed a significant shortening of DNA elongating tracks indicating that

the oncogene activation induces RS in our cell model (Figure 3.3A, B). In addition, the

longest time-point of 48 h c-Myc activation correlates with a more pronounced shortening
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(Figure 3.3B). Replication track length shortening is caused specifically by c-Myc activa-

tion, and not by 4OH-T treatment or by the presence of ER, because the same treatment

in RPE1 ER-empty cells did not cause the same shortening of DNA elongating tracks

(Figure 3.3B). As mentioned earlier, this cell line contains the same plasmid expressing

ER but not the oncogene. Whilst shortening is detectable at 24 h also in RPE1 ER-empty

cells, it is minor compared to the shortening observed in RPE1 c-Myc-ER cells (Figure

3.3B). These results indicate that c-Myc activation, in our system, generates RS.

As a consequence of RS, prolonged stalling of replication forks can lead to fork collapse

giving rise to DNA damage (Hanada et al. [2007]). Since cells in our inducible system

experience RS, I decided to quantify the levels of DNA damage by measuring the levels

of γH2AX, a marker of the activation of the DNA damage response checkpoint protein

kinase ATM, via Western blot analysis. Both at 24 h and 48 h after c-Myc activation, I

observed a significant increase in DNA damage checkpoint activation compared to control

cells (Figure 3.3C). Again, this increase is not detectable in RPE1 ER-empty cells after

4OH-T treatment (Figure 3.3C). It is important to point out that at 48 h γH2AX levels

in the cell population are lower than at 24 h. This is likely due to a cell cycle effect, given

the fact that there are less cells in G2-M phase after 48 h-c-Myc activation (Figure 3.2A)

and/or more time is required for the cells to repair the RS-induced DNA damage.

Quantifying the levels of γH2AX with Western blot does not allow to distinguish if DNA

damage is specifically induced by RS. To measure the levels of RS-induced DNA damage,

I determined the levels of chromatin recruitment of RPA2, an indicator of RS because it

binds to ssDNA, which is generated under RS conditions, and the intensity of chromatin-

bound γH2AX by quantitative immunofluorescence in single nuclei, as described in Bertoli

et al. [2016] (Figure 3.3D). Cells positive for RPA2 are in S-phase (orange and red dots)

(Figure 3.3E), whilst the intensity of both RPA2 and γH2AX signal in individual nuclei is

a good indicator for RS-induced DNA damage (Figure 3.3E). The data presented in Figure

3.3E shows an increased number of cells expressing high levels of γH2AX (red dots) at

24 h and 48 h after c-Myc induction, particularly in the RPA2-positive population. At

24 h, the number of cells expressing high levels of γH2AX appears lower compared to 48 h

but still higher than untreated cells (Figure 3.3E). Altogether, data obtained from DNA

fibre analysis, Western blot and quantitative immunofluorescence confirms that at both

24 h and 48 h upon c-Myc activation cells undergo RS and DNA damage.

73



Chapter 3

γ-H2AX

GAPDH

 +-  +  -4OH-T
24h 48h

 +  +
24h 48h

A

C

B

RPE1 ER 
empty

RPE1 c-Myc 
ER

4OH-T

0-
2

2-
4

4-
6

6-
8

8-
10

10
-1

2
12

-1
4

14
-1

6
16

-1
8

18
-2

0
20

-2
2

22
-2

4
24

-2
6

26
-2

8
28

-3
0

30
-3

2
32

-3
4

0

10

20

30

40

ns
*

0-
2

2-
4

4-
6

6-
8

8-
10

10
-1

2
12

-1
4

14
-1

6
16

-1
8

18
-2

0
20

-2
2

22
-2

4
24

-2
6

26
-2

8
28

-3
0

30
-3

2
32

-3
4

0

10

20

30

40

(-)

24h 4OH-T
48h 4OH-T

****
****

RPE1 ER empty RPE1 c-Myc ER

24h 48h
D

γ-H2AXHoechst RPA2 γ-H2AXHoechst RPA2

M
yc

(-
)

0 20 40 60 80
0

20

40

60

80

Mean RPA intensity (a.u.)

M
ea

n 
γ-

H
2A

X 
in

te
ns

ity
 (a

.u
.) 

0 20 40 60 80
0

20

40

60

80

Mean RPA intensity (a.u.)

M
ea

n 
γ-

H
2A

X 
in

te
ns

ity
 (a

.u
.) 

0 20 40 60 80
0

20

40

60

80

Mean RPA intensity (a.u.)

M
ea

n 
γ-

H
2A

X 
in

te
ns

ity
 (a

.u
.)

0 20 40 60 80
0

20

40

60

80

Mean RPA intensity (a.u.)

M
ea

n 
γ-

H
2A

X 
in

te
ns

ity
 (a

.u
.)

24h (-) 24h c-Myc

48h (-) 48h c-Myc

R
el

at
iv

e 
fre

qu
en

cy
 (%

)

Replicative track length (μm)

M
yc M
yc

(-
)

CldU
15 mins

IdU
15 mins

E

Figure 3.3: c-Myc activation induces Replication Stress and DNA damage.
A) DNA fibre analysis. Schematic showing the pulse labelling with the two nucleotide
analogues, IdU and CldU. Immunofluorescence of representative fibres of untreated and
c-Myc activated cells. B) Histograms reporting the distribution of fibre length for control
and c-Myc-induced cells at the indicated times of 4OH-T addition in RPE1 c-Myc-ER and
RPE1 ER-empty cell lines; c-Myc-ER: p-value****<0.0001 calculated with Mann-Whitney
test. RPE1 ER-empty: p-value*=0.01 calculated with Mann-Whitney test. Representat-
ive of n=3 experiments. C) Western blot of γH2AX at the indicated time-points upon
4OH-T addition in RPE1 c-Myc-ER and RPE1 ER-empty cells. GAPDH is the loading
control. Representative of n=3 experiments. D) Representative images of immunofluor-
escence staining of chromatin-bound RPA and γH2AX in untreated and c-Myc-activated
cells. E) Scatter plot showing the intensity of RPA and γH2AX signal in single nuclei in
untreated, 24 h and 48 h c-Myc-activated cells. Black=RPA negative cells, orange=RPA
positive cells, red=RPA positive cells with higher γH2AX signal. Representative of n=3
experiments.
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3.2 Activation of c-Myc during S-phase does not generate

Replication Stress and DNA damage

It has been shown that oncogenes can generate RS by interfering with several mechanisms

that take place in different phases of the cell cycle. For example, the overexpression of some

oncogenes causes under-replication by inhibiting licensing during G1 (Ekholm-Reed et al.

[2004b]). This could generate RS because the replication machinery has to travel further

between origins in order to complete DNA replication. Other oncogenes can activate a

higher number of origins in S-phase therefore causing over-replication (Dominguez-Sola

et al. [2007b], Jones et al. [2013]). Over-replication in S-phase can lead to depletion of

replication factors (Bester et al. [2011], Toledo et al. [2014]), which causes slowdown of

forks progression and increases the chance of fork stalling and collapse. The increased

presence of ongoing forks in S-phase can also lead to collisions between replication and

transcriptional machineries (Jones et al. [2013], Macheret and Halazonetis [2018]), which

can be sources of RS.

To investigate how c-Myc generates RS, I needed to know in which phase of the cell cycle

the event that causes RS takes place. To study this, I arrested cells in different cell cycle

phases, released them with or without c-Myc activation and tested the levels of RS and

DNA damage in the following S-phase. Since many mechanisms that generate RS take

place in S-phase, I decided to synchronise cells at this stage using hydroxyurea (HU)

treatment. HU is a drug that inactivates the enzyme ribonucleotide reductase (RNR),

which catalyses the rate limiting step in the de novo nucleotide metabolism and therefore

depletes the ribonucleotide pool. As a consequence of this, dNTP concentrations drop

below a threshold and cells cannot complete DNA replication (Koç et al. [2004]). Cells

were treated with HU overnight to arrest them in early S-phase. The following day cells

were washed and released into fresh media and c-Myc was activated to test if its activation

at this stage would generate RS. 4OH-T was added 3 h before release to ensure that c-Myc

was active in the nucleus and its targets induced upon release from the HU arrest (See

experiment layout Figure 3.4A). Flow cytometry data shows that cells are in early S-phase

when released from the HU arrest, progress through S-phase and they complete S-phase

around 6-8 h after release (Figure 3.4B).

To test if in these settings the oncogene was active, I measured levels of Cyclin E, a

transcriptional target of c-Myc. The Western blot in Figure 3.4C shows that already

at time 0, Cyclin E levels are higher in c-Myc-activated cells compared to untreated,
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indicating c-Myc activation.
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Figure 3.4: Cells released from S-phase show activation of c-Myc. A) Schematic
of synchronisation experiments for S-release with HU. RPE1 c-Myc-ER cells were arrested
with HU over-night. 4OH-T was added 3 h before release. Cells were then washed and
released into S-phase. B) Cell cycle profiles at the indicated time-points after release from
HU, with and without c-Myc activation, generated with flow cytometry looking at DNA
content visualised with PI. C) Western blot of Cyclin E at the indicated time-points after
release from HU arrest, with and without c-Myc activation. 4OH-T was added 3 h before
release. GAPDH is a loading control. Representative of n=3 experiments.

Next, I analysed RS levels with DNA fibre analysis. Surprisingly, I did not observe any

decrease in DNA fibre length in c-Myc-activated cells compared to control (Figure 3.5A).

On the contrary, DNA fibres appear longer at all time-points upon oncogene induction.

This data could indicate that c-Myc activity during S-phase does not cause RS and might

even increase the replication potential of the cell (Pennycook et al. [2020]).

It is known that c-Myc overexpression increases replication origin activation (Dominguez-

Sola et al. [2007b]). To test if this is the case in our system, I measured the percentage

of origin firing in untreated and c-Myc-activated cells after S-release. DNA fibre analysis

allows the study of different replicative structure, not only ongoing replicative tracks, but

also origin initiations, terminating forks and stalled forks (Quinet et al. [2017]). Origin

initiations (firing) during the first labelling are characterised by a red track between two

green tracks. Origin initiations (firing) that are activated during the second labelling

are green tracks, which, however, cannot be distinguished from broken tracks. For this

reason, they are not included in the final origin firing count. I counted the numbers of

origin initiations and the total number of all types of fibres and I measured the percentage
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of origin firing. c-Myc activation increases origin firing by 28 % compared to untreated

cells (Figure 3.5A). Whilst this indicates that the oncogene was active, it also suggests that

increased replication origin firing, caused by c-Myc activation, is not sufficient to induce

RS in our experimental system because I did not observe shorter replication tracks.

It has been shown that prolonged stalling of replication forks can give rise to DNA damage

(Hanada et al. [2007]). As described previously, to quantify DNA damage I measured the

levels of γH2AX, a marker of the activation of the DNA damage response, via Western

blot analysis. As shown in Figure 3.5B, c-Myc activation does not increase DNA damage

levels in S-phase released cells, with γH2AX total levels being similar in c-Myc-activated

cells to untreated cells.
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Figure 3.5: Cells released from S-phase do not experience genomic instability.
Cells were arrested in S, released into the cell cycle upon c-Myc activation and RS and
DNA damage were assayed. A) Histograms reporting the distribution of fibre length for
control and c-Myc-induced cells at the reported times after release from HU arrest; p-
value****<0.0001, **=0.006 calculated with Mann-Whitney test. ‘Firing’ indicates the
percentage of origin initiations relative to the total number of fibres. n=1 experiment.
B) Western blot of γH2AX at the indicated time-points after release from HU arrest,
with and without c-Myc activation. GAPDH is a loading control. Representatives of n=4
experiments.

These results indicate that events taking place in S-phase, such as over-replication and

replication-transcription collisions, are possibly not the main causes of RS and genomic

instability in the first S-phase upon c-Myc activation in our system. However, it is im-

portant to point out that for these experiments c-Myc has been activated for at maximum

10-11 h, while previous experiments have been carried out after 24 h or 48 h of c-Myc

activation. Even if Cyclin E levels are higher in c-Myc-activated cells compared to un-

treated at these time-points (Figure 3.4), it is not possible to exclude that other events
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that generate c-Myc-induced RS require longer c-Myc activation to take place. Therefore,

I cannot completely rule out that these mechanisms could still play a role in generating

RS and genomic instability in our system.

3.3 Events in the G1-phase of the cell cycle are involved in

generating genomic instability upon c-Myc activation

Since S-phase does not seem to play a central role in generating RS in the first S-phase upon

c-Myc activation, I needed to investigate this further by synchronising cells in different

phases of the cell cycle. I decided to synchronise cells in G0-G1 by using confluency. In this

experiment, cells were left to grow for several days until they reach over-confluency and

they arrest by contact inhibition (Figure 3.6A). Cells were then trypsinised and plated

in fresh media. Afterwards, 4OH-T was added to activate c-Myc or left untreated as

control. Cells were collected at different time-points during the following S-phase and

different assays were carried out (Figure 3.6A). Unfortunately, RPE1 c-Myc-ER cells do

not release perfectly synchronously from a G0-G1 arrest, with a significant number of

cells not proliferating after release (Figure 3.6B). However, the level of synchronisation of

the cells that do release from the arrest is enough to enrich for cells that are in the first

S-phase after release and c-Myc activation.
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Figure 3.6: c-Myc-induced Replication Stress and DNA damage depend on
events in G1-phase. A) Schematic of the synchronisation experiments for G1-S re-
lease. RPE1 c-Myc-ER cells were left to grow to confluence, then trypsinised and plated
in fresh medium. After cell spreading, 4OH-T was added to induce c-Myc or left untreated
as control. Cells were collected at different time-points during the following S-phase. B)
Cell cycle profile at the indicated time-points after release from G1 with and without
c-Myc activation, generated with flow cytometry looking at DNA content visualised with
PI.

First, I looked at levels of RS after release upon c-Myc activation. In order to measure

RS, I analysed the length of DNA fibres. Oncogene activation reduces the average DNA
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fibre length at all time-points during S-phase compared to control, suggestive of slowing

down of replication forks (Figure 3.7A). The difference in replicative track length between

untreated and c-Myc-activated cells is smaller but still significant in early S-phase and it

becomes progressively larger during middle and late S-phase. Interestingly, the increased

difference seems to be the result of longer replicative tracks in untreated cells in middle and

late S-phase and not due to shorter tracks in c-Myc-activated cells (Figure 3.7A). This

result is in agreement with previous works, where the authors showed that replicative

tracks are longer in mid-late S-phase compared to S-phase in unperturbed conditions

(Frum et al. [2009]).

It has been shown that overexpression of oncogenes such as c-Myc and Cyclin E causes

over-replication by increasing the activation of replication origins (Dominguez-Sola et al.

[2007b], Jones et al. [2013]). However, oncogenes can also lead to under-replication by

inhibiting licensing during G1 (Ekholm-Reed et al. [2004b]). To test if in our system

c-Myc activation increases or decreases origin activation, I measured the percentage of

origin firing in untreated and c-Myc-activated cells in the first S-phase after G1 release.

As done before, I counted the numbers of origin initiations and the total number of all

types of fibres, and I measured the percentage of origin firing. c-Myc activation increases

origin firing by 40-45 % compared to untreated cells at all time-points after release (Figure

3.7A). This indicates that c-Myc causes increased origin activation. An increase, even if a

smaller one, in origin activation is seen also in cells released from S-phase (Figure 3.5A),

which do not experience RS. This could suggest that increased origin activation is not the

main mechanism of c-Myc-induced RS in our system, even if this data does not allow us

to completely exclude this as a possible cause of RS.

Since prolonged stalling of replication forks can give rise to DNA damage, I wanted to

establish the levels of replication stress-induced DNA damage in our system after release

from a G0/G1 arrest. As previously described, to quantify DNA damage I measured the

levels of γH2AX via Western blot analysis and the levels of chromatin-bound RPA2 and

γH2AX via quantitative immunofluorescence in released cells. γH2AX total levels are

higher at all time-points after release upon c-Myc activation compared to untreated cells

(Figure 3.7B). To assay the levels of DNA damage induced by RS, I measured the intensity

of RPA2 and γH2AX by quantitative immunofluorescence in single nuclei (Figure 3.7C, D).

In order to distinguish RS-induced DNA damage, I correlated the intensity of both RPA2

and γH2AX signal in individual nuclei (Figure 3.7D) in cells released for 20 h from G1
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Figure 3.7: c-Myc-induced Replication Stress and DNA damage depend on
events in G1-phase. Cells were arrested in G1, released into the cell cycle upon c-Myc
activation and RS and DNA damage were assayed. A) DNA fibre analysis of synchronised
cells. Histograms reporting the distribution of fibre length for control and c-Myc-induced
cells at the reported times after release from G1 arrest; p-value****<0.0001 calculated
with Mann-Whitney test. ‘Firing’ indicates the percentage of origin initiations relative to
the total number of fibres. Pool of n=2 experiments. B) Western blot of γH2AX at the in-
dicated times after release from G1 arrest, with and without c-Myc activation. GAPDH is
a loading control. C) Immunofluorescence staining of chromatin-bound RPA2 and γH2AX
after release from G1 arrest. Representative images of RPA2 and γH2AX immunofluor-
escence. D) Immunofluorescence staining of chromatin-bound RPA2 and γH2AX after
release from G1 arrest. Scatter plot showing the intensity of RPA2 and γH2AX signal in
single nuclei. Black=RPA2 negative cells, orange=RPA2 positive cells, red=RPA2 positive
cells with higher γH2AX signal. Representative of n=2 experiments. E) Graph showing
γH2AX intensity in individual S-phase cells plotted in a scatter plot. p-value****<0.0001
calculated with Mann Whitney test. Representative of n=2 experiments.
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arrest. c-Myc-activated cells show high levels of γH2AX in the RPA2-positive population

(Figure 3.7D). I also compared the levels of γH2AX of the RPA2-positive population in

untreated and upon the activation of the oncogene. I observed a significant difference

between the two populations, as shown in the scatter plot in Figure 3.7E. Taken together,

these results suggest that the activation of c-Myc in cells released from G0-G1 generate

RS and consequently DNA damage in the following S-phase.

To further establish a potential important role of events taking place during G1 in c-Myc-

induced RS, I decided to perform a similar cell cycle experiment but to synchronously

release cells into G1 from an arrest at the end of M-phase with Nocodazole. Nocodazole

interferes with the polymerization of microtubules by binding β-tubulin and therefore it

arrests cells in mitosis. In my experiments, I treated cells with Nocodazole for 8 h (Figure

3.8A). Cells that are in mitosis can be detached from the flask where they are cultured

without the use of trypsin. In fact, shaking the flask is sufficient to resuspend mitotic-

rounded up cells in the media, a process defined as ‘mitotic-shake off’. This process allows

the isolation of mitotic-arrested cells (Figure 3.8B). After this process, I plated the cells in

fresh media and left them to progress into G1. I checked under the brightfield microscope

when cells completed mitosis and progressed into G1. It is possible to recognise cells that

are in mitosis because they are rounded up, while when they release into the cell cycle

they spread on the surface they are attached to through membrane receptors. I added

4OH-T to induce c-Myc around 2 h after release, when cells enter G1, to be sure that

c-Myc activation would not affect mitosis (Figure 3.8A). I then collected cells in early and

middle S-phase and looked at levels of RS-induced DNA damage. Again, I measured the

intensity of RPA2 and γH2AX by quantitative immunofluorescence in single nuclei (Figure

3.8C-E). c-Myc activation increases the levels of γH2AX in RPA2-positive cells (Figure

3.8D, E), suggesting the presence of DNA damage in S-phase cells. Also the total levels of

γH2AX are higher upon c-Myc activation (Figure 3.8F). These experiments confirm that

c-Myc activation during G1 generates RS and DNA damage in the first S-phase.

3.4 Reduced licensing is not involved in generating genomic

instability upon c-Myc activation

Oncogene overexpression has been shown to induce RS by shortening the G1-phase and

reducing origin licensing (Ekholm-Reed et al. [2004b]). Because c-Myc activation in cells

released from G1 increases origin firing (Figure 3.7A), it is unlikely that this is the mech-
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Figure 3.8: Cells released from Nocodazole into G1 experience genomic instabil-
ity in S-phase. A) Schematic of the synchronisation experiments for G1 release with
Nocodazole. RPE1 c-Myc-ER cells were treated with Nocodazole for 8 h. After mitotic
shake-off cells were plated in fresh media. After cells were released into G1, 4OH-T was
added to induce c-Myc or left untreated as control. B) Cell cycle profiles of asynchron-
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cytometry looking at DNA content visualised with PI. C) Immunofluorescence staining of
chromatin-bound RPA2 and γH2AX after Nocodazole arrest. Representative images of
RPA2 and γH2AX immunofluorescence. D) Scatter plot showing the intensity of RPA2
and γH2AX signal in single nuclei. Black=RPA2 negative cells, orange=RPA2 positive
cells, red=RPA2 positive cells with higher γH2AX signal. Representative of n=2 exper-
iments. E) Graph showing γH2AX intensity in individual S-phase cells plotted in the
scatter plot. p-value****<0.0001 calculated with Mann-Whitney test. Representative of
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from Nocodazole arrest, with and without c-Myc activation. GAPDH is a loading control.
Representative of n=2 experiments.
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anism of oncogene-induced RS in our system. However, to confirm this, I measured the

length of G1 upon release from confluency both with and without c-Myc activation, by

evaluating the percentage of cells entering S-phase at several time-points after release us-

ing 5-Ethynyl-2’-deoxyuridine (EdU) incorporation. EdU is a thymidine analogue that is

incorporated into DNA during S-phase, and allows us to assay DNA synthesis in proliferat-

ing cells. With EdU staining it is possible to accurately visualise when cells enter S-phase,

because they incorporate the thymidine analogue during DNA replication. Figure 3.9A

shows that c-Myc-activated cells have a slightly shorter G1 compared to untreated cells

because they enter S-phase around 10 h after release, while untreated cells start entering

in S-phase 2 h later around 12 h.
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Figure 3.9: Reduced licensing is not involved in generating genomic instability
upon c-Myc activation. Cells were arrested in G1 and released into the cell cycle upon
c-Myc activation. A) Percentages of EdU-positive cells relative to 2 h time point at the
indicate time-points after release from G1 arrest, with and without c-Myc activation. At
time 2 h after release from the arrest in G1 a small percentage of cells is in S-phase (EdU-
positive cells). This percentage increase when cells enter into S-phase. n=3 experiments.
B) Representative images of chromatin-bound MCM7 levels in control and c-Myc-induced
cells. Representative of n=2 experiments. C) Graph showing MCM7 intensity in individual
total, G1 and S-phase cells after 18 h from release from G1, plotted in the scatter plot.
p-value****<0.0001, **=0.0018 calculated with the Mann-Whitney test. Representative
of n=2 experiments.
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This data shows that cells experiencing c-Myc activity display a slightly shorter G1. Since

it has been proposed that a shortening of G1 could cause a reduction in origin licensing, I

evaluated the amount of chromatin-bound MCM7 via quantitative immunofluorescence as

was previously done in Ekholm-Reed et al. [2004b]. MCM7 is part of the replicative DNA

helicase complex, the MCM 2-7 complex, and it is loaded around double stranded DNA

to complete the assembly of the pre-RC during origin licensing (Remus et al. [2009]). I

evaluated chromatin-bound MCM7 levels at 18 h after release from G1 arrest in untreated

and c-Myc cells (Figure 3.9B). I could distinguish cells in G1 or S-phase because I labelled

them with EdU, which allows the identification of replicating cells. In both populations, I

observed an increase in chromatin-bound MCM7 levels (Figure 3.9C) upon c-Myc induc-

tion. These results suggest that, even if c-Myc activation slightly reduces the length of

G1, it is unlikely that this would result in reduced origin licensing and cause RS.

3.5 Transcription-replication collisions and under-replication

are unlikely to be involved in generating genomic in-

stability upon c-Myc activation

c-Myc is known to induce a large transcriptional program to promote proliferation and

growth (Nie et al. [2012]). Therefore, its deregulation stimulates both replication and

transcription. It is possible that c-Myc activation generates RS in our system by in-

creasing transcription-replication interference. My data indicates that c-Myc-induced RS

does not depend on events during S-phase, suggesting that transcription-replication inter-

ference is unlikely the mechanism. However, to formally exclude this, I decided to test

the role of transcription-replication interference in causing RS using an inhibitor of tran-

scription, 5,6-Dichloro-1-beta-Ribo-furanosyl Benzimidazole (DRB) (Figure 3.10). DRB

inhibits transcription elongation by blocking the activity of RNA Polymerase II. Similar

experiments were performed in cells overexpressing Cyclin E to prove that oncogenic Cyc-

lin E generates RS by increasing the interference between the replication and transcription

machineries (Jones et al. [2013]).

To test this in G1-released cells, where I observed RS upon c-Myc induction, I first arrested

and released cells as described previously. Second, when cells were in S-phase, I added DRB

for 2 h and then processed them by DNA fibre analysis (Figure 3.10A). Finally, I assayed

the inhibition of RNA synthesis by evaluating 5-Ethynyl Uridine (EU) incorporation via

immunofluorescence (Figure 3.10B). EU is a uridine analogue that is incorporated into
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Figure 3.10: Transcription-replication collisions are not involved in generating
Replication Stress upon c-Myc activation. Cells were arrested in G1, released into
the cell cycle upon c-Myc activation and treated with DRB for 2 h before collection. A)
Histograms reporting the distribution of fibre length for untreated and c-Myc-induced
cells at 20 h after release from G1 arrest with and without the addition of DRB for 2 h;
representative of n=3 experiments. p-value****<0.0001 calculated with Mann-Whitney
test. B) Representative images of EU levels in control and c-Myc-induced cells with and
without the addition of DRB for 2 h.
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RNA transcripts generated by RNA polymerases I, II and III, but not into DNA (Jao and

Salic [2008]). It allows us to test if transcription is reduced upon DRB treatment. Figure

3.10B shows how DRB treatment decreases EU staining intensity in both untreated and

c-Myc-activated cells compared to the corresponding control. As expected, given the role

of c-Myc in inducing a large transcriptional program, EU staining is more intense upon

oncogene activation compared to untreated cells. DRB treatment in c-Myc cells reduces

the levels of EU staining to a level similar to untreated cells (Figure 3.10B). However, the

reduction in transcription does not rescue the replicative track length in c-Myc-activated

cells (Figure 3.10A). This could suggest that transcription-replication collisions are not

responsible for generating c-Myc-induced RS in the first S-phase after release from G1.

3.6 Summary

Oncogenic c-Myc activation is known to cause RS. Whilst several mechanisms have been

proposed, it is still not clear how c-Myc induces RS. In this chapter, I exploited a c-Myc

inducible cell line to study this process. First, I characterised the cell line by testing the

activation of some c-Myc targets and the induction of RS and DNA damage. As assayed

with DNA fibre analysis, c-Myc activation causes significant shortening in the replicative

track length, which indicates the presence of RS in these cells. c-Myc activation also

increases the levels of γH2AX, a marker of the DNA damage response.

To investigate how c-Myc induces RS, I arrested cells in different cell cycle phases, released

them with or without c-Myc activation and tested the levels of RS and DNA damage in

the first S-phase. First, I synchronised cells in S-phase using HU. Upon c-Myc activation

I did not observe increased RS and DNA damage in these settings. This could suggest

that c-Myc activation in this phase of the cell cycle is not sufficient to generate RS. I

then used confluency to arrest cells in G0-G1 and I released them upon c-Myc activation.

I then assayed RS with the DNA fibre assay and DNA damage with Western blot and

immunofluorescence in cells that are in the first S-phase after G1 release. In this case, I

observed an increase in both RS and DNA damage, which suggests that an event taking

place in this phase of the cell cycle is important in the process of c-Myc-induced RS. An

event that can generate RS and that depends on G1 is origin licensing. Reduced origin

licensing upon oncogene activation causes under-replication. However, in our system I did

not observe reduced licensing.

Another possible cause of RS is the interference between replication and transcription
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machineries. To test if this could be the cause of RS in our system, I treated cells with

the inhibitor of transcription DRB and I measured RS. My results could indicate that

replication-transcription collisions are also not responsible for generating RS upon c-Myc

activation in these settings.
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c-Myc activation increases cohesin

chromatin occupancy in G1

In the previous chapter, I showed how an event taking place in G1 is responsible for

generating RS in the following S-phase upon activation of the oncogene c-Myc. In this

chapter, I investigate which process that takes place in the G1-phase of the cell cycle is

deregulated upon oncogenic c-Myc activation and that can therefore be the cause of RS

in our system.

Recent studies have suggested that the cohesin complex, which binds the DNA throughout

the cell cycle, might play a role in causing genomic instability (Canela et al. [2017], Minchell

et al. [2020]). The cohesin complex participates in many processes in the cells, from sister

chromatid cohesion (Michaelis et al. [1997]) to DNA double strand breaks repair (Sjögren

and Nasmyth [2001], Schär et al. [2004]), and from chromatin organisation (Pope et al.

[2014], Dileep et al. [2015b]) to transcription regulation (Kagey et al. [2010]). During the

cell cycle, this complex is loaded and unloaded from DNA and this regulation plays an

important part in its function.

During S-phase, cohesins promote binding between sister chromatids (Michaelis et al.

[1997]), which is maintained through S and G2 where the complex promotes DNA damage

repair by homologous recombination (Sjögren and Nasmyth [2001], Schär et al. [2004]).

The cohesin complex is then removed from DNA in M-phase, and this removal allows for

the separation of sister chromatids (Waizenegger et al. [2000], Uhlmann et al. [1999], Peters

and Nishiyama [2012]). The complex is then loaded again on DNA during G1, where it
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organises the structure of chromatin by promoting long-range interactions (Hadjur et al.

[2009], Nativio et al. [2009]). The process of loop formation by cohesin, which is required

for long-range interactions has been linked to genomic instability and chromosome fragility

(Canela et al. [2017]). In addition, the presence of cohesin on DNA has been shown

to generate DNA damage because the complex serves as a barrier for the spreading of

topological stress during DNA replication (Minchell et al. [2020]). These studies indicate

that the binding of cohesin to DNA generates genomic instability in G1 and S-phase.

It has been shown that activation of oncogenes or inactivation of tumour suppressor can

alter the binding of cohesin to DNA (Manning et al. [2014], Benedict et al. [2020]). For

this reason, we hypothesised that the activation of the oncogene c-Myc could modify the

binding of cohesin to DNA in the G1-phase of the cell cycle and that this could contribute

to generate RS.

To address this, in this chapter I investigate if oncogenic c-Myc activation modifies the

expression and presence of the cohesin complex on DNA. The findings described here are

in line with the idea that oncogenic c-Myc upregulates the activity of cohesin and its

binding to DNA. This suggests that the cohesin complex might have a role in generating

RS in our system.

4.1 c-Myc activation increases binding of cohesin subunits

to DNA in G1

Given the possible role of the cohesin complex in generating genomic instability (Canela

et al. [2017], Minchell et al. [2020]), I hypothesised that the activation of c-Myc could

increase cohesin chromatin occupancy which in turn could slow down the replisome and

therefore generate RS in S-phase.

To test this hypothesis, I looked at the chromatin-bound levels of the two cohesin subunits

SMC1 and SMC3. To do so, I performed quantitative immunofluorescence in extracted

nuclei in cells released from G1 arrest. This extraction method allows the visualisation of

proteins that are bound to DNA. I then used antibodies that recognise the two different

subunits and I quantified the intensity of the signals in single nuclei (Figure 4.1). I

performed the experiments at 14 h and 18 h after release from a G1 arrest, with and

without c-Myc activation. At both time-points, the levels of chromatin-bound SMC1 and

SMC3 are higher in c-Myc-activated cells compared to untreated (Figure 4.1). Due to the
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role of c-Myc in promoting cellular proliferation and controlling the expression of many

genes implicated in S-phase entry and progression (Amati et al. [1998a]), its activation

could push the progression of more cells into S-phase. Because S-phase cells are known

to experience more cohesin binding due to sister chromatid cohesion, distinguishing the

population of cells in the different phases would allow us to exclude that having more

S-phase cells upon c-Myc activation is responsible for the increase in cohesin occupancy in

the total population. To exclude this, I decided to stain cells for RPA (not shown). Cells

stained with RPA are cells in S-phase while the remaining cells are mostly in G1. Upon

RPA staining, my data shows that the increase in chromatin-bound SMC1 and SMC3

upon c-Myc activation is present in both G1 and S-phase cells (Figure 4.1).
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Figure 4.1: c-Myc activation increases cohesin binding to chromatin in G1 and
S-phase cells. Synchronised cells were released into the cell cycle and immunofluorescence
of chromatin-bound cohesin subunits SMC1 and SMC3 were performed at 14 h and 18 h
after release and c-Myc activation. Left panels; representative images of SMC1, SMC3
bound to chromatin and Hoechst. Right: graph reporting the intensity of SMC1 and
SMC3 signals in total, S-phase and G1-phase single nuclei of untreated and c-Myc cells.
p-value****<0.0001 calculated with Mann-Whitney test. Pool of n=3 experiments.

To confirm this result, the same experiment was carried out in asynchronous populations

upon 8 h and 16 h of c-Myc activation. In this case, I only measured levels of SMC1.

Again, I could detect an increase in chromatin-bound SMC1 at both time-points in G1

and S-phase cells (Figure 4.2), in agreement with data obtained in cells released from G1.
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Figure 4.2: c-Myc activation increases cohesin binding to chromatin in asyn-
chronous G1 and S-phase cells. Graphs reporting the intensity of chromatin-bound
SMC1 signal in total, S-phase and G1-phase single nuclei of untreated and c-Myc cells after
8 h and 16 h the oncogene activation. p-value****<0.0001 calculated with Mann-Whitney
test. Pool of n=3 experiments.

I also assessed the binding of cohesin to DNA by performing chromatin extraction and

Western blot. As shown in Figure 4.3, both SMC1 and SMC3 cohesin subunits are in-

creased in chromatin fractions upon c-Myc activation compared to control. Noticeably,

the total levels of the two SMC subunits do not change in c-Myc-activated cells, sug-

gesting that maybe their regulation, rather than their protein level, is affected by c-Myc.

Altogether, the experiments described in this section indicate that the activation of the

oncogene c-Myc increases cohesin chromatin occupancy.

GAPDH

SMC1

H3

 +-Myc  +-

Chromatin Total

GAPDH

SMC3

H3

 +-Myc  +-

Chromatin Total

Figure 4.3: c-Myc activation increases cohesin levels on chromatin in asyn-
chronous population. Western blot of chromatin preparations and total cell lysates in
asynchronous population with and without c-Myc activation for 16 h. GAPDH and H3
are loading controls. Representative of n=3.

4.2 Increased binding of cohesin complex is promoted by

loading and stabilisation

Having established that c-Myc increases cohesin chromatin occupancy, I decided to in-

vestigate how the oncogene is able to increase the binding of cohesin to chromatin. In

the previous section I showed that c-Myc does not seem to directly activate the expres-
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sion of SMC1 and SMC3 cohesin subunits (Figure 4.3). However, it is possible that the

expression of some cohesin regulators, such as cohesin loaders and unloaders or cohesion

establishment factors, is modified by c-Myc activity. Modifying cohesin regulation would

also affect the presence of cohesins on DNA.

To test this hypothesis, I looked at total protein levels of cohesin subunits and regulators

by Western blot. As shown in Figure 4.4A, in asynchronous cells the activation of c-Myc

for 8 h and 16 h does not alter the protein levels of the cohesin subunits SMC1, SMC3

and Rad21. However, it does increase the levels of the cohesin loader Mau2 both in whole

cell extract and on chromatin (Figure 4.4A, C). This increase is caused by activation of

the oncogene, because the levels of the cohesin loader Mau2 do not change in the control

cells RPE1 ER-empty, when treated with 4OH-T (Figure 4.4B). As well as Mau2, also

the levels of the other cohesin loader NIPBL are increased upon c-Myc activation (Figure

4.4B). This indicates that c-Myc activation increases the protein levels of both cohesin

loaders and could therefore promote more cohesin loading on DNA.

Another cohesin regulator whose levels are increased upon c-Myc activation is the estab-

lishment factor ESCO1 (Figure 4.4A, C). As described in the introduction, the cohesin

complex cyclically associates and dissociates from the DNA during the cell cycle. Cohesin

association to DNA can be dynamic or more stable. Loading of cohesin on DNA depends

on two cohesin loaders, NIPBL and Mau2 (Ciosk et al. [2000]), while the stable binding

of cohesin to DNA is achieved through the activity of establishment factors (Tóth et al.

[1999], Gerlich et al. [2006]). Some degree of cohesin stabilisation takes place throughout

the entire cell cycle. In G1, it is mainly promoted by ESCO1, which acetylates the SMC3

subunit of the cohesin ring (Minamino et al. [2015], Wutz et al. [2020]), therefore pre-

venting its unloading from DNA. Since ESCO1 levels are increased upon c-Myc activation

in asynchronous cells, I decided to test if also cohesin stabilisation is accentuated as a

consequence of c-Myc activation. To test this, I measured the levels of SMC3 acetylation

(SMC3-ac) in whole cell extract and on chromatin by Western blot. SMC3 acetylation ap-

pears to be higher in c-Myc-activated cells in both cases compared to untreated, as shown

in Figures 4.4A and C. This result supports the hypothesis that c-Myc could increase

cohesin stabilisation.

I repeated the same experiments in G1-released cells. Also in this case, c-Myc-activation

increases the levels of Mau2, ESCO1 and SMC3-ac (Figure 4.5A, B). Interestingly, unlike

in asynchronous cells, the levels of cohesin subunits, such as SMC1, SMC3 and Rad21
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Figure 4.4: c-Myc activation increases levels of cohesin loading and stabilisa-
tion in asynchronous cells. Western blot showing the levels of cohesin subunits and
regulators in whole cell extracts and on chromatin in asynchronous cells. A) Western blot
showing total levels of cohesin subunits and regulators in an asynchronous population with
and without c-Myc activation for the indicated time-points. Representative experiment of
n=2. GAPDH is a loading control. B) Western blot of Mau2 and NIPBL at the indicated
time-points upon 4OH-T addition in RPE1 c-Myc-ER and RPE1 ER-empty cell lines.
C) Western blot of chromatin preparations and total cell lysates in asynchronous popu-
lation with and without c-Myc activation for 16 h. GAPDH and H3 are loading controls.
Representative of n=2.

are higher upon c-Myc activation, as shown in Figure 4.5A and quantified in Figure 4.5B.

Given the role of c-Myc in promoting cellular proliferation and in controlling the expression

of many genes implicated in S-phase entry and progression (Amati et al. [1998b]), I tested

if this increase in cohesin subunits and regulators was due to c-Myc activity rather than

differences in the cell cycle between c-Myc and control cells. In fact, cohesin activity is

more pronounced in S-phase because at this stage it promotes sister chromatid cohesion.

Therefore, if more cells in the population are in S-phase upon c-Myc activation (Figure

3.6B), cohesin levels might be higher. To exclude this hypothesis, I treated cells with a

Cdk4/6 inhibitor, Palbociclib (Palb), which arrests cells in early G1 (Figure 4.5C) and

therefore prevents them from transitioning into S-phase. Treatment with Palb reduced

the global level of the proteins in both untreated and c-Myc cells, suggesting some global

effects on protein translation as indicated in Romero-Pozuelo et al. [2020]. However,

the activation of the oncogene still increased the levels of Mau2, ESCO1 and SMC3-ac
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compared to untreated cells (Figure 4.5A), suggesting that c-Myc’s effects on cohesin

loading and stabilisation are independent of cell cycle progression. While the increase of

Mau2 and ESCO1 is detectable in synchronised cells both with or without Palb treatment,

the increase in cohesin subunits is present only in G1-released cells (Figure 4.5A, B).

This indicates that the increase in cohesin subunits observed in synchronous but not in

asynchronous cells is due to the fact that more cells are in S-phase at that stage (Figure

3.6B, 4.5C).

The previously described experiments show that c-Myc increases the levels of some proteins

involved in cohesin regulation. I hypothesised that c-Myc, being a transcription factor,

could be doing this by activating their expression. To test this hypothesis, I measured

mRNA levels of several cohesin subunits and regulators in synchronous (Figure 4.6A) and

asynchronous (Figure 4.6B) cells. The activation of c-Myc was assessed by measuring the

mRNA levels of two of its early targets, eIF4E and Cyclin E (Figure 4.6A, B). Figure 4.6A

shows a time-course of mRNA levels in G1-released cells. The increase in mRNA levels of

SMC1, SMC3 and Rad21 reflects the increase in protein levels observed in Western blot

(Figure 4.5A, B), especially at 18 h after release and c-Myc activation (Figure 4.6A), but

as mentioned before, this increase is probably caused by the presence of more S-phase

cells in the c-Myc population. In fact, in the asynchronous population, SMC1 and Rad21

mRNA levels do not change upon c-Myc activation (Figure 4.6B). Surprisingly, SMC3

mRNA levels show an increase, which however does not result in an increase in protein

levels. It is possible that while more SMC3 mRNA is generated, it is not all translated

into the protein or more is degraded.

I then looked at the mRNA levels of the cohesin loaders and the establishment factor

ESCO1. A small but significant increase in Mau2 and ESCO1 mRNA levels is detectable

at 18 h in G1-released cells (Figure 4.6A). The same is true in asynchronous cells both

at 24 h and 48 h of c-Myc activation (Figure 4.6B). I also tested the mRNA levels of the

other cohesin loader, NIPBL, which do not seem to be affected by oncogene activation

(Figure 4.6A, B). However, as shown in Figure 4.4B, NIPBL protein levels are increased

upon c-Myc activation. Because it has been shown that the presence of one loader is able

to stabilise the other (Wendt et al. [2008], Chao et al. [2015], Hinshaw et al. [2015]), it

is possible that increased Mau2 levels could affect NIPBL stability. I also investigated

the effects of c-Myc on other cohesin regulator, Pds5, ESCO1 and Wapl. Pds5 modulates

the interaction of cohesin with DNA. It has been suggested that Pds5 could regulate
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Figure 4.5: c-Myc activation increases levels of cohesin loading and stabilisation
in synchronous cells. A) Western blot showing total levels of the cohesin subunits and
regulators in cells at 18 h after release, with and without c-Myc activation, treated with
Palb or DMSO for 24 h as indicated. Representative of n=3 experiments. B) Western
blot quantification of the indicated proteins in untreated and c-Myc-activated cells at 18 h
after release from G1. n=7 for Mau2 and SMC1A, n=6 for Rad21, n=5 for SMC3, n=4
for ESCO1 and SMC3-ac. p-value calculated with Student’s t-test. C) Cell cycle profile
at 20 h after release from G1, with and without c-Myc activation and with the addition of
Palb or DMSO for 24 h.
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both loading and unloading of cohesin and that it probably contributes to the stability

of the cohesin ring (Murayama and Uhlmann [2015]). mRNA levels of Pds5 show the

highest increase among all cohesin-related proteins upon c-Myc activation (Figure 4.6A),

however the protein levels could not be ascertained due to the inefficiency of the available

commercial antibodies.

Wapl is the release factor that allows the unloading of the cohesin complex from DNA

(Kueng et al. [2006] Tedeschi et al. [2013]). Wapl mRNA levels are only slightly increased

upon c-Myc activation (Figure 4.6B). Of the cohesin regulators shown in Figure 4.6B,

ESCO2 shows an interesting phenotype. ESCO2 is another establishment factor, which is

expressed only in S-phase and it mainly promotes sister chromatid cohesion (Hou and Zou

[2005], Kawasumi et al. [2017]). ESCO2 behaves in an opposite way than ESCO1, in fact

its mRNA levels are significantly decreased upon c-Myc activation. Why ESCO2 mRNA

levels are decreased upon c-Myc activation is not clear at this stage.

In conclusion, in this section I showed that c-Myc activation increases the expression of

the cohesin loader Mau2 and the establishment factor ESCO1. Conversely, c-Myc does

not seem to activate the expression of the cohesin subunits. Therefore, it is possible that

the enhanced cohesin chromatin occupancy upon c-Myc activation is a result of increased

loading and stabilisation.

4.3 ChIP-seq data confirms increased binding of cohesin

upon c-Myc activation, specifically at CTCF sites

The experiments described so far indicate that cohesin chromatin occupancy is increased

upon oncogenic c-Myc activation. However, the data does not allow to distinguish if the

increased binding happens broadly on DNA or if it is concentrated at specific sites. To

answer this question, Dr Cosetta Bertoli in the lab, in collaboration with Tanya Singh

and Harshil Patel at the Crick institute, performed a ChIP-seq analysis looking at sites

where SMC1 binds to chromatin (Figure 4.7A). She performed these experiments at 48 h

of c-Myc activation, when it is possible to observe consistent levels of RS (Figure 3.3B),

and there are no obvious differences in cell cycle profiles between control and c-Myc cells

(Figure 3.2A). This technique is mostly qualitative and not quantitative. It allows us to

study whether a protein is bound to a specific DNA sequence but it does not measure the

amount of such protein. This experiment shows that the total number of cohesin peaks is
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Figure 4.6: c-Myc activation regulates the expression levels of some cohesin
subunits and regulators. RT-qPCR showing the levels of several cohesin subunits
and regulators in synchronous and asynchronous cells at different time-points of c-Myc
activation. A) mRNA levels of cohesin subunits and regulators at the indicated time-points
of c-Myc activation and release from G1. n=5 or 6. p-value calculated with Student’s t-
test. B) mRNA levels of cohesin subunits and regulators at the indicated time-points
of c-Myc activation in asynchronous population. n=6 for Cyclin E, ESCO2, NIPBL,
Wapl and Sororin, n=4 for the remaining. p-value calculated with Student’s t-test. C)
mRNA levels of Mau2 and ESCO1 at the indicated time-points of c-Myc activation in
asynchronous population. n=6. p-value calculated with Student’s t-test.
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50,493 in c-Myc-activated and 43,906 in control cells (Figure 4.7B). This shows that the

number of cohesin peaks is higher in c-Myc-activated than in control cells. Looking at

the number of peaks, while the vast majority (38,103) is common to control and c-Myc-

activated cells, 12,390 are unique for c-Myc-activated and 5,803 are only present in control

cells (Figure 4.7B). Motif analysis of the common binding sites was carried out to test if

the binding of cohesin changes upon c-Myc activation. This analysis shows that peaks

that are common between the two conditions are located at CTCF sites. Also peaks that

are specific to c-Myc cells are enriched for CTCF binding motifs, while untreated-specific

peaks are enriched for other sequences (Figure 4.7B). This data suggests that the c-Myc-

dependent increase in cohesin chromatin occupancy is mainly at CTCF sites. An analysis

on the distribution of cohesin in genic and intergenic regions was also carried out, but it

did not show any changes in c-Myc cells compared to untreated cells (Figure 4.7C).

In conclusion, the ChIP-seq data shows that upon c-Myc activation increased cohesin

chromatin occupancy mainly occurs at CTCF sites.
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Figure 4.7: c-Myc activation increases cohesin binding to DNA, specifically
at CTCF sites. ChIP-seq analysis of SMC1 binding to DNA in untreated and c-Myc-
activated cells at 48 h of c-Myc activation. A) Binding of SMC1 to the reported DNA locus
in untreated and c-Myc-activated cells. Two repeats for each condition are represented.
B) Graph representing the analysis of SMC1 binding distribution in c-Myc and untreated
cells. Binding motif prediction with p-value for each group, along with the published
similar consensus identified. C) Analysis of the genomic features of peak locations in
c-Myc only, untreated only and common sites.

4.4 CTCF expression and binding to DNA is increased upon

c-Myc activation

In the previous section, I showed that c-Myc induces the binding of more cohesins, most

likely at sites where the transcription factor CTCF binds the DNA. In healthy cells, the

cohesin complex is often found at CTCF sites and together they participate in the process

of loop formation, which is key in the establishment of long-range chromatin interactions

(Wendt et al. [2008], Dixon et al. [2012]). Since CTCF seems to play an important role in

this process, I investigated how the levels of this protein are affected by c-Myc activation.

As I did previously for cohesins, I looked at chromatin-bound and total protein levels.

As shown in Figure 4.8A, CTCF binding to chromatin is increased in c-Myc-activated
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compared to untreated cells released from G1 arrest. This is in agreement with an increase

in total CTCF protein levels, both in G1-released cells (Figure 4.8B, C) and asynchronous

cells (Figure 4.8D). Therefore, I can conclude that c-Myc seems to increase the levels and

binding to DNA of CTCF. Since cohesin is known to localise at CTCF sites, having more

CTCF on chromatin could contribute to the accumulation of the complex in these specific

regions of the genome.
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Figure 4.8: c-Myc activation increases CTCF total levels and CTCF binding
to DNA. Immunofluorescence and Western blot analysis of CTCF levels in untreated
and c-Myc activated cells. A) Synchronised cells were released into the cell cycle and
immunofluorescence of chromatin-bound CTCF were performed at 18 h after release and
c-Myc activation. Left panels; representative images of CTCF bound to chromatin and
Hoechst. Right: graph reporting the intensity of CTCF signal in untreated and c-Myc
cells. p-value****<0.0001 calculated with Mann-Whitney test. Representative of n=3
experiments. B) Western blot showing total levels of CTCF in G1-released cells with and
without c-Myc activation for 18 h. Representative experiment of n=4. GAPDH is a loading
control. C) Western blot quantification of CTCF in untreated and c-Myc-activated cells
at 18 h after release from G1. n=4. p-value=0.035 calculated with Student’s t-test. D)
Western blot showing total levels of CTCF in asynchronous population with and without
c-Myc activation for the 24 h. Representative experiment of n=3. GAPDH is a loading
control.
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4.5 Summary

Recent studies have shown that the cohesin complex might be involved in generating

genomic instability in G1 and S-phase of the cell cycle (Canela et al. [2017], Minchell et al.

[2020]). In this chapter, I investigated if the activation of c-Myc in our system increases

cohesin chromatin occupancy and affects the expression of cohesin and its regulators. I

quantified the levels of cohesin on DNA by quantitative immunofluorescence in extracted

nuclei and chromatin fractionation followed by Western blot analysis. Both experiments

confirmed the presence of more cohesins bound to chromatin in c-Myc-activated cells

compared to untreated cells. This increase is probably caused by higher levels of cohesin

loading and stabilisation. In fact, activation of c-Myc positively regulates the expression

of the loader Mau2 and the establishment factor ESCO1, as well as the acetylation of

SMC3, which indicates cohesin stabilisation. Mau2 and ESCO1 mRNA and protein levels

are also higher in c-Myc-activated cells compared to untreated, while the levels of cohesin

subunits do not seem to be consistently affected by c-Myc activation both at the protein

and mRNA levels.

To distinguish if the increased binding of cohesin happens broadly on DNA or if it is

concentrated at specific sites, Dr Cosetta Bertoli in the lab, in collaboration with Dr.

Tanya Singh and Dr. Harshil Patel at the Crick Institute, performed a ChIP-seq analysis

to assay where the cohesin subunit SMC1 of the complex is located on DNA in the two

different conditions. This experiment shows that the total number of cohesin peaks in

c-Myc cells is higher than the total number in untreated cells. In addition, even if the

vast majority of peaks are in common, the number of cohesin peaks specific to c-Myc cells

is higher than the untreated cells specific ones. Sequence analysis of the binding sites

showed that peaks that are specific to c-Myc cells are enriched for CTCF binding sites.

This indicates that the c-Myc-dependent increase in cohesin chromatin occupancy occurs

mainly in these regions. Since CTCF seems to play an important role in this process, I

investigated how the levels of this protein are affected by the activation of c-Myc. The

data shows that CTCF is more bound to chromatin in c-Myc compared to untreated cells

and that CTCF protein levels are higher upon c-Myc activation.

In conclusion, in this chapter, I showed that c-Myc activation increases cohesin chromatin

occupancy, most likely through higher cohesin loading and stabilisation, specifically at

CTCF sites.
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Reducing the levels of cohesin on

chromatin at CTCF sites prevents

c-Myc-induced Replication Stress

Data described in the previous chapter indicates that oncogenic c-Myc activation interferes

with the regulation of the cohesin complex throughout the cell cycle. Specifically, c-Myc

activation increases the binding of the cohesin complex to DNA and expands the process

of cohesion stabilisation particularly in the G1-phase of the cell cycle. As a consequence

of this, the occupancy of cohesin on DNA is increased, especially at CTCF sites. Whilst

these are sites where the cohesin complex is known to accumulate (Wendt et al. [2008]),

previous studies have also suggested that cohesin accumulation on DNA can contribute

to the generation of genomic instability (Canela et al. [2017], Senigl et al. [2019]). It is

therefore possible that the increase in cohesin chromatin occupancy, induced by c-Myc,

could contribute to the generation of RS.

If the increased presence of the cohesin complex upon c-Myc activation interferes with

replication and contributes to generate RS and genomic instability, reducing the levels

of cohesins available should decrease the detrimental effects observed upon the oncogene

hyper-activation. In this chapter, I investigate whether the knock down of cohesin subunits

and regulators, while decreasing cohesin chromatin occupancy, could prevent the genomic

instability generated by c-Myc activation. I show that depleting the kleisin subunit Rad21,

the loading factor Mau2 and the transcription factor CTCF reduces RS and DNA damage

in c-Myc-activated cells. In addition, I show that lowering the levels of cohesin stabilisation
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by knocking down ESCO1 also reduces genomic instability generated by c-Myc activation.

These results confirm that the increased presence of the cohesin complex on DNA plays a

central role in c-Myc-induced RS.

5.1 Reducing the levels of cohesin on chromatin by deplet-

ing Rad21 lowers c-Myc-induced Replication Stress

To test if increased cohesin occupancy contributes to c-Myc-induced genomic instability, I

reduced the levels of cohesins by knocking down the kleisin subunit Rad21. This subunit is

a structural component of the cohesin ring and it contributes to keeping together the two

ATPase heads at one end of the complex (Haering et al. [2004], Palecek et al. [2006]). As

a previous study indicated that depleting Rad21 generates genomic instability (Rohban

et al. [2017]), I used a non-efficient siRNA (Figure 5.1) to ensure that the reduction of

Rad21 would not cause cell cycle defects during the first S-phase. To test this, I knocked

down Rad21 in untreated and c-Myc cells and I looked at the cell cycle profiles with

flow cytometry after staining the cellular DNA with Propidium Iodide (PI). As shown in

Figure 5.2A, Rad21 depletion does not affect the cell cycle profiles suggesting that using a

non-efficient siRNA does not cause problems to cell cycle progression at this stage. I then

quantified the amount of the cohesin subunit SMC1 bound to chromatin after depletion of

Rad21. As expected, knocking down Rad21 reduces the levels of chromatin-bound SMC1

both in untreated and in c-Myc-activated cells (Figure 5.3). Importantly, here the levels

of SMC1 on chromatin in Rad21-depleted cells upon c-Myc activation are similar to the

untreated control cells. These results indicate that in this experimental setting, depletion

of Rad21 in c-Myc-activated cells prevents the increase in cohesin binding to DNA observed

upon c-Myc activation. Therefore, this system allows us to verify if increasing cohesin

occupancy could generate genomic instability.

To test whether increased cohesin binding to DNA generates genomic instability, I first

measured the levels of RS in control and Rad21-depleted cells with and without c-Myc

activation. Reducing the levels of cohesin chromatin occupancy in c-Myc-activated cells

increases DNA fibre length, thus preventing RS, in the first S-phase of synchronised cell

populations (Figure 5.4). The same rescue in fibre length is detected in asynchronous cells

after 24 h of Rad21 depletion and c-Myc activation (Figure 5.4B). This supports the idea

that c-Myc-dependent increase in cohesin on DNA could contribute to the generation of

RS. Noticeably, depleting Rad21, and thereby cohesin chromatin occupancy, in untreated
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Figure 5.1: Rad21 knock down. Western blot showing the protein levels of the kleisin
subunit Rad21 after its depletion with a non-efficient siRNA in synchronous and asyn-
chronous cells. A) Western blot of Rad21 at 20 h after release from G1 arrest and knock
down of Rad21, with and without c-Myc activation. GAPDH is a loading control. Rep-
resentative of n=6 experiments. B) Western blot of Rad21 after knock down of Rad21,
in asynchronous population, with and without c-Myc activation for 24 h. GAPDH is a
loading control. Representative of n=3 experiments.
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Figure 5.2: Cell cycle profiles and the extent of origin firing are not affected by
Rad21 depletion. Graphs showing cell cycle profiles and percentage of origin firing in
control and knocked down cells. A) Cell cycle profile at 20 h after release from G1 and
knock down of Rad21, with and without c-Myc activation generated with Propidium Iodide
(PI) staining and flow cytometry. Representative of n=3 experiments. B) Percentages of
origin firing at 20 h after release from G1 arrest and Rad21 knock down, with and without
c-Myc activation. p-value**=0.0035 calculated with Student’s t-test. n=3 experiments.
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cells has the opposite effect, reducing DNA fibre length, which indicates the generation

of RS. This is in line with published work showing that the cohesin complex, in unper-

turbed conditions, plays an important role in maintaining genome stability (Sjögren and

Nasmyth [2001], Schär et al. [2004], Terret et al. [2009], Frattini et al. [2017], Tittel-Elmer

et al. [2012]). As mentioned before, depletion of Rad21 increases replicative track length

in c-Myc-activated cells, indicating the prevention of RS. However, the increase in track

length can also result from fewer active replication forks, which has been shown to allow

forks to proceed faster (Zhong et al. [2013]). To test if the lengthening of the replicat-

ive forks in Rad21-depleted cells could be a consequence of reduced origin activation, I

measured the percentage of origin firing by counting the number of origins in the DNA

fibre assay. As shown in Figure 5.2B, Rad21 depletion does not affect origin firing both in

untreated and c-Myc-activated cells, excluding this as a possible cause of the lengthening

of the replicative tracks.
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Figure 5.3: Rad21 knock down reduces cohesin binding to chromatin. Syn-
chronised cells were released into the cell cycle and Rad21 knock down was carried out.
Immunofluorescence of chromatin-bound cohesin subunit SMC1 was performed at 18 h
after release and c-Myc activation. Left panels; representative images of SMC1 bound to
chromatin and Hoechst. Right: graph reporting the intensity of SMC1 signal in control
and Rad21 knocked down single nuclei of untreated and c-Myc cells. p-value****<0.0001
calculated with Mann-Whitney test. Representative of n=3 experiments.

I then tested if knocking down Rad21 would reduce the levels of DNA damage upon c-Myc

activation. As shown in Figure 5.5, Rad21 depletion decreases the levels of the DNA dam-

age response marker γH2AX both in synchronous (Figure 5.5A) and asynchronous (Figure

5.5B) cell populations. This indicates that lowering the levels of cohesin on DNA by de-
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Figure 5.4: Rad21 knock down reduces c-Myc-induced Replication Stress. For
synchronous experiments, cells were released into the cell cycle, Rad21 knock down was
carried out and c-Myc was activated for 20 h. For asynchronous experiments, Rad21 was
knocked down for 24 h and c-Myc was activated for the same time. DNA fibre assay
was performed for all conditions. A) Immunofluorescence of representative fibres. B)
Histograms reporting the distribution of fibre length for sicontrol and siRad21 cells with
and without c-Myc activation. Top: synchronised cells at 20 h after release and c-Myc
activation; p-value****<0.0001 calculated with Mann-Whitney test. Pool of n=3 exper-
iments. Bottom: asynchronous cells at 24 h after knock-down and c-Myc activation; p-
value**=0.0026, p-value****<0.0001 calculated with Mann-Whitney test. Representative
of n=2 experiments.

pleting Rad21 reduces the genomic instability generated by oncogenic c-Myc activation.

The transcriptional activity of c-Myc is not affected by Rad21 depletion because the levels

of several c-Myc targets do not change when Rad21 is knocked down (Figure 5.6).

5.2 Increased cohesin loading plays a crucial role in c-Myc-

induced Replication Stress

The loading and unloading of the cohesin complex onto DNA is regulated by different

proteins to ensure correct chromatin occupancy. The loading reaction is promoted by two

loaders called NIPBL and Mau2 (Ciosk et al. [2000]), where NIPBL is the essential loader.

107



Chapter 5

Myc
γ-H2AX

GAPDH

Rad21

sicont siRad21 sicont siRad21
0.0

0.5

1.0

1.5

2.0

2.5

-H
2A

X
 in

te
ns

ity
 re

la
tiv

e 
to

 G
A

P
D

H

**

ns

(-) Myc

γ-H2AX

GAPDH

Rad21

 +-  -  +Myc
sicont siRad21

A

sicont siRad21 sicont siRad21
0.0

0.5

1.0

1.5

-H
2A

X 
in

te
ns

ity
 re

la
tiv

e 
to

 G
AP

D
H

(-) Myc

ns

***

B
 +-  -  +

sicont siRad21

Myc

Myc

Figure 5.5: Rad21 knock down reduces c-Myc-induced DNA damage. For syn-
chronous experiments, cells were released into the cell cycle, Rad21 knock down was carried
out and c-Myc was activated for 20 h. For asynchronous experiments, Rad21 was knocked
down for 24 h and c-Myc was activated for the same time. Western blot was carried out
to test the levels of the DNA damage response marker γH2AX. A) Left: Western blot
of γH2AX and Rad21 at 20 h after release from G1 arrest and knock down of Rad21,
with and without c-Myc activation. GAPDH is a loading control. Right: γH2AX West-
ern blot quantification of synchronised cells normalised to GAPDH. n=4 experiments.
p-value***=0.0002 calculated with Student’s t-test. B) Left: Western blot of γH2AX and
Rad21 after knock down of Rad21, in asynchronous population, with and without c-Myc
activation for 24 h. GAPDH is a loading control. Right: γH2AX Western blot quantific-
ation of asynchronous cells normalised to GAPDH. n=4 experiments. p-value**=0.0062
calculated with Student’s t-test.
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Figure 5.6: Rad21 knock down does not affect the expression of some c-Myc
targets. RT-qPCR showing the levels of several c-Myc targets in asynchronous cells at
24 h of c-Myc and Rad21 depletion. n=4. p-value calculated with Student’s t-test.
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In chapter 4, I showed that protein levels of both loaders are increased when c-Myc is

activated. My data suggests that c-Myc moderately increases the expression of Mau2 but

not NIPBL (Figure 4.6A and B). It has been shown that the presence of one loader is able

to stabilise the other (Wendt et al. [2008]), therefore it is possible that increased Mau2

levels could increase NIPBL protein stability and thus increase the loading process.

To test if elevated levels of Mau2 are responsible for excess loading of cohesin, and in turn

if the increased cohesin occupancy is responsible for the generation of RS upon c-Myc

activation, I knocked down Mau2 in our system. As for Rad21 depletion, I used a non-

efficient siRNA (Figure 5.7A and B) to ensure that the reduction of Mau2 levels would

not cause cell cycle defects during the first S-phase, as shown in the cell cycle profiles of

control and knocked down cells with or without c-Myc activation (Figure 5.8).
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sicont siMau2B
 +-  -  +Myc
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sicont siMau2A
Myc Myc

Figure 5.7: Mau2 knock down in c-Myc-activated cells reduces Mau2 protein
levels to untreated cells levels. Western blot showing the protein levels of the loader
Mau2 after its depletion with a non-efficient siRNA in synchronous and asynchronous
cells. A) Western blot of Mau2 at 20 h after release from G1 arrest and knock down of
Mau2, with and without c-Myc activation. GAPDH is a loading control. Representative of
n=4 experiments. B) Western blot of Mau2 after knock down of Mau2, in asynchronous
population, with and without c-Myc activation for 24 h. GAPDH is a loading control.
Representative of n=3 experiments.

As shown before, c-Myc activation increases Mau2 protein levels. Importantly, Mau2

knock down in c-Myc-activated cells reduces the levels of the loader to control levels,

both in synchronous (Figure 5.7A) and asynchronous (Figure 5.7B) cells. Therefore, this

experimental setup allows me to investigate both if the c-Myc-dependent increase in Mau2

levels is responsible for excess loading of cohesin and if the increased cohesin occupancy

is responsible for the generation of RS upon c-Myc activation.

To test if reducing protein levels of Mau2 results in fewer cohesins bound to DNA, I

quantified the binding to chromatin of the cohesin subunit SMC1 by quantitative immun-

ofluorescence, as previously done upon Rad21 depletion. As shown in Figure 5.9, Mau2

knock down does not affect the binding of SMC1 in untreated cells. However, it decreases

SMC1 binding in c-Myc-activated cells to almost control untreated levels.
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Figure 5.8: Cell cycle profiles are not affected by Mau2 depletion. Graphs showing
cell cycle profiles of control and knocked down cells 20 h after release from G1 and knock
down of Mau2, with and without c-Myc activation, generated with PI staining and flow
cytometry. n=1 experiment.
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Figure 5.9: Mau2 knock down reduces cohesin binding to chromatin in c-Myc-
activated cells. Synchronised cells were released into the cell cycle and Mau2 knock down
was carried out. Immunofluorescence of chromatin-bound cohesin SMC1 was performed at
18 h after release and c-Myc activation. Left panels; representative images of SMC1 bound
to chromatin and Hoechst. Right: graph reporting the intensity of SMC1 signal in control
and Mau2 knocked down single nuclei of untreated and c-Myc cells. p-value****<0.0001,
***=0.0001, 0.0006 calculated with Mann-Whitney test. Representative of n=2 experi-
ments.
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Because depleting Mau2 lowers the amount of cohesin bound to DNA in c-Myc cells to

that of control cells, I could use this system to test if increased cohesin loading contributes

to the generation of RS. Therefore, I measured the levels of RS in depleted cells with the

DNA fibre assay. Confirming my results that showed that cohesin chromatin occupancy

is restored upon siRad21, Mau2 depletion partially rescues replicative track length in

c-Myc-activated cells both in synchronous and asynchronous populations (Figure 5.10).

As for Rad21 knock down, the lengthening of replicative tracks is not a consequence of

reduced origin activation because Mau2 depletion does not affect the amount of origin

firing (Figure 5.11). As seen for siRad21, depletion of Mau2 in untreated cells reduces the

length of DNA fibres in synchronised cells (Figure 5.10B). This is probably a consequence

of the role of cohesin complex in maintaining genome stability in unperturbed conditions

(Sjögren and Nasmyth [2001], Schär et al. [2004], Terret et al. [2009] Frattini et al. [2017],

Tittel-Elmer et al. [2012]).

Because a reduction in RS could result in less DNA damage, as was observed for Rad21

depletion, I quantified the levels of the DNA damage response marker γH2AX after Mau2

depletion. As shown in Figure 5.12, Mau2 knock down does not reduce γH2AX levels in

c-Myc-activated cells. This indicates that the reduction of RS does not result in a clear

reduction of DNA damage as observed in the case of Rad21. It is possible that in this case

other mechanisms are involved in activating the DNA damage response. For example, it

has been suggested that the other cohesin loader NIPBL, which seems to be stabilised by

Mau2 in our system (Figure 4.4B), might have a cohesin-independent role in regulating

transcription (Zuin et al. [2014]). In conclusion, lowering the levels of cohesin on DNA by

depleting Mau2 reduces RS generated by oncogenic c-Myc activation but it does not seem

to affect DNA damage.

5.3 Decreasing the levels of cohesin stabilisation in G1 re-

duces c-Myc-induced Replication Stress

Another cohesin regulator that is upregulated by c-Myc activation is the establishment

factor ESCO1. As shown in the previous chapter, ESCO1 protein levels are higher in

c-Myc-activated cells than in untreated cells (Figure 4.4 and 4.5). This seems to be par-

tially due to the direct transcriptional activation of the ESCO1 gene by the transcription

factor c-Myc (Figure 4.6). Because c-Myc increases the levels of acetylation of SMC3 (Fig-

ure 4.4A and C), this indicates that cohesin stabilisation is enhanced in c-Myc-activated
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Figure 5.10: Mau2 knock down reduces c-Myc-induced Replication Stress. For
synchronous experiments, cells were released into the cell cycle, Mau2 knock down was
carried out and c-Myc was activated for 20 h. For asynchronous experiments, Mau2 was
knocked down for 24 h and c-Myc was activated for the same time. DNA fibre assay
was performed for all conditions. A) Immunofluorescence of representative fibres. B)
Histograms reporting the distribution of fibre length for sicontrol and siMau2 cells with
and without c-Myc activation. Top: synchronised cells at 20 h after release and c-Myc
activation; p-value****<0.0001 calculated with Mann-Whitney test. Pool of n=3 ex-
periments. Bottom: asynchronous cells at 24 h after knock-down and c-Myc activation;
p-value**=0.0057 calculated with Mann-Whitney test. n=1 experiment.
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Figure 5.11: The extent of origin firing is not affected by Mau2 depletion. Graphs
showing the relative percentage of origin firing at 20 h after release from G1 arrest and
Mau2 knock down, with and without c-Myc activation. p-value**=0.0034 calculated with
Student’s t-test. n=3 experiments.
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Figure 5.12: Mau2 knock down does not affect c-Myc-induced DNA damage.
For synchronous experiments, cells were released into the cell cycle, Mau2 knock down
was carried out and c-Myc was activated for 20 h. For asynchronous experiments, Mau2
was knocked down for 24 h and c-Myc was activated for the same time. Western blot was
carried out to test the levels of the DNA damage response marker γH2AX. A) Western
blot of γH2AX and Mau2 at 20 h after release from G1 arrest and knock down of Mau2,
with and without c-Myc activation. GAPDH is a loading control. Representative of
n=4 experiments. B) Western blot of γH2AX and Mau2 after knock down of Mau2,
in asynchronous population, with and without c-Myc activation for 24 h. GAPDH is a
loading control. Representative of n=3 experiments.

cells. This suggests that cohesin stabilisation might contribute to increased cohesin occu-

pancy on DNA and to the generation of RS.

To test if ESCO1 could contribute to RS generation upon c-Myc activation, I depleted

ESCO1 in untreated and c-Myc-activated cells (Figure 5.13). ESCO1-depletion reduces the

levels of acetylated-SMC3 as shown in Figure 5.13. This suggests that cohesin stabilisation

is reduced as a consequence of ESCO1 knock down, both in untreated and c-Myc activated

cells.

I checked if ESCO1 knock down, and the consequent reduction in cohesin acetylation, could
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Figure 5.13: ESCO1 knock down. Western blot showing the protein levels of the
loader ESCO1 and SMC3-ac after ESCO1 depletion in synchronous and asynchronous
cells. A) Western blot of ESCO1 and SMC3-ac at 20 h after release from G1 arrest and
knock down of ESCO1, with and without c-Myc activation. GAPDH is a loading control.
Representative of n=6 experiments for ESCO1, n=3 for SMC3-ac. B) Western blot of
ESCO1 after knock down of ESCO1, in asynchronous population, with and without c-Myc
activation for 24 h. GAPDH is a loading control. Representative of n=3 experiments.

interfere with cell cycle progression, by comparing cell cycle profiles and origin activation

in depleted cells. As shown in Figure 5.14, depleting ESCO1 does not significantly change

the cell cycle profiles, both in untreated and c-Myc-activated cells.
M
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C
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nt

Figure 5.14: Cell cycle profiles are not affected by ESCO1 depletion. Graphs
showing cell cycle profiles of control and knocked down cells 20 h after release from G1
and knock down of ESCO1, with and without c-Myc activation, generated with PI staining
and flow cytometry. Representative of n=3 experiments.

To test if reducing cohesin stabilisation decreases cohesin chromatin occupancy, I measured

the levels of chromatin-bound SMC1 in control and ESCO1-depleted cells. As shown in

Figure 5.15, ESCO1-depletion in this system does not change the levels of chromatin-

bound SMC1 in untreated cells compared to control (Figure 5.15). However, it prevents

the increase in cohesin chromatin occupancy observed upon c-Myc activation (Figure 5.15).
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Figure 5.15: ESCO1 knock down reduces cohesin binding to chromatin in c-Myc-
activated cells. Synchronised cells were released into the cell cycle and ESCO1 knock
down was carried out. Immunofluorescence of chromatin-bound SMC1 was performed at
18 h after release and c-Myc activation. Left panels; representative images of SMC1 bound
to chromatin and Hoechst. Right: graph reporting the intensity of SMC1 signal in control
and ESCO1 knocked down single nuclei of untreated and c-Myc cells. p-value****<0.0001
calculated with Mann-Whitney test. Representative of n=3 experiments.

The reduced presence of cohesin on DNA in c-Myc-activated cells after ESCO1 depletion,

correlates with reduced levels of RS compared to control c-Myc cells. In fact, as shown in

Figure 5.16, there is a rescue in the replicative track length when ESCO1 is depleted upon

c-Myc activation, both in asynchronous and synchronous cell populations. As seen before,

the lengthening of replicative tracks is not a consequence of reduced origin activation

because ESCO1 depletion does not affect the amount of origin firing (Figure 5.17).

As seen for Rad21 knock down, lower levels of RS in c-Myc cells after depletion of ESCO1

translate into reduced DNA damage. In fact, γH2AX levels are significantly lower in

ESCO1-depleted cells compared to control upon c-Myc activation both in asynchronous

and synchronous cell populations (Figure 5.18A and C). This data was confirmed with

an alternative siRNA as shown in Figure 5.18B. Therefore, I can conclude that lowering

the levels of cohesin on DNA by reducing cohesin stabilisation through ESCO1 depletion

reduces the genomic instability generated by oncogenic c-Myc activation.
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Figure 5.16: ESCO1 knock down reduces c-Myc-induced Replication Stress. For
synchronous experiments, cells were released into the cell cycle, ESCO1 knockmdown was
carried out and c-Myc was activated for 20 h. For asynchronous experiments, ESCO1
was knocked down for 24 h and c-Myc was activated for the same time. DNA fibre as-
say was performed for all conditions. A) Immunofluorescence of representative fibres.
B) Histograms reporting the distribution of fibre length for sicontrol and siESCO1 cells
with and without c-Myc activation. Top: synchronised cells at 20 h after release and
c-Myc activation; p-value****<0.0001 calculated with Mann-Whitney test. Pool of n=3
experiments. Bottom: asynchronous cells at 24 h after knock-down and c-Myc activation;
p-value****<0.0001 calculated with Mann-Whitney test. Representative of n=3 experi-
ments.

5.3.1 Decreasing the levels of cohesin stabilisation in G1 reduces Rep-

lication Stress in c-Myc-adapted cells

All experiments described so far were carried out in the first 24 h or 48 h of oncogene

activation. I decided to test if this process in maintained in cells where c-Myc is activated

for longer periods of time. When an oncogene, such as c-Myc, is overexpressed or hyper-

activated in healthy cells it initially promotes hyper-proliferation. Hyper-proliferation can

lead to genomic instability and accumulation of DNA damage, which activates the DNA

damage response (Gorgoulis et al. [2005]). This response can ultimately promote apoptosis

(Schmitt [2003]) or oncogene-induced senescence (Di Micco et al. [2006])
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Figure 5.17: The extent of origin firing is not affected by ESCO1 depletion.
Graphs showing the relative percentage of origin firing at 20 h after release from G1 ar-
rest and ESCO1 knock down, with and without c-Myc activation. p-value**=0.0035,
p-value*=0.0192 calculated with Student’s t-test. n=3 experiments.

I treated our inducible cell line with 4OH-T for several days. As expected, cells experienced

catastrophic cell death after up to 6 days of c-Myc activation. Afterwards, those cells that

survived, started to recover and kept proliferating in the presence of 4OH-T (data not

shown). In this thesis, the cells were treated with 4OH-T for 20 to 40 days. I first

needed to check if these cells, which I will refer to as c-Myc-adapted cells, still express the

fusion protein that allows the inducible hyper-activation of the oncogene. To test this, I

measured the levels of expression of few c-Myc-targets. As shown in Figure 5.19A, eIF4E,

Cyclin E and MDM2 mRNA levels are lower in c-Myc-adapted cells than after 24 h of

c-Myc activation. However, the levels are still higher than in untreated cells, indicating

that the fusion protein is still present and c-Myc can still be hyper-activated. In addition,

these cells still experience RS because the mean replicative track length measured with

DNA fibre assay is lower in these cells than in untreated cells (Figure 5.19B). The mean

replicative track length is similar to when cells are treated with 4OH-T for 24 h (Figure

5.19B). However, c-Myc-adapted cells do not seem to experience higher levels of DNA

damage since γH2AX levels are similar to untreated cells (Figure 5.19C). Of course, it is

possible that these cells do experience DNA damage but that the DNA damage response

is defective.

To investigate if the cohesin complex and in particular the process of cohesin stabilisation,

is involved in generating genomic instability in c-Myc-adapted cells, I depleted ESCO1 and

measured the levels of RS and DNA damage (Figure 5.19C and D). As for c-Myc-activated

cells, ESCO1 knock down reduces the levels of γH2AX levels compared to control cells,

even if the levels are low also in the sicontrol sample (Figure 5.19C). In addition, ESCO1
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Figure 5.18: ESCO1 knock down reduces c-Myc-induced DNA damage. For
synchronous experiments, cells were released into the cell cycle, ESCO1 knock down was
carried out and c-Myc was activated for 20 h. For asynchronous experiments, ESCO1 was
knocked down for 24 h and c-Myc was activated for the same time. Western blot was carried
out to test the levels of the DNA damage response marker γH2AX. A) Left: Western blot
of γH2AX and ESCO1 at 20 h after release from G1 arrest and knock down of ESCO1,
with and without c-Myc activation. GAPDH is a loading control. Right: γH2AX Western
blot quantification of synchronised cells normalised to GAPDH. n=7 experiments. p-
value***=0.0005 calculated with Student’s t-test. B) Western blot of γH2AX and ESCO1
after knock down of ESCO1, using an alternative siRNAs, at 20 h after release from G1
arrest and knock down of ESCO1, with and without c-Myc activation. GAPDH is a
loading control. n=1. C) Left: Western blot of γH2AX and ESCO1 in asynchronous
population, with and without c-Myc activation for 24 h. GAPDH is a loading control.
Right: γH2AX Western blot quantification of asynchronous cells normalised to GAPDH.
n=6 experiments. p-value***=0.0002 calculated with Student’s t-test.

depletion partially rescues the replicative track length (Figure 5.19D) in c-Myc-adapted

cells (Figure 5.16). This indicates that reducing cohesin stabilisation through ESCO1

depletion reduces the genomic instability generated by oncogenic c-Myc activation after

prolonged c-Myc activation.
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Figure 5.19: ESCO1 knock down reduces genomic instability in c-Myc-adapted
cells. c-Myc-adapted cells were treated with 4OH-T for several days. These cells still
express higher levels of c-Myc than untreated cells. ESCO1 was depleted in these cells
to test if cohesin stabilisation is involved in generating genomic instability. A) mRNA
levels of c-Myc targets in untreated, c-Myc-activated cells and c-Myc-adapted cells. n=3
experiments. p-value calculated with Student’s t-test. B) Histograms reporting the
distribution of fibre length for untreated, c-Myc-activated and c-Myc-adapted cells. p-
value****<0.0001, **=0.0081 calculated with Mann-Whitney test. Representative of n=2
experiments. C) Western blot of γH2AX and ESCO1 in untreated, c-Myc-activated cells
and c-Myc-adapted cells. GAPDH is a loading control. Representative of n=3 experi-
ments D) Histograms reporting the distribution of fibre length for sicontrol and siESCO1
in c-Myc-adapted cells. p-value****<0.0001 calculated with Mann-Whitney test. Pool of
n=3 experiments.

5.4 Globally increasing the levels of cohesin on chromatin

does not induce Replication Stress

Data shown in this chapter indicates that an increased presence of cohesin on chromatin

triggered by c-Myc activation contributes to the generation of RS. Another way of increas-

ing cohesin on chromatin is by depleting the release factor Wapl (Tedeschi et al. [2013],

Busslinger et al. [2017]). I decided to test if in our system, Wapl knock down would gener-

ate genomic instability by increasing cohesin chromatin occupancy. Therefore, I depleted

the unloading factor in cells released from G1 arrest, with and without c-Myc activation

(Figure 5.20C). I first quantified the amount of SMC1 on chromatin in control and Wapl-

depleted cells. As expected, knocking down Wapl in untreated cells increases the amount
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of SMC1 on DNA (Figure 5.20A). However, Wapl depletion in c-Myc-activated cells does

not cause further accumulation of the cohesin subunit in relation to control cells (Figure

5.20A). This suggests that the level of cohesin on DNA in c-Myc cells cannot be increased

further, maybe because there are no more cohesin subunits available for loading or the

loading process reached a maximum threshold.

To test if Wapl-depleted cells experience RS, I measured the replicative track length with

the DNA fibre assay. Surprisingly, increasing cohesin occupancy on DNA by depleting

Wapl in untreated cells does not shorten the replicative tracks, therefore it does not seem

to generate RS (Figure 5.20B). Similarly, Wapl depletion does not shorten further the

replicative tracks in c-Myc-activated cells (Figure 5.20B). I then measured DNA damage

looking at the levels of γH2AX. γH2AX levels appear to be higher upon Wapl knock

down both in untreated and c-Myc-activated cells (Figure 5.20C and D), especially in an

asynchronous cell population (Figure 5.20D). The damage does not seem to be a result

of RS but more a consequence of lack of Wapl activity. In fact, it has been shown that

Wapl is involved in fork protection, fork restart and repair of broken forks (Frattini et al.

[2017], Carvajal-Maldonado et al. [2019], Benedict et al. [2020]).

The results described in this section indicate that a general increase of cohesin binding

to DNA is not enough to induce RS, suggesting that it might be the c-Myc-dependent

accumulation of cohesin at specific sites on DNA that generates RS and genomic instability.

5.5 The location of cohesins on DNA is important for the

ability of c-Myc to induce Replication Stress

The ChIP-seq analysis described in chapter 4 indicates that upon c-Myc activation, cohes-

ins tend to accumulate at CTCF sites (Figure 4.7). It is possible that the accumulation

of cohesin specifically at CTCF sites would contribute to generate RS. To test this hy-

pothesis, I decided to investigate the consequences of preventing this local accumulation,

without affecting overall cohesin occupancy, by knocking down CTCF (Figure 5.21D). As

shown in Figure 5.21A, CTCF depletion does not appear to change the amount of SMC1

bound to chromatin in untreated and c-Myc-activated cells. However, when measuring

RS in cells released from G1 arrest, I noticed that CTCF depletion completely rescues the

length of replicative tracks upon c-Myc activation (Figure 5.21B), without affecting the

length in untreated cells (Figure 5.21B) and the cell cycle profiles (Figure 5.21C). Surpris-
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Figure 5.20: Wapl knock down does not cause Replication Stress. Graphs showing
the results of depleting the release factor Wapl in untreated and c-Myc-activated cells. A)
Immunofluorescence of chromatin-bound cohesin SMC1 performed at 18 h after release
and Wapl depletion with and without c-Myc activation. Left panels; representative im-
ages of SMC1 bound to chromatin and Hoechst. Right: graph reporting the intensity
of SMC1 signal in control and Wapl knocked down single nuclei of untreated and c-Myc
cells. p-value****<0.0001 calculated with Mann-Whitney test. Representative of n=3
experiments. B) Left: immunofluorescence of representative fibres. Right: histograms
reporting the distribution of fibre length for sicontrol and siWapl cells with and without
c-Myc activation in synchronised cells at 20 h after release and c-Myc activation; p-value
ns calculated with Mann-Whitney test. Representative of n=3 experiments. C) Western
blot of γH2AX and Wapl at 20 h after release from G1 arrest and knock down of Wapl,
with and without c-Myc activation. GAPDH is a loading control. Representative of n=3
experiments. D) Left: Western blot of γH2AX and Wapl after knock down of Wapl,
in asynchronous population, with and without c-Myc activation for 24 h. GAPDH is a
loading control. Representative of n=3 experiments.
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ingly, even though CTCF depletion rescues the replicative track length in c-Myc activated

cells, therefore reducing RS, it does not significantly reduce the levels of DNA damage

(Figure 5.21D). Given the fact that CTCF, which is a transcription factor, is involved

in activating different genes, I can speculate that part of the DNA damage observed in

CTCF-depleted cells could derive from events that are independent from DNA replication.

5.6 Summary

In this chapter, I showed that reducing the amount of cohesin on DNA by depleting

different cohesin regulators, can prevent c-Myc-induced RS and genomic instability. In

particular, Rad21 as well as Mau2 depletion lowers the amount of cohesins on DNA and

therefore partially rescues RS experienced by cells upon c-Myc activation. The same is

true when cohesin stabilisation is reduced by knocking down ESCO1.

Increasing widespread cohesin occupancy on DNA by knocking down the release factor

Wapl, per se does not generate RS. However, since in c-Myc cells cohesins accumulate

specifically at CTCF sites, CTCF depletion completely rescues replicative track length

and therefore RS in c-Myc-activated cells, indicating that cohesin accumulation at CTCF

sites could contribute to c-Myc-induced RS.
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Figure 5.21: CTCF knock down rescues c-Myc-induced Replication Stress.
Graphs showing the results of depleting the transcription factor CTCF in untreated and
c-Myc-activated cells. A) Immunofluorescence of chromatin-bound cohesin SMC1 per-
formed at 18 h after release and CTCF depletion with and without c-Myc activation. Left
panels; representative images of SMC1 bound to chromatin and Hoechst. Right: graph
reporting the intensity of SMC1 signal in control and CTCF knocked down single nuclei
of untreated and c-Myc cells. p-value****<0.0001 calculated with Mann-Whitney test.
Representative of n=2 experiments. B) Left: immunofluorescence of representative fibres.
Right: histograms reporting the distribution of fibre length for sicontrol and siCTCF cells
with and without c-Myc activation in synchronised cells at 20 h after release and c-Myc
activation; p-value****<0.0001 calculated with Mann-Whitney test. Pool of n=3 exper-
iments. C) Cell cycle profile at 20 h after release from G1 and knock down of CTCF,
with and without c-Myc activation. Representative of n=3 experiments. D) Western blot
of γH2AX and CTCF at 20 h after release from G1 arrest and knock down of CTCF,
with and without c-Myc activation. GAPDH is a loading control. Representative of n=3
experiments. 123
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The cohesin complex is involved in

generating Replication Stress in

lung cancer cells expressing high

levels of c-Myc

When investigating a mechanism that is potentially key in generating genomic instability

in cancer, it is important to study its relevance in cancer cells. So far, all experiments

described in this thesis have been carried out in an immortalised but non-transformed

cells line, where the activation of the oncogene c-Myc can be controlled. Since c-Myc

is a main proto-oncogene that is overexpressed or activated in more than half of human

cancers and its activation is one of the necessary events for cancer initiation and evolution

(Dang [2012]), understanding how it generates genomic instability in cancer is key to the

development of new therapeutic approaches.

In the lab, we have access to a collection of well-characterised and established lung cancer

cell lines which can be used to test if our newly discovered mechanism of oncogene-induced

RS is present also in a disease context. Since my data suggests that this mechanism is

generated as a consequence of c-Myc hyper-activation, it is important to select cell lines

that express high levels of the oncogene and that experience RS. For this study, I analysed

different cell lines and I selected three, one non-transformed and two transformed lung

epithelial cell lines. These cell lines are widely used in research and therefore they have
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been extensively characterised. NL20 is an immortalized non-tumorigenic human bronchial

epithelial cell line generated by transfection with a plasmid derived from the SV40 virus.

In this study, it was used as a control cell line. The two cancer cell lines, A549 and H1299,

were selected according to their levels of c-Myc protein and RS. Both are carcinoma lung

cancer cell lines, A549 is p53 proficient while H1299 is p53 null.

In this chapter, I show that the levels of RS that cells are experiencing are directly propor-

tional to c-Myc expression. In particular, A549 cell line shows c-Myc protein levels similar

to the control cell line NL20 and it does not experience high levels of RS, while H1299 cell

line expresses high levels of c-Myc and experiences RS. These cell lines allow me to invest-

igate if the cohesin complex could contribute to generation of RS also in cancer cells. By

depleting the kleisin subunit of the cohesin complex Rad21 and the cohesin loader Mau2 I

was able to partially rescue the replicative track length in the high-expressing c-Myc cells,

H1299. These results indicate that this newly discovered mechanism of c-Myc-induced RS

is present not only in the initial stages of the tumour transformation but that it could be

maintained also at later stages of the process.

6.1 Lung cancer cells expressing high levels of c-Myc exper-

ience Replication Stress

In order to select cells that express different levels of c-Myc, I first looked at the total levels

of the protein present in the selected cell lines. Data described in literature suggests that

A549 cells have a slightly higher expression of c-Myc (Figure Little et al. [1983]) compared

to normal cells while H1299 cells show a gain in c-Myc gene copy number (Figure Jung

et al. [2018]). When looking at c-Myc levels in these two cancer cell lines, I confirmed that

both have more c-Myc than non-transformed cells, with H1299 expressing much higher

levels between the two (Figure 6.1A).

I then investigated if these cells experience RS by measuring the levels of some RS markers

such as RPA and Chk1. Phosphorylation of Rpa2 and Chk1 indicates that the RS response

has been activated (Cimprich and Cortez [2008]). Surprisingly, the non-transformed cells

show significant activation of the response which is possibly a consequence of high levels of

DNA damage that these cells seem to be experiencing (Figure 6.1E). The high-expressing

c-Myc cancer cells, H1299 (Figure 6.1B) show activation of the response while A549 cancer

cells display very low levels of RPA and Chk1 phosphorylation (Figure 6.1B). Since the
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standard method for quantifying RS is the DNA fibre assay, I performed it in the three

cell lines. As expected, the high-c-Myc H1299 cancer cells show much shorter replicative

tracks than NL20 and A549 (Figure 6.1C). This suggests that between the two cancer cell

lines only H1299, which expresses high levels of c-Myc activation, is experiencing RS.

Because prolonged stalling of replication forks is known to give rise to DNA damage

(Hanada et al. [2007]), I checked the levels of γH2AX to test if these cells experience

genomic instability to a similar extent to the c-Myc inducible system. Figure 6.1E indicates

that both cancer cell lines show almost no presence of the DNA damage marker γH2AX.

This suggests that the DNA damage response in these cells could be defective but does

not reveal whether they are experiencing DNA damage. Other assays would be required

for DNA damage detection, for example looking directly at the damaged DNA via comet

assay, or chromosomal defects such as chromatin bridges and micronuclei formation.
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Figure 6.1: Replication Stress is directly proportional to c-Myc levels in lung
cancer cell lines. Characterisation of c-Myc and genomic instability levels in cancer cell
lines. A) Western blot of c-Myc in NL20, A549 and H1299 cell lines. Vinculin is a loading
control. Representative of n=3 experiments. B) Western blot of the indicated proteins in
NL20, A549 and H1299 cell lines. Vinculin is a loading control. Representative of n=3
experiments. C) Immunofluorescence of representative fibres. D) Histograms reporting
the distribution of fibre length for NL20, A549 and H1299 cell lines. n=1 experiment. E)
Western blot of the indicated proteins in NL20, A549 and H1299 cell lines. GAPDH is a
loading controls. Representative of n=3 experiments.

127



Chapter 6

6.2 Depletion of the cohesin loader Mau2 and the kleisin

subunit Rad21 rescues Replication Stress in high-c-Myc

cancer cells

My data for the H1299 cell line shows that these cancer cells are characterised by high

levels of c-Myc and experience RS. Therefore, comparing them to the NL20 and A549

represents a good system to investigate if c-Myc, at late stages of the tumour transforma-

tion, generates RS via increasing cohesin chromatin occupancy. Because in our inducible

system I detected an increase in the levels of the loading factor Mau2 and the establish-

ment factor ESCO1 in response to c-Myc activation, I decided to test the levels of these

two cohesin regulators in the three cells lines mentioned above. As shown in Figure 6.2,

some preliminary experiments suggest that both Mau2 and ESCO1 levels might be slightly

increased in the high-c-Myc cancer cells H1299 compared to both non-transformed cells

NL20 and the low-c-Myc cancer cells A549. This could suggest that the oncogene c-Myc

is also able to increase the expression of at least some of the cohesin regulators in cancer

cells, but more experiments are required to confirm this data. However, this data does

suggest that higher expression of loaders and establishment factors could lead to increased

cohesin occupancy in H1299 cells. More data needs to be collected to test if these cells

experience high cohesin chromatin occupancy, which could generate RS.
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Figure 6.2: High-c-Myc cells express high levels of the cohesin regulators Mau2
and ESCO1. Western blot analysis of Mau2 and ESCO1 in NL20, A549 and H1299 cell
lines. GAPDH and Vinculin are loading controls. Representative of n=2 experiments.

As described previously for the inducible system, the most straightforward way to study if

increased cohesin occupancy contributes to generate RS is by depleting cohesin subunits

or regulators in order to reduce the levels of the complex on DNA. As done previously,

I depleted the kleisin subunit Rad21 and the loading factor Mau2 (Figure 6.3A). Rad21

depletion for 24 h does not significantly affect the length of replicative tracks in NL20

and A549 cells (Figure 6.3B). However, it is able to partially rescue the replicative track

length in H1299 (Figure 6.3B), suggesting that in these cells the cohesin complex might
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be involved in generating RS. Similarly, Mau2 depletion decreases RS in H1299 cells,

even if the partial rescue in replicative track length is smaller than the one observed for

Rad21 (Figure 6.3B). Interestingly, Mau2 depletion in A549 seems to decrease the length

of the replicative tracks (Figure 6.3B). It is possible that in this cell line, which does not

experience high levels of RS, the cohesin complex has a more prominent role in maintaining

genome stability.
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Figure 6.3: Depletion of Rad21 and Mau2 partially rescues Replication Stress in
high-c-Myc cells. Knock-down experiments of cohesin regulators in cancer cell lines. A)
Western blot of the indicated proteins in NL20, A549 and H1299 cell lines after knock down
of the indicated proteins for 24 h. GAPDH is a loading control. Representative of n=3
experiments. C) Histograms reporting the distribution of fibre length for NL20, A549 and
H1299 cell lines after knock down of the indicated proteins for 24 h. p-value****<0.0001,
***=0.0008, 0.0002, *=0.0434, 0.0356 calculated with Mann-Whitney test. Representative
of n=3 for siRad21 in A549 and H1299, of n=2 for siMau2 in A549 and H1299. For NL20
the experiment was performed only once.

Because the cohesin complex has a key role in regulating many processes in cells, its

depletion could affect genome stability and cell viability. To investigate if this is the

case in my experimental settings, I tested if depletion of Rad21 and Mau2 for 24 h could

compromise the cell cycle progression by looking at cell cycle profiles of knocked down cells.

As shown in Figure 6.4, depletion of both proteins for 24 h does not affect significantly the

fractions of cells in the different stages of the cell cycle. The only difference is detectable in

129



Chapter 6

A549 after Mau2 depletion, where there is a higher percentage of cells in S-phase compared

to control and Rad21 knock-downs. This could suggest that cells spend more time in S-

phase potentially because, as shown in Figure 6.3A, Mau2 depletion reduces the replicative

track length and therefore it might generate RS.

sicont siRad21

PI

C
el

l c
ou

nt

sicont siRad21 siMau2

A
54

9
H

12
99

G1     62.0%
S       16.2%
G2-M 17.1%

G1     62.1%
S       17.9%
G2-M 15.7%

G1     59.7%
S       21.8%
G2-M 16.9%

G1     58.5%
S       22.3%
G2-M 17.3%

G1     56.3%
S       22.9%
G2-M 17.8%

G1     58.7%
S       21.1%
G2-M 16.6%

Figure 6.4: Depletion of Rad21 and Mau2 does not significantly affect cell cycle
progression in cancer cell lines. Cell cycle profiles of A549 and H1299 after depletion
of Rad21 and Mau2 for 24 h. Numbers show the percentage of cells in the different phases
of the cell cycle. n=1 experiments.

In conclusion, the experiments described in this chapter suggest that the cohesin complex

could have at least a partial role in generating RS in cancer cell lines that are experien-

cing high levels of RS, possibly induced by the hyper-activation or over-expression of the

oncogene c-Myc.

6.3 Summary

In previous chapters, I have shown how oncogenic c-Myc can affect cohesin complex reg-

ulation and consequently generate RS. In this chapter, I used cancer cell lines to test if

this mechanism contributes to the generation of RS at later stages of tumour transforma-

tion. I selected one non-tumourigenic cell line, NL20, and two cancer cell lines, A549 and

H1299, which express different levels of c-Myc. NL20 and A549, which are characterised

by low-c-Myc levels, do not experience RS. On the contrary, the cell line H1299, with high

c-Myc expression, does show RS.
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Reducing the levels of cohesin by depleting Rad21 and Mau2 partially rescues RS in

the c-Myc expressing cells H1299. In fact, replicative tracks are longer than in sicontrol

cells when the mentioned proteins are depleted. NL20 and A549 cells are not affected by

Rad21 knock down for 24 h while Mau2 depletion seems to generate RS in A549 cells. This

indicates that also in cancer cells the cohesin complex could be involved in generating RS

when deregulated as a consequence of oncogenic c-Myc activation.
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Discussion

The aim of my project was to investigate how the oncogene c-Myc generates Replica-

tion Stress (RS) and genomic instability. Several mechanisms of c-Myc-induced RS have

already been proposed, but the exact mechanism still remains unclear. c-Myc is a proto-

oncogene that is overexpressed or hyperactivated in more than half of human cancers.

Its activation is required for cancer initiation and evolution because it induces autonom-

ous and uncontrolled proliferation and growth and, as a consequence of this, generates

genomic instability (Dang [2012]). By deregulating the cell cycle, and in particular by

promoting entry into S-phase, oncogenic c-Myc induces cell proliferation (Amati et al.

[1998b], Fernandez et al. [2003]). This, through a still poorly defined mechanism, leads to

the generation of RS, which is defined as slowing or stalling of replication fork progression

and DNA synthesis (Zeman and Cimprich [2014]), and is a main cause of genomic instabil-

ity. Because the oncogene c-Myc has a central role in tumourigenesis, it is important to

understand how it generates RS and genomic instability.

My work shows that an event taking place in the G1-phase of the cell cycle is responsible

for generating RS in the first S-phase upon oncogenic c-Myc activation. Other previously

suggested mechanisms for c-Myc-induced RS, such as increased origin firing and decreased

origin licensing and replication-transcription collisions seem to have a minor role in this

process at this stage.

An event taking place in G1 that could generate RS in S-phase is the loading of the

cohesin complex on DNA, which regulates the process of DNA loop formation and organises

chromatin structure. Studies have shown that chromatin organisation and the process of
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loop formation promoted by cohesin could per se perturb genome stability (Canela et al.

[2017]) and that the presence of cohesin on DNA during S-phase can generate RS and

DNA damage (Minchell et al. [2020]). I demonstrate that c-Myc is able to increase the

binding of cohesin to DNA, likely by increasing the protein levels of two cohesin regulators,

the loader Mau2 and the establishment factor ESCO1.

To test if the presence of more cohesin on chromatin is responsible for generating RS,

I depleted different cohesin subunits and regulators. I show that the knock down of the

kleisin factor Rad21, the loader Mau2 and the establishment factor ESCO1 reduces RS and

genomic instability in c-Myc-activated cells. A similar reduction in RS was seen in cancer

cells that express high levels of c-Myc, which suggests that this mechanism is maintained

at late stages of tumourigenesis.

The work presented in this thesis provides a novel mechanism for oncogenic c-Myc-induced

RS. Most importantly, this seems to be independent of other previously suggested mech-

anisms involving deregulation of replication initiation events and transcriptional interfer-

ence. Because, c-Myc activation is a crucial event in many human cancers, identifying the

mechanisms through which this oncogene promotes RS can have important implications

for understanding cancer initiation and progression and for developing new therapeutic

approaches.

7.1 Increased cohesin chromatin occupancy in G1 generates

Replication Stress in the following S-phase

In this thesis, I investigate the mechanism of c-Myc-induced RS using a c-Myc-inducible

system. This system enables the controlled activation of the oncogene and therefore allows

the study of the very first events that induce RS. Several mechanisms of oncogene-induced

RS have already been proposed, with most of them involving deregulation of DNA rep-

lication initiation events. These RS-generating processes take place for the most part in

S-phase. Previous works showed that in S-phase, oncogene-induced origin activation causes

over-replication, which is a cause of RS (Dominguez-Sola et al. [2007b], Jones et al. [2013],

Srinivasan et al. [2013]). Increased origin activation can also lead to collisions between

replication and transcription machinery, which interfere with replication fork progression

and therefore cause RS (Jones et al. [2013], Macheret and Halazonetis [2018]). I carried

out synchronisation experiment to test which of these events, if any, is responsible for gen-
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erating RS in our system. I released cells into the cell cycle from either G1 or directly into

S-phase with or without oncogene activation, and my data suggests that the presence of

activated c-Myc in G1 is required to induce RS. It is very surprising that the activation of

c-Myc in S-phase does not cause RS or DNA damage, given the reported evidence linking

RS to increased origin firing and increased replication-transcription collisions. Because

neither DNA damage nor RS are generated by the activation of c-Myc directly in S-phase,

while increased origin firing and increased transcription are detected, I can speculate that

events like increased origin activation as well as replication-transcription collisions are not

main causes of RS in our experimental system. Of course, the experiments described in

this thesis do not exclude that these mechanisms have a role in generating and maintaining

RS and genomic instability when the oncogene is activated for longer times. It is possible

that increased nucleotide production induced by c-Myc (Mannava et al. [2008]) increases

the tolerance to over-replication, therefore preventing RS. Since depletion of nucleotide

pools as a consequence of increased origin firing upon oncogene activation is a proposed

source of RS (Bester et al. [2011]), one might speculate that c-Myc-activated cells can

tolerate hyper-replication more than normal cells.

c-Myc also powerfully activates global transcription, and my data supports this finding.

Indeed, I can see an increase in the global incorporation of EU, which can be reduced

by treatment with the transcription inhibitor DRB. Despite this global transcriptional

increase, decreasing transcription during S-phase does not prevent induction of RS. This

approach was also used for the oncogenes Ras and Cyclin E, and in those cases reducing

transcription could partially rescue RS when DRB was administered during S-phase (Jones

et al. [2013], Kotsantis et al. [2016]). Together these findings lead us to hypothesise that

events other than increased origin activation and replication-transcription collisions could

be involved in the initial induction of RS by the oncogene c-Myc.

When cells are released from G1 to S-phase, I can observe significant RS and RS-induced

DNA damage in S-phase. Also in this case, I can detect increased origin firing and increased

transcription, as reported by other publications (Dominguez-Sola et al. [2007b], Nie et al.

[2012]). Since these mechanisms do not seem to be involved, I evaluated other potential

sources of RS. Among the additional proposed mechanisms of RS, it has been shown that

oncogenes can reduce the length of G1. Having a short G1 makes the cell enter S-phase

with a reduced number of licensed origins and causes under-replication (Ekholm-Reed

et al. [2004a], Macheret and Halazonetis [2015]). Upon c-Myc activation, our cells showed
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a slightly shorter G1, an observation in line with previous published work (Macheret and

Halazonetis [2018]). For this reason, I measured the amount of licensing, which does

not appear to be compromised in these cells. Therefore, another mechanism had to be

responsible for generating RS in our system.

Among the events that take place in the G1-phase, and that affect DNA replication, I

considered the three-dimensional structure of chromatin, which is linked to the setting of

replication units and the replication timing programme (Dimitrova and Gilbert [1999]).

These replication units are separated often by protein complexes including the transcrip-

tion factor CCCTC-binding factor (CTCF) and the cohesin complex. After cell division,

cohesin loading takes place in the G1-phase, where cohesins and CTCF contribute to

chromatin structure regulation (Wendt et al. [2008], Dixon et al. [2012]). Recent studies

suggest that the presence of the cohesin complex on DNA and its activity can generate

RS (Minchell et al. [2020]) and DNA damage (Canela et al. [2017]). I therefore tested the

levels of cohesin on DNA, to investigate if there could be alterations following oncogene

activation. I showed that, upon c-Myc induction, more cohesins bind to chromatin than in

untreated cells both in G1 and in S-phase. This indicates that the oncogene c-Myc is able

to increase cohesin chromatin occupancy. Our ChIP-seq data showed that cohesins accu-

mulates preferentially at CTCF sites. This increase of cohesins on DNA is similar to what

is observed upon manipulation of some cohesin regulators, particularly the release factor

Wapl. Indeed, in immunofluorescence experiments the levels of chromatin-bound SMC1

in c-Myc-activated and in Wapl-depleted cells is surprisingly similar. Different works have

shown that depletion of Wapl increases the amount of cohesin on DNA (Kueng et al.

[2006], Tedeschi et al. [2013], Lopez-Serra et al. [2013], Manning et al. [2014]). Upon Wapl

depletion, cohesins bind stably to DNA and accumulate in axial structures that change

the conformation of chromatin in interphase cells (Tedeschi et al. [2013]). This suggests

that increasing the amount of cohesins on chromatin modifies chromatin organisation. It

is very surprising that c-Myc can affect cohesins so dramatically, probably by deregulating

several mechanisms that are involved in cohesin regulation. Indeed to my knowledge there

are no other reported transcription factors, or proteins not directly involved in cohesin

regulation, that increase the levels of cohesins globally as much as c-Myc.

Overall, my data indicates that the activation of c-Myc increases cohesin chromatin occu-

pancy during G1-phase, specifically at CTCF sites. Cohesins are then maintained on DNA

throughout S-phase where they might interfere with replication. Changing the levels of
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cohesin on DNA also alters DNA replication progression (Lopez-Serra et al. [2013], Man-

ning et al. [2014]). Specifically, in yeast, upon Wapl depletion, replication forks move

faster (Lopez-Serra et al. [2013]), while in mammalian cells Wapl knock down restores

replication fork speed in cells lacking the tumour suppressor pRB (Manning et al. [2014]).

In mammalian cells, pRB depletion induces changes in chromatin structure by reducing

the binding of cohesin to DNA, which is thought to reduce the rate of DNA replication

and increase genomic instability. Rescuing the levels of cohesin on chromatin by Wapl de-

pletion restores replication progression in these cells (Manning et al. [2014]). These data

support the idea that oncogenes and tumour suppressors might affect cohesin regulation,

and this in turn can affect DNA replication.

7.2 Cohesin loading and cohesion stabilisation contribute

to c-Myc-dependent increase in cohesin chromatin oc-

cupancy at CTCF sites

As a transcription factor, c-Myc could increase cohesin chromatin occupancy by changing

the expression of cohesin subunits and regulators. The E-box binding site for c-Myc is

present throughout the genome and it is possible to find it in the promoters of most of the

genes that play a role in cohesin regulation. However, I demonstrated that, of all proteins

involved in cohesin activity, only the levels of cohesin loaders Mau2 and NIPBL and the

establishment factor ESCO1 are increased upon c-Myc activation. This increase is more

pronounced at protein level then at mRNA level, suggesting that transcriptional activation

of these genes by c-Myc is likely only partially responsible for the increase in their protein

levels. It is possible that c-Myc enhances the stability of these cohesin regulators, for

example by activating pathways that could potentially reduce their degradation. c-Myc

could also increase the stability of Mau2 and ESCO1 mRNAs or promote their translation.

Because c-Myc activates the transcription of several genes it is very difficult to test which

process or pathway is involved in causing the increase in the protein levels of these cohesin

regulators.

Increased levels of Mau2 and NIPBL could potentially trigger more loading of the cohesin

complex in G1, which could be followed by cohesin stabilisation, promoted by ESCO1 at

this stage. My data showed that cohesin stabilisation is more pronounced upon c-Myc

activation. Interestingly, mRNA levels of the other establishment factor ESCO2, which

promotes sister chromatid cohesion and is expressed only in S-phase (Hou and Zou [2005],

137



Chapter 7

Kawasumi et al. [2017], Alomer et al. [2017]), were reduced upon c-Myc activation. This is

quite unexpected, especially given the fact that c-Myc promotes entry into S-phase, when

cells require establishment for sister chromatid cohesion. It is possible that a pathway

activated by c-Myc could reduce the stability of ESCO2 mRNA, reduce its translation

or increase its degradation, resulting in less protein being present in S-phase. Because

ESCO1 and ESCO2 activities are partially overlapping (Kawasumi et al. [2017]), it is

possible that ESCO2 functions in S-phase are in part carried out by ESCO1.

Another cohesin regulator whose levels are affected by c-Myc activation is Pds5. Pds5 reg-

ulates cohesin via several mechanisms, for example it interacts with Wapl and modulates

the interaction of cohesin with DNA (Shintomi and Hirano [2009]). A recent paper showed

that depletion of Pds5 causes slowing down of fork progression because, similarly to Wapl

depletion, it increases the presence of the cohesin complex on DNA (Morales et al. [2020]).

My mRNA data indicates that Pds5 shows the highest increase upon c-Myc activation

amongst all cohesin regulators. Because Pds5 levels are increased in our system in which

we detect RS, my data seems to be in disagreement with the notion that Pds5 depletion

causes RS. However, Pds5 has been shown to regulate the activity of the cohesin complex

in different ways (Losada et al. [2005], Murayama and Uhlmann [2015], Minamino et al.

[2015]). For example, it has been suggested that Pds5 is required for cohesin acetylation

promoted by ESCO1 (Minamino et al. [2015]). Because of its interaction with ESCO1,

it is possible that its activity contributes to the increased cohesin stabilisation observed

upon c-Myc activation. Further experiments would be required to test this hypothesis,

such as depleting Pds5 to control levels and investigating RS and DNA damage.

Another protein involved in cohesin activity whose levels are affected by c-Myc activa-

tion is the transcription factor CTCF. CTCF contributes, with cohesin, to the process

of DNA looping and chromatin organisation (Wendt et al. [2008], Dixon et al. [2012]).

Because cohesins seem to accumulate at CTCF sites upon c-Myc activation, it is possible

to hypothesise that the c-Myc-dependent increase in total and chromatin-bound levels of

CTCF could lead to more binding of the transcription factor to CTCF sites. Given the

fact that CTCF serves as a boundary element during the process of loop formation carried

out by cohesin (Wutz et al. [2017]), having more CTCF bound to these sites could lead to

accumulation of cohesin.
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7.3 Preventing the increase in cohesin occupancy on DNA

reduces Replication Stress in c-Myc-activated cells and

in cancer cells

To provide evidence that increased cohesin chromatin occupancy generates RS, I demon-

strated that lowering cohesin chromatin occupancy reduces genomic instability. I did

this by depleting cohesin subunits, by reducing cohesin loading and stabilisation and by

preventing accumulation of cohesin at CTCF sites in c-Myc-activated cells.

The cohesin complex is composed by several subunits, and its activity is regulated by dif-

ferent proteins. To carry out its tasks, the complex requires the presence of all subunits and

regulators. Therefore, depletion of even one of these proteins can alter cohesin functions.

For example, depleting one cohesin subunit reduces the binding of the other subunits and

therefore of the entire complex to DNA (Busslinger et al. [2017]). This feature allowed me

to lower cohesin chromatin occupancy by depleting the kleisin subunit Rad21. Because

lowering the amount of cohesin on DNA in c-Myc-activated cells significantly reduces RS

and DNA damage, this strongly indicates that at least in the first S-phase after c-Myc

activation, the presence of more cohesin bound to DNA generates RS.

Since the increase of cohesin binding is probably partially generated by more loading,

depleting the loader Mau2 reduces c-Myc-induced RS. NIPBL, not Mau2 is the main

cohesin loader and it interacts with the cohesin complex through its C-terminus (Chao

et al. [2015]). However, Mau2 is required for the correct folding of NIPBL, which is

unstable in the absence of Mau2 (Chao et al. [2015], Hinshaw et al. [2015]). In agreement

with this, I showed that Mau2 seems to stabilise NIPBL. Depletion of Mau2 in c-Myc-

activated cells lowers the binding of cohesin on DNA and reduces RS, but does not reduce

DNA damage levels. Since the main focus was to establish how c-Myc generates RS, DNA

damage was only assayed by measuring levels of the DNA damage response marker γH2AX,

which is an indirect measure for DNA damage. Because of this, I am unable to conclude

if the DNA damage observed is a consequence of RS or if it is caused by other events. For

example, it has been shown that NIPBL, whose levels are affected by Mau2, has a role

in regulating transcription that is independent of its role in cohesin loading (Zuin et al.

[2014]). Because of this, it is possible that Mau2 depletion could affect other processes,

which could cause activation of the DNA damage response through cohesin independent

mechanisms. Further experiments, such as looking and the levels of chromatin-bound RPA
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and γH2AX could allow us to distinguish the amount of RS-induced DNA damage and

test if this is reduced in c-Myc-activated cells upon Mau2 depletion.

Cohesin stabilisation by ESCO1 in G1-phase is another factor that promotes the amount

of cohesin bound to DNA in c-Myc-activated cells. In fact, ESCO1 depletion lowers

cohesin chromatin occupancy to control levels and reduces RS and DNA damage in c-Myc-

activated cells. ESCO1 contributes to stabilise cohesins at chromatin loops in G1 by

interacting with the subunit STAG1 of the cohesin complex (Wutz et al. [2020]). STAG1-

cohesin interacts with DNA more stably than STAG2-cohesin in G1 (Wutz et al. [2020])

and therefore higher levels of ESCO1 at this stage could promote an increased and more

stable binding of cohesin to DNA and the formation of long-lived chromatin loops.

Several studies suggested that ESCO1 activity is antagonised by Wapl, which is the release

factor of the cohesin complex (Ben-Shahar et al. [2008], Ünal et al. [2008], Rowland et al.

[2009a], Wutz et al. [2020]). Therefore, it would be expected that depleting Wapl would

cause RS because it increases both the amount of cohesin on chromatin and its stabilisa-

tion. In addition, Wapl depletion seems to increase cohesin on DNA and also at CTCF

sites (Wutz et al. [2017], Haarhuis et al. [2017]), which is what happens when c-Myc is

activated. However, to our surprise, Wapl depletion does not cause RS in our system. A

possible explanation for this is that oncogenic c-Myc is able to alter all these processes

at the same time, which are not altered to the same extent when Wapl is depleted. For

example, c-Myc increases the levels, and the binding to DNA, of CTCF, which is not

triggered by Wapl depletion. This event, together with increased loading and establish-

ment of cohesin could lead to excessive accumulation of stable cohesin to DNA at CTCF

sites. To test if elevated cohesin loading or stabilisation are sufficient to generate RS, or

if other events such as an increase in CTCF levels are required, one could overexpress

both Mau2 and ESCO1 in control cells. I am currently checking if overexpressing each

protein, or both proteins at the same time, affects cohesin chromatin occupancy and DNA

replication. It is also possible that, in a condition where c-Myc is hyper-activated, other

cellular pathways are altered, for example pathways that are involved in regulating ori-

gin activation and in promoting replication fork stability, and that in this situation the

presence of more cohesin on DNA could contribute to RS.

Because c-Myc is a major proto-oncogene that is overexpressed or activated in more than

half of human cancers (Dang [2012]), studying how it induces RS and genomic instability

in cancer cells is key to understand how it promotes cancer initiation and progression. In
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this thesis, I demonstrated that the cohesin complex plays an important role in generating

RS in cancer cells that express high levels of the oncogene c-Myc and experience RS. I

showed that depleting the kleisin subunit Rad21 and the loader Mau2 partially rescues RS

in these cancer cells. My preliminary data suggests that the levels of Mau2 and ESCO1 are

increased in these cells compared to other cells that express lower levels of the oncogene

c-Myc. This is similar to what I observed in the inducible system. However, further

experiments are required to test if these cells also experience increased cohesin chromatin

occupancy, which could be one cause of RS. Cancer cells experience deregulation of many

processes, therefore one can imagine that more than one mechanism is responsible for

generating RS. However, discovering a new mechanism for oncogene-induced RS can bring

us a step closer to understanding the process.

In conclusion, my model shows that activation of the oncogene c-Myc enhances cohesin

chromatin occupancy by increasing cohesin loading and stabilisation. In addition, c-Myc

elevates the levels of CTCF. All of these events triggered by c-Myc activation cause the

accumulation of the cohesin complex at CTCF sites in G1-phase of the cell cycle and this

accumulation could ultimately interfere with DNA replication in the following S-phase and

generate RS (Figure 7.1). However, the question remains, how could the accumulation of

cohesin on DNA generate RS? A possible explanation is that the presence of elevated levels

of cohesin on DNA could induce topological stress that would eventually lead to slowing

down of replication forks, causing RS and DNA damage during replication. Topological

stress arises as a consequence of the intertwining of two anti-parallel DNA strands (Wang

[1979]). It is known that topological stress is generated when DNA replication forks

encounter proteins that are stably bound to DNA, which block the diffusion of topological

stress (Ivessa et al. [2003]). This happens, for example, at DNA replication terminations,

where two replisomes converge (Schalbetter et al. [2015]), or when the replisome encounters

the transcription machinery (Jeppsson et al. [2014]). The presence of several cohesins

accumulated on DNA at CTCF sites could induce topological stress, which is a source of

genomic instability (Bermejo et al. [2007]). A recent study showed that the accumulation

of cohesin at centromeres increases topological stress, because the complex serves as a

barrier for the spreading, and therefore release, of topological stress, which accumulates

at cohesin binding sites and causes DNA damage (Minchell et al. [2020]).

Some preliminary data, which are not shown in this thesis, suggests that c-Myc activation

is associated with increased sensitivity to etoposide, an inhibitor of Top2, an enzyme that
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relaxes topological stress by inducing nicks on both DNA strands. Top2 cleaves the DNA

phosphodiester backbone of DNA and binds covalently to the 5’ end of the break. This

structure is normally reversible. In fact, after another DNA molecule is passed through the

break to relax topological stress, the enzyme ligates the ends and dissociates from the DNA

(Pommier et al. [2016]). The drug etoposide stabilises the binding between Top2 and the

DNA ends, therefore preventing the re-ligation process (Nitiss [2009]) and the resolution of

topological stress. c-Myc cells seem to be more sensitive to etoposide treatment because

they develop more DNA damage compared to control cells. This suggests that c-Myc-

activated cells might experience more topological stress than control cells.

This is an indirect method of measuring topological stress. Testing if c-Myc activation

increases topological stress would require techniques that are able to directly measure DNA

supercoiling. These techniques are based on a molecule called 4,5,8-trimethylpsoralen

(TMP) (Bermúdez et al. [2010]), which binds to under-wound DNA in regions of the

genome that are experiencing torsional stress. TMP is tagged with biotin, which allows

the mapping of the genomic regions that are experiencing DNA supercoiling by using

microarrays (Gilbert and Allan [2014], Corless and Gilbert [2017]) or next generation

sequencing (Anders et al. [2014]). To test if the presence of more cohesin on DNA causes

RS because it induces torsional stress in our system, it would be key to investigate if,

upon c-Myc activation, the DNA experiences supercoiling and if the genomic regions that

are affected by this are located in proximity of CTCF sites, regions where we know the

cohesin complex tends to accumulate.

c-Myc 
activation

Replication 
stress

Genomic
instability

Increased Mau2,
ESCO1, CTCF

levels

Increased cohesin 
chromatin occupancy 

at CTCF sites

?

Figure 7.1: Cohesin occupancy contributes to generate genomic instability upon
c-Myc activation. Model of c-Myc-induced Replication Stress. In this newly discovered
model for oncogene-induced RS, the oncogene c-Myc increases the levels of few cohesin
regulators, the loader Mau2, the establishment factor ESCO1 and the transcription factor
CTCF. This leads to increased cohesin chromatin occupancy specifically at CTCF sites.
Having more cohesin on DNA somehow interferes with DNA replication and generates RS
and genomic instability.

Another possibility is that cohesin complex bound to DNA could stop replisome progres-

sion. In fact, a study in Xenopus has indicated that in some cases the cohesin complex

is able to stop replication on the tip of the replication bubble (Kanke et al. [2016]). It is

possible that accumulation of the complex at specific sites would increase the chances of
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fork stalling and therefore generate RS.

Overall data described in this thesis provides a novel mechanism for c-Myc-induced rep-

lication stress. c-Myc activation is a crucial event in many human cancers, therefore

identifying the mechanisms through which it promotes RS provides critical insights into

cancer biology and therapy.

7.4 Role of the cohesin complex in protecting genome sta-

bility and generating genomic instability

In previous reports cohesins have been associated with RS tolerance via stabilisation of

stalled forks and repair of damaged DNA (Sjögren and Nasmyth [2001], Schär et al. [2004],

Tittel-Elmer et al. [2012], Rohban et al. [2017], Frattini et al. [2017], Morales et al. [2020]).

Studies in yeast showed that during the G2-phase of the cell cycle, the cohesin complex

holds the two sister chromatids together at DSB sites and facilitates strand invasion during

homologous recombination (Sjögren and Nasmyth [2001], Schär et al. [2004]). Other works

indicated that during DNA replication, the complex has a role in protecting stalled forks

and promoting fork restart (Frattini et al. [2017], Tittel-Elmer et al. [2012]). A more

recent study showed that the cohesin complex could have a role in fork protection also

in vertebrates (Morales et al. [2020]), while another indicated that the cohesin complex

is required to prevent c-Myc-induced RS and RS-induced DNA damage (Rohban et al.

[2017]).

However, other studies have shown that the presence of cohesins on DNA could also

contribute to generate genomic instability (Canela et al. [2017], Minchell et al. [2020]).

Canela et al. [2017] showed that in interphase cells, DSBs co-localise with CTCF and

cohesin binding sites and that DSBs are found at chromatin loop anchors and also inside

loop domains. This suggests that the process of loop formation could promote DNA

breakage. Minchell et al. [2020] showed that the accumulation of cohesin at centromeres

increases topological stress, because the complex serves as a barrier for the spreading,

and therefore release, of topological stress, which accumulates at cohesin binding sites and

causes DNA damage.

Because the cohesin complex is involved both in protecting genome stability and generat-

ing genomic instability, I speculate that whilst the presence of cohesins during S-phase is

required to protect stalled forks and repair damaged DNA, excessive cohesin accumulation
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and stabilisation at specific sites, which takes place largely during G1, can interfere with

the progression of the replisome. My data shows that, upon c-Myc activation, accumula-

tion of the cohesin complex could interfere with DNA replication and therefore generate

genomic instability. However, the cohesin complex is required in S and G2-M to maintain

genomic stability and promote correct chromatid separation (Sjögren and Nasmyth [2001],

Schär et al. [2004], Tittel-Elmer et al. [2012], Rohban et al. [2017], Frattini et al. [2017],

Morales et al. [2020]). In line with this, in the appendix, I demonstrated that overly

reducing the levels of Rad21 or that of the loaders Mau2 and Nipbl generates genomic

instability, as previously shown in Rohban et al. [2017]. Therefore, overly reducing the

levels of cohesins could contribute to generate genomic instability in the following cell

cycles specifically in c-Myc-activated cells, which experience genomic instability more so

than healthy cells. As a proof of this, my data shows that, whilst lowering chromatin

bound cohesin levels in c-Myc-activated cells reduces RS levels, depletion of the cohesin

complex and its loaders affects c-Myc-activated cells more than control cells. Preliminary

data not shown in this thesis indicates that depleting the cohesin loaders could reduce cell

viability in c-Myc-activated cells more than in control cells. This suggests that targeting

the cohesin complex in cells that are experiencing high levels of genomic instability could

be a potential therapeutic approach to selectively kill cancer cells. This can be tested by

depleting components of the cohesin complex in cancer cells that are experiencing genomic

instability and measuring if their viability is compromised.

In conclusion, the amount of cohesins on DNA needs to be finely balanced. In fact, both

having excessive accumulation of the complex on DNA or not having enough can generate

genomic instability. Healthy cells have several mechanisms in place to make sure that the

right amount of cohesin is present on DNA throughout the cell cycle and these mechanisms

are probably deregulated during tumourigenesis. In fact, several cancer-associated cohesin

mutations have been found (Barber et al. [2008], Solomon et al. [2011], Guo et al. [2013]).

Functional studies of cohesin mutations in cancer cells suggest that these mutations are

associated with mis-segregation and aneuploidy (Barber et al. [2008], Solomon et al. [2011])

but also to changes in chromatin organisation and gene expression (Wilson et al. [2010],

Balbás-Mart́ınez et al. [2013], Tirode et al. [2014], Flavahan et al. [2016]). Overexpression

of cohesin subunits has also been found in cancer. For example, Rad21 overexpression has

been associated with faster tumour progression, metastasis and poorer prognosis in breast

cancer patients (Xu et al. [2011], Yamamoto et al. [2006]).
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7.5 Future research opportunities

The exact mechanism of how increased cohesin chromatin occupancy can generate RS

remains unknown. I have proposed a model where having more cohesins on DNA might

generate RS by increasing topological stress at CTCF sites. Another possibility is that

the accumulation of cohesins on DNA could interfere with replisome activity and therefore

slow down or block replication progression by hindering the fork passage as suggested in

Morales et al. [2020]. The elucidation of this mechanism will remain an active area of

research in the lab.

My data indicates that this mechanism could be partially involved in generating RS in

cancer cells. However, if in cancer cells cohesin chromatin occupancy is increased through

enhanced loading and stabilisation still needs to be confirmed. When measuring the levels

of chromatin-bound cohesin, a comparison needs to be performed between cancer cells

that express high and low levels of the oncogene c-Myc. If cancer cells that express high

levels of c-Myc show high cohesin chromatin occupancy as well as RS, this could be a

good indication that this represent a common mechanism of c-Myc-induced RS in cancer

cells. In this thesis, I only analysed two lung cancer cell lines but further work should be

focused on testing a panel of cancer cells lines, derived from different types of cancer.

The cohesin complex seems to have a role in generating genomic instability but also pre-

venting catastrophic genomic instability in cancer cells. Therefore, it would be interesting

to test which of these two mechanisms contributes to cancer mutations and evolution in

each type of cancer. This could allow the selection of the right therapeutic strategy to

reduce cancer proliferation, by either depleting or overexpressing components or regulators

of the cohesin complex.
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Appendix A

Overly reducing cohesin levels

generates genomic instability

The cohesin complex plays an important role in maintaining genome stability throughout

the cell cycle. During DNA replication, the complex protects stalled forks (Frattini et al.

[2017], Morales et al. [2020]) and promotes fork restart (Tittel-Elmer et al. [2012]). In

the presence of stalled forks, cohesin is mobilised by ubiquitylation and it is repositioned

behind the stalled replisome, where it allows the locking together of nascent chromatids.

While doing this it protects fork architecture and functionality until DNA replication is

ready to resume (Frattini et al. [2017]). By keeping sister chromatids together where

a replication fork is stalled, the complex is also able to promote fork restart by allowing

homologous recombination (Tittel-Elmer et al. [2012]). Homologous recombination is a key

mechanism in the DNA repair process. During the G2-phase of the cell cycle, the cohesin

complex holds the two sister chromatids together at DSB sites and therefore facilitates

strand invasion during homologous recombination (Sjögren and Nasmyth [2001], Schär

et al. [2004]). In the absence of cohesin and of some of its regulators, cells are unable

to properly repair DNA DSBs and therefore they accumulate DNA mutations and mis-

segregated chromosomes (Sjögren and Nasmyth [2001], Strom et al. [2004], Ünal et al.

[2004], Schmitz et al. [2007]). In addition, it has been suggested that the cohesin complex

could protect cells from RS (Rohban et al. [2017]).

My data shows that c-Myc activity can elevate levels of cohesin regulators, such as Mau2.

Whilst my data indicates that these increased levels are likely to contribute to c-Myc-

induced RS, they do not exclude that the cohesin complex might also contribute to cohesin-
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dependent DNA damage repair. To test this hypothesis, I decided to reduce further the

levels of cohesin subunits and cohesin loaders to study if their more complete depletion

would generate genomic instability and therefore impair DNA replication and cell viability.

To test if the cohesin complex also contributes to maintenance of genome stability in our

c-Myc inducible system, I knocked down the kleisin subunit Rad21 and the two loaders

Mau2 and NIPBL using efficient siRNAs, in order to decrease the levels of cohesin to

a point that would significantly affect its functions in the cells. First, I knocked down

Rad21 using a pool of siRNAs. As shown in Figure A.1A, the protein levels of Rad21

are significantly reduced in knocked down cells compared to control. RT-qPCR data

shows that only less than 10 % of mRNA levels are maintained after depletion with the

pool, compared to around 50 % after depletion with the single siRNA used in previous

experiments (RT-qPCR data not shown). Upon c-Myc activation, depletion of Rad21

with the siRNA pool significantly increases the levels of the DNA damage marker γH2AX

(Figure A.1A and B) compared to control cells. This might result from an increased

dependency of c-Myc cells on the function of cohesins when they experience more DNA

damage. A small increase in the levels of γH2AX is detectable in untreated cells, which

suggests that these cells are less dependent on the cohesin complex, possibly because they

are experiencing less DNA damage (Figure A.1A and B).
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Figure A.1: Rad21 depletion induces genomic instability. Quantification of DNA
damage in Rad21 depleted cells using a pool of siRNAs. A) Western blot of γH2AX and
Rad21 after knock down of Rad21 for 48 h, with and without c-Myc activation for 24 h.
GAPDH is a loading control. B) γH2AX Western blot quantification of knocked down cells
normalised to GAPDH. n=4 experiments. p-value***=0.0007 calculated with Student’s
t-test.

Cohesin loading, promoted by the loaders Mau2 and NIPBL is a key mechanism that allows

the binding of the complex to DNA and therefore, in the absence of the loaders, cohesins
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fail to associate with chromatin (Ciosk et al. [2000]). Consequently, depletion of Mau2

and NIPBL would allow me to reduce cohesin binding to DNA and confirm if the complex

is important for maintaining genome stability in our system. I knocked down both Mau2

and NIPBL with efficient siRNAs as shown in Figure A.2. Like for Rad21 knock down

experiments, I measured the levels of γH2AX in knocked down cells with and without

c-Myc activation. Also in this case, γH2AX levels are much higher after depletion of the

loaders compared to control in c-Myc-activated cells (Figure A.3A). Similar results were

obtained using alternative siRNAs as shown in Figure A.3B. This indicates an important

role for the cohesin complex in repairing oncogene-induced DNA damage.

I then measured the levels of RS with the DNA fibre assay in knocked-down cells with

and without c-Myc activation. Depletion of both loaders for 48 h significantly reduces the

length of replicative tracks in untreated cells. The shortening is even more pronounced in

c-Myc-activated cells (Figure A.3C). This indicates that the absence of cohesin on DNA

generates RS, possibly because depleted cells are unable to prevent RS-induced DNA

damage and its repair especially after c-Myc hyper-activation.
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Figure A.2: Mau2 and NIPBL protein levels after knock down experiments
with efficient siRNAs. Western blot of Mau2 and NIPBL after knock down of the
indicated protein for 48 h, with and without c-Myc activation. GAPDH is a loading
control. Representative of n=3 experiments.

Results described in this section strongly indicate that the levels of proteins involved in

the regulation of cohesin activity are crucial for the correct activity of the complex. While

oncogenic activation increases the levels of these proteins, therefore generating genomic

instability, overly reducing them can also affect genomic stability and cell viability. Since

depletion of cohesin subunits and regulators seem to affect cells experiencing oncogenic

c-Myc activity more so than healthy cells, these proteins could serve as potential target

for new anti-cancer therapeutics. Further studies, using cancer cells with high levels of RS

and genomic instability, are required to test the therapeutic potential of these proteins.
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Figure A.3: Mau2 and NIPBL depletion induce genomic instability. Quantifica-
tion of RS and DNA damage in Mau2 and NIPBL depleted cells using efficent siRNAs.
A) Western blot of γH2AX after knock down of the indicated proteins for 48 h, with and
without c-Myc activation for 48 h. GAPDH is a loading control. Representative of n=3
experiments. B) Western blot of γH2AX, Mau2 and NIPBL after knock down of the in-
dicated proteins using alternative siRNAs for 48 h, with and without c-Myc activation for
48 h. GAPDH is a loading control. n=1. C) Histograms reporting the distribution of fibre
length after knock down of Mau2 and NIPBL for 48 h with and without c-Myc activation
for 48 h. p-value****<0.0001 calculated with Mann-Whitney test. Representative of n=3
experiments.
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P Schär, M Fäsi, and R Jessberger. SMC1 coordinates DNA double-strand break repair

pathways. Nucleic Acids Research, 2004. ISSN 03051048. doi: 10.1093/nar/gkh716.

C A Schmitt. Senescence, apoptosis and therapy - Cutting the lifelines of cancer, 2003.

ISSN 1474175X.
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B Schuster-Böckler and B Lehner. Chromatin organization is a major influence on regional

mutation rates in human cancer cells. Nature, 2012. ISSN 00280836. doi: 10.1038/

nature11273.

R Sears, G Leone, J DeGregori, and J R Nevins. Ras enhances Myc protein stability.

Molecular Cell, 1999. ISSN 10972765. doi: 10.1016/S1097-2765(00)80308-1.

F Senigl, Y Maman, R K Dinesh, J Alinikula, R B Seth, L Pecnova, A D Omer, S S P

Rao, D Weisz, J M Buerstedde, E L Aiden, R Casellas, J Hejnar, and D G Schatz.

Topologically Associated Domains Delineate Susceptibility to Somatic Hypermutation.

Cell Reports, 2019. ISSN 22111247. doi: 10.1016/j.celrep.2019.11.039.

C J Sherr and F McCormick. The RB and p53 pathways in cancer, 2002. ISSN 15356108.

K Shintomi and T Hirano. Releasing cohesin from chromosome arms in early mitosis: Op-

posing actions of Wapl-Pds5 and Sgo1. Genes and Development, 2009. ISSN 08909369.

doi: 10.1101/gad.1844309.
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