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Abstract

ABSTRACT

CDCY7 is an essential seritigreonine kinase that has an important role in the initiation of DNA replication.
CDCY7 phosphorylates several sites of the MCM helicase complex allowing recruitment of CDC45, among
other factors, anstimulating origin firing. In recent years, various inhibitors of CDC7 have been developed
as anticancer therapeutics. Increased understanding of the cellular response to CDC7 inhibitors is crucial
in order to identify the additional roles of CDC7. Altlgtuthe effect of shotierm CDC?7 inhibition has

been broadly studied, the cellular response to prolonged CDC7 inhibition has been hardly investigated.

Novel evidence has demonstrated the role of CDC7 in the cellular response to replication stressoiReplicat
stress can be cause by endogenous or exogenous insults, which cause the slowing or stalling of replication
forks. Using an inhibitor of CDC7, this reseamiggestgshat CDC7 activity promotes replication fork
collapse upon prolonged fork stalling. Eaer, ths researchdisclosegshat CDC7 inhibition does not affect

EXOL1 stability, as previously observét], anddo notstimulaes RAD51 filaments formation on the
reversed forksOur work in EMBO Reportalso showed that CDC7 inhibition protddRE11 dependent

fork degradation in BRCAZ2 deficient cellsnd suggest that CDC7 activity is required for the regulation of
MREL11 activity[2]. The resultshown in this studytogeher with the results shown in Rainey et al 2020

[2], suggest that CDC?7 is a key regulatofark processing and integrity in responseeplication stress .

This study also investigated the phenotype induced by-tlenmg treatment with two potent and specific
CDCY7 inhibitors: XL413 and TAKI31. Treatment was performed for 8 days in the breashelal cell

line, MCF10A, and alock in proliferation and a reduction offfhase cellsvere observed upon CDC7
inhibition. RNA-sequencing data from cells treated for 8 days with CDC?7 inhibitors, suggest thegriong
CDC?7 inhibition induces a major transcriptional change in MCF10A. However, only a portion of the
differentially expressed gene (DEGSs) observed is common betiheawo CDC7 inhibitors, suggesting

that XL413 and TAK931 do not elicit the same transcriptional response. Nevertheless, an upregulation of
various interleukins (ILs), chemokines and cytokines, in both XL413 and-93WKtreated samples, was

observed, sygesting that prolonged CDCY7 inhibition can lead to an inflammatory phenotype.

Further results suggest that prolonged CDC7 inhibition induces an accumulation of cells with micronuclei
and the localization of the Cyclic GMBMP Synthase (cGAS) protein, &saling enzyme that controls
immunesensing of cytosolic DNA, at the micronuclei. This suggests a possible activation of the cGAS
STING pathway upon CDC7 kinase inhibition. In addition, lbegn treatment with CDC7 inhibitors
causes the accumulationfefGalactosidasgositive cells, a typical marker of senescence cells. However,
cells were able to recover after the removal of the inhibitors, suggesting that prolonged CDC?7 inhibition

induces a senescenliee phenotype in MCF10A. The senescence phenoiymdso observed in both
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MCF7 and MDAMB231, suggesting that the senescelilae phenotype is a general response to CDC7
inhibition.
Lastly, the preliminary results suggest that p53 plays a role in the phenotype observed. Loss of p53 prevent

the senescerdike phenotype observed in MCF10A.

The results of this studies have important potential implications in the use of CDC7 inhibitors as
chemotherapeutics. The induction of senescence causes changes in the cellular physiology of cancer cells,
which can beexploited to specifically target and eradicate senescence cancer cells, also called senolysis.
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1 INTRODUCTION

1.1 DNA REPLICATION

DNA replication is the mechanisosed byliving organismgo replicate their genomevhich consists of
three steps: the initiation, the elongation and the termination. The initiatiolvesthe activation of the
preassemi®d prereplicative (preRC) complex. ThpreRC is composed of the OrigiRecognition
Complex (ORC), Cell Division Cycle 6 (CDC6), CDCGilependent transcript 1m (CDT1) and the
minichromosomenaintenance (MCM) proteins MCM2 This complex is assembled in specific areas of
the genome called replicationgins. The replication origin firinggventsarecyclin andCell Division Cycle

7 (CDC7)xdependent. Once the complex is activatied helicase activity of the CMG complex (including
CDC45, MCM27 and the GINS complex)nwindthe parental DNA duplex, allang the replication of
the leading and lagging strand by polymerasespBoh d  fReviewed in3]).

In recent years, gumd-breaking studies from the filey and Remus laboratory have fully reconstituted
efficient eukaryotic DNA replication of naked DNA, providing important insights into the functions of

replication proteins and the mechanisms of DNA replicedobi.
In the following chaptersthe process of replication aukaryoteswill be explained

A schematic representation of DNA replication is shown in Figure 1.1.
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Origin licensing

Pre-RC

Origin firing

CMG Helicase CMG Helicase

DNA
Pola

Elongation

Figure 1.1:Schematic representation of the DNAeplication process.Components of the P#RC are recruited to
the replication origins during late M and early G1 phases of the cell cycle. ORC is recruited at origins. Once at origins,
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ORC recruits CDC6 and CDT1, which are required for the loadintheofMCM2 7 complex. The DNAbound
MCM2-7 is phosphorylated by CDC7. Treslin:MTBP is recruited to CIpG@sphorylated MCMZ. Treslin can be
phosphorylated by both CDK and CDC7. Phopshorylated Treslin binds to TopBP, and the Trelin:MTBP1:TopBP1
complex is ecruited to CDCsphosphorylated MCMZ. RecQ4 is phosphorylated by CDK and is recruited to the
MCM2-7:Treslin:MTBP:TopBP1. CDC45 and GINS are then recruited to the MZN@mplex, forming the CMG.

DNA replication then start bidirectionally.

1.1.1 Initiation
DNA replication initiation is a twestep procesgonsistingof origin licensing and origin firingThe

following few chapters will outline these steps.

1.1.1.1 Origins
In order tobe replicatedthe DNA double helix must opén allow the replisome to copy each strand of
DNA. This opening happeann specific area of the genome called origins. Origins are defined as the
genomic regionstavhich DNA replication starts. Thegre recognized and bound by specific proteins,
whose linding allows the start and the progression of the DNA synthesis in a bidirectional manner.

DNA replication origirs werefirst identifiedin S.cerevisiaeby their ability to confer replicatiocapability

to plasmids and were called Autonomous Replication Sequences (ARSs). These elements contain the
autonomous consensus sequence (ACSs) of L5V TTTA(T/CY(A/G)TTT (A/T)-3]) [6]. ACS is

the binding site othe Origin Recognition Complex (ORC). ORC tise main factor involved in origin
licensing[6]. Another important characteristic Sfcerevisiaés originsis nucleosome exclusion. The ACS

creats a nucleasdree region, which allowthe binding of ORC. The nucleosoffree characteristic of

these regionmaybe due to the AT richness of these domai(Reviewed in7]).

In humars, recent genomwide studiesdemonstrate a correlation with untimgated CpG islansland
promoter region§8]. Thesestudiesconfirm thatmost origins are characterized by origirri€h repeated
elemens (OGREs) [8]. The guanines of these repeated elemmanigotentily form unusual fowstranded
DNA structures through hydrogen bonding, cal@dquadruplex(G4) [8]. The critical role of G4 in
replication initiation was confirmely the observation that point mutations, whidfect the formation of
this structurecause arimpaired originefficiency [9]. However, he mechanism by which G4s ianqt
origins is not clearA study from 2015uggestthat G4 allove the positioning of the nucleosomaound
the origin,facilitating therecruitment of ORJ10]. Furtherstudiessuggest that this structure could be

recognized by specific factors involved in the formation of functional ofidirl2]

Despitebeing widelystuded, a common consensus sequehas not beediscoveredn human ceb. This
lack of a common consensus sequemay bedue to the presence, in the human genome, of different

classes of origins, which use different modules and are recognized by a difféasett GuproteinsAn
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alternativepossibility isthat humanorigins are modular anckgulated by a combination of elements
Further studies are neededdly understand human cell replication origins

In humancells, the number of replication origiressailableis greater than the number of origins activated
during the S phasfl3]. The different usage of replication origins permits their classification into three
categories: constitutive, flexible and dormadanstitutive origins ar@sed all the time in any cell type.
They are thaminority of the eukargtic origins Flexible originsare potential origins that can be used
stochastically in different cel[44]. Their existencexplainsthe low origh usageseen in eukaryotic cells.
Inactive dormant origins are potential origins that are never used imdheal cell cycle but can be
activatedin stress conditiondDormant origins aréundamentaln maintaining genome integrift5,16]

When forks encounter obstacles that lead to a block in replication, cells use dormant origin to facilitate the
replication of those segmerjii,16]

Origins are also classified based on the time they are activated during DNA replieatignmid-andlate

origins. Various mechanisms have been suggested to explain the regulation of replication timing. It has
been shown that trangationally inactive heterochromatin replicates late, while transcriptionally active
euchromatin replicates eafl{/7]. In mammalian cellsdistinct DNA replication foci were observedtime

early, mid and late S phase, leading to the hypothesis that specific nuclear structures may determine the

time the segment replicateithin the S phasgl8].

Althoughmucheffort has beemmadeto understand how replication timing is regulatég mechanisms

regulatingthis processrestill unclear.

1.1.1.2 Oirigin licensing
Origin licensingoccursat all potential replication origingresenin the genomeluring the G1 phasaf the
cell cycle. Itincludes the formation ofthe PreReplication CompleXpre-RC) through sequential and
interdependent binding of different protgin

The first stepncludesbindingthe Origin Recognition Complex (OR®RC was first discovered in yeast
by fractionatingARS binding protein§l9]. Following this discoveryQDRCorthologues were identified in
X. Laevs, D. melanogasteand humaga[20i 22]. The ORC is a sksubunit complex that selects the sites
for subsequenteplication initation ORC canbind and hydrolge ATP, which habeen demonstrated to

beessentiafor its functionin different model organisn{49].

ORC assembly on chromatin is then followed by the bindinrghd\AA+ ATPasecalledCDC6. CDC6
was first identified inS. cerevisiaén a mutant screeandwas later found to have a role in replication
initiation [23,24] After CDC6, CDC1l6dependent transcript 1 (DNA replicatidactor CDT1) is loaded
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on the origin. CDT1 wasnitially identified inSPombeand has been implicated asrdical factor in pre

RC assembly25]. CDT1 has been shown to assceiatith the C terminal of CDC6 to cooperatively
promote the association tbie mini-chromosome maintenance (MCM) complex wiitachromatin26,27]

It is believedthat CDT1 role in origin licensing is to work as a carrier and deliver the MCM complex to
DNA-bound ORC/CDC6Studiesin yeast support this model by demonstrating tBBT1 is rapidly

releasd after successful loading of the MCM compl28].

MCM is ahexamer composed six subunits MCMZ7. Binding of he MCM complexo replication origins
resultsin the formation of a pr&C. Biochemical data from various studies support the hypothesis that
MCM proteins act as a DNA helicase, whasgivity is essential founwindingthe DNA (Reviewed in

[29])

Origin licensing is amssentiastep in repliation, which ensusgthat thegenone is duplicated once during
the cell cycle.

A schematic representation afigin licensingis shown in Figure 1.1.

1.1.1.3 Origin firing
Origin firing consists of a series of events that cause the binding of protein complexes, the opening of the

dsDNA and the start of the replication of the two strands of DNA. The licensing step generates multiple
potential sites for the start of the replication. Howewaty a small portion of these origins will be activated
during the S phase

Theprimarytriggersof origin firing are two kinases:-ghaseCyclin Dependent Kinas2(CDK?2) andCell
division cycle 7 CDC7 kinase which is also known as DBFDependentkinase (DDK) [30,31]
Phosphorylation by these two kinasd#svarious components of the preR€ads to the recruitmenof a
series of proteins, whicform the Prenitiation Complex (prdC). The prelC is defined as the protein
complex preceding the activation of the DNAibase(Information on the role of CDC7 in origin firing in
sectionl.4.3.).

The initiation of DNA replication requires the recruitment of at least nine initiation fadtansiding
CDC45, GINS tetramefopBPL and Treslinto form the prdC. These factors have been the subject of
extensivestudies in thepastyears The recruitment of the complexes listed above is mediated by the
controlled activity of CDK andCDCY7. It was observed that CDK phosphorylate TopBRt&racting,
ReplicationStimulating Protein (Treslin) and facilitates its association with TogBPBJL The association

of chromatinbound MCM27 with the Treslin:MTBP:TopBP1 complex is increased follow@DC7
phosphorylation of MCM433]. The interaction between the@W?2-7 complex and Treslin and pBP1

is required for the replication itration. RecQ4,which plays an essential na@mzymatic role in the
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formation of the CMG complexs then recruited to the MCM3:Treslin:MTBP:TopBP1 and together
they form the prénitiation complex (prdC) [34]. These events lead to the recruitment of CDC45 and
GINS.CDC45 was first discovered in yeast, where it was shovimave a fundamental role in replication
[35]. CDCA45 is essential for the formation of the-pfl@ecomplex at origins and was shown to be part of the
complex responsible foné unwinding of the DNA at replication fork36]. GINS isanothercrucialfactor
involved inorigin firing. GINS is a complex of four small proteins: Sld5, Psfl, Psf2 and[Pf3GINS
have been demsetrated to have an important role in the establishment, progressiomanaihation of
replication fork, thanks toits ability o i nt er act wi7{Rbviewed IM38]). &INS togdiBevl 2
with CDC45 is thought to beacofactor for he helicase activity of MCMZ. Tagetherthese proteins form

a complexcalled CMG or unwindosomegthat is responsible for unwinding the DNA upon origin firing
[36].

Once all thenecessaryDNA polymerase are recruitedand the CMG helicase complex is activated, the
elongation step of DNA replication starthefCMG helicase stato move along each of the two leading

strands of the nascent replication forks generating ssigdgded DNA (ssDNA)which Replication
protein A RPA) coats. The generation of ssDMfeatss i t es f or priming by Pol U/
extended by Hai.

A schematic representation afigin firing is shown in Figure 1.1.

1.1.2 Leading and Lagging strandelongation

Origin firing cause the activation of the CMG helicase, whose movenoaimdthe DNA generateRPA-

coated ssDNAwhich provide sites for priming fotheP o dpritnase complex. After the initial priming by

P o {pritnase other polymerase®oba n d , Rilb poymerize theDNA, allowing the replication of the
whole genomeThis step is called elongatioBuring elongation, theeplication forksduplicatethe DNA
usingasemiconservative DNA synthesiB thisphasethe prelC is replaced byhereplisome progression
complexes (RPCyvhich contain severagbroteinsneeded for replicating the DNARart of the RPGs the

CMG complex, Claspin, Timeless, Tipin, Topoisomerase |, MCM10 and components of the histone

chaperoneg Reviewed if3]).

DNA synthesis pr oc e ehs directionadity dbthe replicatiéh orocess caethes i o n
formation of a leading stranthat is duplicated continuously and a lagging strandishdiscontinuously
replicated.Synthesis of these two strands ocggimultaneously in the de, posing topological problems

to the DNA In prokaryotic systes) a modelthat allows the simultaneous synthesid the two strands has

been proposed: thfiet r o mb o n[89%40] Miusdr®del postulatethat the lagging strand forms a loop

to allow the leading and lagging strand proteins to inteaadtcoordinate DNA synthesi89,40] This
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model allows the replisome tmove in one directionral g/nthesize both DNA strandslt has been
suggested that similar structurds employed by eukaryotes. In 2015, work fréine Griffith laboratory

providedt he first direct evietliieaaularydtooviral system, céntirmimgrthe o n e 0

hypot hesi s of a # theeokarpoticorgadism@BE.c hani sm i n

Thecurrent model of DNA replicatiopredicts that on the leading straRdo {prithase synttszes the first
RNA/DNA primer[42]. P o {prilnaseis then switched to Polwith its processivity factor PCNAg ring-
shaped homotrimeric protein thencircles the DNA and acts as a sliding clamp during DNA replication

[43]. Poly, together with PCNAperforms continuoukading strand synthedi44]. In the lagging strand,

P o {pritnase is involved in RNA priming and discontinuous DNA syrigheghichist e r mi nat ed by

[44][44,45]. This process formfagments of newly syntiszed DNA, called Okazaki fragmenj46].
Synthesis of these fr agme n tendofithe RNAginmaiofitte previbushy h e n
synthesized fragment and performs strand displacement syntté6js The RNA primers and the gaps
between th®kazak fragments are removed and filled by specialized proteins involved in the maturation
stepsof the Okazaki fragmen{®Reviewed in47]).

A schematic representation ofNIA replication is shown in Figurg1l.

1.2 REPLICATION STRESS
DNA replication is a tightly contrtdd mechanism Alteratiors of the replication dynamiccan cause

genomic instability These alterations of the replication process are called replication stress. In particular,
replication stress idefined as the transient slowing or stalling of the replication fork in response to various

obstacls.

1.2.1 Causes of replication stress
Replication stress can be initiatedseveralways.The following paragraphs will attemfat summarizehe

key causes of replication stre@Reviewed in48]).

DNA lesions are the most common cause of replication stkisks, gaps and stretches of ssDNA are
sourcsand consequensef replication stress. Iparticular, nicks and gajse hazardous lesisthat could
be passively turned iBoublestrand breaksOSB9 when met bythe replication machinery. Unrepaired
DNA lesiors are the most common source of replication stréseselesions act as a physical barrier

the replication machinery progression, preventing replication activity.

Secondary structures present in the DNA are also a cause of replicationStremssl DNA sequences,
such as trinucleotide repeatan form secondary structsrike hairpinsor DNA triplexes Thesestructure

act as an obstacle that bledke progression of the replication faskd can promote fork slippa#9].
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Further thesecondary structure foedin GC-rich DNA called Gquadruplexs also a source of replication
stress. Lack of helicaseshichunwindsecondary structurgar chemical stabilization of the structure lsad
to an increase in DSBs formation and a reduction in fork sj&d

DNA replication stress can also be caused by physiological mechanisms that act on the DNA. These
mechanisms are replication itself and transcription. ifiberaction of thetwo processes cacause a
collision between the replisome and the transcription machifiReyiewed in[51]). This cancause
genomic instabilityand ithas been the subject of much attention after identifgégiprs in the genome

called EarlyReplicating Fragile Sites (ERFS#hat are prone tdSBsformation[52]. These sites have

been shown to baghly transcribed during theghase of the cell cycle. The DSBs dreught to béormed

as a result of a collision between the replisome and the transcription conjp@xétowever, studief

yeast hae shown that replication stress is inddteforethecollision. The comergence between replisome

and transcriptomeaugs topological stress, which triggethe replication stress resporis8].

Lack of RNA processing components also causes replication. stheslack of these components is thought
to cause a reduction in the transcription rate, stimulating colljS&b5). An additionalhypothesis is that

the nascent transcript-hgybridize with the DNA behindhe transcript complex, forming anlBop. R
loops are threestranded nucleic acid structgreomposed of RNA:DNAhybrid and a displaced ssDNA
strand. The formation of theseasttures can interfere with the replication machinery and cause DNA
damage(Reviewed in[56]). In the cells, various mechanisms are present to resclo®mprand avoid
collision between replisome and transcriptome. In particular, BN helicases and RNase H are

essentiafactorsin the dissolutiorof these structusd55].

The common fragile sites (CFSs) are other genomics regions prone to DSB and replicatidrnsteesse
of the formation of DSB is still uncleait hasbeen suggested that these DSBs arise because of a lack of
origins which limit the ability to rescuaadled fork(Reviewed in57]).

Oncogenes can also cause replication strgsltering the cell cycle areheckpoints, causing origin over,
underusage, or evereusage(Reviewed in58]). Origin firing is a regulated process: sathusthave a
certain number of active origins to correctly replicate the genBmauction or increasa the number of
active origins can cause replication stress and genomic instalilitparticular, overexpression of
oncogenessuch as HRAS, MY@nd Cyclin E, isan emerging source of replication stress. Theyeiase
origin firing, causing a depletion in the nucleotides pool and promoting collision with the transcription

machinery.

Replication stress can be caused by the limitation of replicdtiotors. These factors comprise the

components needed to complete the replicatrauding nucleotides, histone and replication machinery
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[59,60] The reduction in nucleotides can be reproduegerimentally by usinghe drug hydroxyurea.
Hydroxyurea acts by inhibiting the ribonuclease reductasesing the reduction of the dNTPs pfl].

1.2.2 Effect of replication stresson thereplication fork
Replication stress hasriouseffects on the structure of the replication forks depending on the cause of the
stress. DNA lesiomithat are small enough to bypass the CMG helicase complex can cause uncoupling of
the fork. This type of lesion blocks the DNA polymerase, while the CMG helicase complex bypasses the
DNA lesion and keeps unwinding the DNA double helix. This causes anpimgpbetween the helicase
and the polymerase activity, leading to the formation of a long stretch of-sinaieled DNA (ssDNA)
(Uncoupled Fork)62]. An example of lesions that cause uncoupling of theifddV lesions or a depletion
of the dNTPs poolln other casesnore extensivéesions such as Interstrand Cross Link (ICdp not
allow the progression of thehole replisome causing the stalling of the fork (Stalled ForReplication
forks can also cause the formation of DSB if it encounters ssDNA gaps (ReplicatimffR{(Reviewed
in [63]).

Stalled or uncoupled forks, if not correctly restarted, can colldpegication collapse is defined ake
loss of the replisome capacif§4,65] Generally,the replication checkpoint ensures that stalled $ork
remain stable and promotieeir restart. Failure to stabilize stalled replication fork eatiseir collapse.
The frequency of fork collapse is rarenarmally dividing cellsthoughmore common in cells lacking the
replication stressheckpoint. Fork collapsaeechanisms are stilihclearand the debate on the links between
fork collapse and replisome release continiéds65] Research ogeast suggesthat in the absence of
chedkpoint proteins, the replisome is no longer stabiljzed its components dissociate from the stalled
fork [66]. However, nore recentlyproteomicglata suggesthat the replisome is still intagheaningthat
the replisomes present on the forkut is not functional[67,68] Fork collapse can also includke
formation of a DSB at the stalled fork, passively or activitisoughtheactivity of endonucleases. In wild
type mammalian cells, evidenoé break formation hakeen observed after treatment with fork stalling
agentg69,70] The DSBs formation is accelerated in the absené¢axdatelangiectasiand Rad3related
protein (ATR), the apical kinase involved in the replicatistress response pathway (see secti@x3
[71,72] The formation of DSBs is possible through two different mechan({&asiewed in[73]). One

could be due to nucleolytic cleavage of vulnerable structures ésiskDNA or reversed forkhat are
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formed via restart pathway The second could be the presemtestalledforks, of persistent ssDNAhat
could be targeted by endonucleases or prone to passive breakage afteedstailngg.

1.2.3 Replication stress reponse pathwag
Replication stress not only affedhe fork's structure but also activates a series of kinases that act at stalled
or uncoupled fork and help restagplication. Thecentralapical kinase that agas a sensor of replication
stress is ATR.

ATR wasinitially identified in yeast in 1994 during a genetic screening for S and G2 checkpoint defects
[74]. Its humarand mousé&omolog werediscovered to be essential for the viability of human and mouse
cells. Mutationsin ATR were discovered to cause an autosomal recessive disorder, Seckel syndrome,

characterized by dwarfism, microcephaly and mental retardatin

A wide range of genotoxic stressdscluding ultraviolet radiation(UV), DNA polymerase and
topoisomerase inhibitorgjeoxyribonucleoside triphosphate (ANTP) depletaDNA crosslinkers
activates ATRReviewed in[76]). Theselesions caread to thdormation of ssDNAbound Replication
Protein A (RPA), by nucleolytic processing of various forms of damaged &Ny helicasgolymerase
uncoupling at stalled replication fork§2,77] ATR activation is a muklstep process that invols¢he
interaction of multiple proteindATR is present in the cells as a heterodimer with Aiteracting protein
(ATRIP)[77]. The ATRATRIP heterodimercanrot directly bind DNA and needbe formation of RPA
filaments[77]. ATR is recruited at RPA&oated ssDNAand it is partially activated by autophosphorylation
at Thr198978]. The full activdion of ATR requires either DNA Topoisomerase Il Binding Protein 1
(TopBP1) or Ewing tumar-associated antigen 1 (ETAAZY,80]

Once ATR isactivated, it is able to phosphorylated activate series of substrates. An example of ATR
substrates are RPA and H2ARPA and H2AX phosphorylation issed as a marker of replication stress
and DNA damage. H2AX is a subtype of histone H2A, which maknto be phosphorylated at Ser139
from both ATR and ATM81,82]

Recent researchuggests a previously unknown role of gilozrylated H2AX (H2AX) in the ATR
pathway[81,83]. This research hashown that¥YH2AX leads to the recruitment of TopBP1 in response to
replication stress. Under DWreplication strestH2AX is phosphorylated by ATR aratcumulates on the
dsDNA region surrounding the stalled replication forks. The AlBRendent phosphorylation of H2AX
triggers the recruitment of MDC1, an adaptor protein. MDi@gilitatesrecruitmentand the accumulation
of TopBP1 at stalled replication forks via direct protpintein interaction, promoting full ATR activation
[81,83] MDC1, together withthe 31-1 complex helpsin the recruitment of TopBPInd the activation of
the ATR-CHK1 pattway [84].
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An additionalATR substrate is CHK1 kinas€HK1 was first identified in 1993 as a Ser/Thr kinase that
controls the G2/M transition in response to DNA damage in fission y8astCHK1 is the central
transducer kinase of the ATR pathway, which phosphorylate effector proteins, enhancing the ATR
response. CHK1 activation cagsehibition of CDK activity, slowing the cell cycle progression, inhibition

of late origin firing and increased nucleotide availabi{Rgviewed inf86]).

As previously mentionedthe ATR-CHK1 checkpointstabilises stalled forks and ensutthe rapid
resumption of DNA synthesis through various mechanisms explained @eviewed in86]). The ATR
pathway is a fundamental pathway for cell survival, which lead tadtieation of several mechanisms,

that ensure the regulation of intracellular dNTP, the inhibition of cell cycle progression and the regulation
of the activity of several replisome and feekmodelling components, thus safeguarding repair and restart
of replicative forks In particular, ATR has been shown to phosphorylates SMARCAL1 to prevent fork
collaps€87].

Prolonged stalling of replication fork@salluded to earliercan cause fork collapse, leading to DSBs
formation. DSBs are recognized by AtaXiglangiectasianutated (ATM), which phosphorylates a series

of substratg, such as CHKZ2The phosphorylation of these substrates generates a signassisstin the

repair of the break by promoting the recruitment of a series of proteins involved in DSBs repair. In
particular, ATM phosphorylates CHK2 on multiple sites, including T68, which is used as a makKa/f of
activation (Reviewed in[88]). ATM coordinates and regulates DNA repair, checkpoint activation,

apoptosis and senescence pathimayrderto repair the lesion correct[38].

ATM activation and recruitment at DSBs, require thedrig of ATM to the Gterminus ofNijmegen
breakage syndrome proteifIBS1), a component of thBIRE11-RAD50-NBS1 (MRN) compleX89].
This complex was shown to induce ATM kinase activity in viaod it is required for optimal ATM
signalingin cells [89,90] In the S phase of the cell cycle, ATM promotes the repair of DSBsIghr
Homologous Directed Repair (HDR) pathwa@sce activated, ATMegulates the repair pathway choice
andtriggers the phosphorylation of a series of substrates that initiate and ghst&@bR signaling. One
of the first phosphorylation events triggered by DSBs is the phosphorylation of S13@Hetimeinal tail

of histone variant H2AX"H2AX) [82]. The formation of H2AX, is the foundation of a chromatin base

signaling that involvephosphorylation, ubiquitylation and othgosttranslational modifications

ATR and ATM are keyregulators of the DNA Damage Response (DDR) and are fundamental for
main&ining genome integrity ireukaryotic cells. ATR and ATM, together with DNdependent protein
kinase (DNAPK) and mammalian target of rapamycin (mTO&gpart of the clas$v phosphoinositide

3-kinase (PI3Kyrelated kinase (PIKK) family.Interestingly, most ATR substrates can also be
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phosphorylated by ATM, and the major functions of ATR and ATM in cell cycle control are overlapping
and redundarf®l]. After their activation, they upregulatiee cell cycle checkpoint pathway, inducing cell

cycle arrest and DNA repair. Despite ith@milarity, ATM and ATR respond to different types of DNA
damage, DSBs for ATM and replication stress for ABR]. Preciséy, the two kinasessense different

DNA structures: DNA ends are sensed by ATM, we#®NA is sensed by ATR1]. However, tdreat

ATM and ATR as interchangeable kinasdservingdifferent inputs ignores much of the complexity in

the DNA damage response. In particultis possible foone DNA damage e to be coverted into
another. Te kinetics of the ATM vs ATR checkpoint responses and crosstalk between the pathways suggest
unique and interdependent roles for these kinases.

1.2.4 Recovering from replication stress
There areseveraways for the cell to rescuestalled or uncoupled fork. Orseichway isvia the activation
of dormant origins. Dormant origins are common in the genome and comprise ofigiplicationthat
werenot activated at the start of thepBase. Other mechanisms that promote thkcegion's recovery and
restartare called DNAdamage tolerance (DDT) mechangmifferent DTT mechanisms are involved in
replication restart, depending on the structure of the stressed forkbeatesion. They guarantee that
replication continues without afféng fork elongation and the correct replication of the gen@aeiewed
in [92]).

Stalled replication forkare fragile structures that can lead to fork collapse after prolonged stalling. Fork
collapse causgheformation of DSBs and genome instabilMariousstudies suggest that undeplicated
genome leaslto aberrant mitotic structures, leading to chrasnta aberrations and breaks during igo

or the following replicatiorf93]. As replication stress is a source of genomic instability, it is thought to be
oneof the mechanisms leading tumorigenesi¢Reviewed iN94]). Therefore, stabilization and restart of
stalled forks and subsequent completion of DNA replicatimessential for genome maintenance and

prevention of accumulation gienomic instability.

The restart of stalled or uncoupled replication forks can be achieved through the DDT mechahisims,
are also known as Post Replication Repair (PAHRgse restart mechanisraiow the replication to

continue after the lesicandwill enablethe lesion to be repaired after DNA replicat{®eviewed in95]).

Base modifications can cause uncoupling between helicase activity and replication. The lagging strand is
able to tolerate this kind of lesion because of the discontinuous nature of its replication. \Wbetkas,
leading strangthis kind of lesion congtites a major obstacléo processing DNA synthesi$hree well

known DTT mechanisms ensure that replication continues with minimal effect on the elongation:

Translesion synthesis (TLS)ork reprimingand Template Switching (TS).
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One way for the replisom® deal with the damaged DNA is by leaving an unreplicated ssDNA gap that
can be repaired after replication. The replisaaue restart replication after a lesias a result ofproteins
capable of repme DNA synthesis[96,97] For example, the human primase HRwoh ensure the
resumption of DNA synthesis after UV irradiation and undedtetion of ANTH98]. After repriming,

the replisome resura®NA replication, leaving assDNA gap behind. This stretch of ssSDNA will be filled

by HDR mechanisms, TLS polymerases or template swigclostreplicative repair of this gap is crucial

to avoid DSBs athgenome instability

TLS is one of the main DDT mechanisms present in the loethe TLS, the replicative polymerase is
substituted by special translation polymerase thahreplicateover the lesion. This group pblymerases
include polymerases of the Y family (Pol d- ( POLH)
family of pol ymer as-eamPoly epl gmerawesA( Pol(ReviewgdP OL Q)

in [99]). Each TLS polymerase has different substrate specificities for different types ofdBiAge

Although belonging to different familieghese polymerases are characteriagaenlarged and flexible

active sites that allow them to recognisedified based-urthemore theylack proofreding activity, have

a lower fidelity thanreplication polymerasesand can be potentially errprone PCNA performs a
significantrole in the recruitment of TLHolymerasesPCNA monaubiquitination at Lys164 promotes

TLS, as it preferentially binds TLS polymerase d, or RE YV lherepldtament df replidative t at i n
polymerase with TLS polymerag&00,101] The increasa affinity for ub-PCNA is mediated byhe
ubiquitin-binding domain present in all of thef&mily polymerase$100,101] After the TLS polymerase

replicates over the lesion, the DNA replication is further extended by the same or another TLS polymerase.

The extension step is needed to allow the lesion to escape detectiomby e i cati ve pol ymer é
exonucleas@roofreading activity This step is followed by the replacement of the TLS polymesdtbe

the high fidelity replicative polymerase, which can resume DNA replicfiia®.

An additionalDTT process iFemplate SwitchingTS). TS is an errofree recombination process, distinct
from thehomologous recombinationHR) mechanismsln order to replicate over the lesion, the stalled
nascent strand switches temporarily with the newly synthesizédmaged sister strarfstrand invasio
promotes the pairing between the two newly sysirieel strands. The reking structure is then turneudto

a sister chromatid junction (SCJ) using the darfeggestrand as a template. This pathway is thought to be
activated by PCNA pohlubiquitinationat Lys 164(Reviewed if103]).

Finally, prolonged forlstalling or failure to resume DNA synthesis leads to fork collapdeoarended
DSBs formation. Theells can repair these DSBhroughhomologydirected repairfiDR) pathway such
as HR oBreak Induce Replication (BIRBIR has been described in variauganisms and an efficent

wayto repair tlesekinds of breakgReviewed104]). BIR is initiated bytheinvasion of a single strand into
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ahomologous DNA moleculdpllowed by DNA synthesis that may continue as far as the next replication
fork [105]. The BIR synthesis is asynchronous, leading to an accumulation of sSSDNA on the leading strand
while the Dloop migrate4105]. In order to complete the repgtine lagging strand uses the leading strand

as a template, resulting in a conservative inheritance of the newly syath®NA [105]. The relevance

of BIR in repairing and restarting broken forks has recently been confirmed in human cells by studying
replication stress induced by cyclin E overexpresditowever, asignificantissuewith BIR is that it is

highly errorprone,and can cause genome duplicatimaking it highly mutagenifl06]

1.2.5 Replication Fork Reversal
A recently discovered mechanighat assistreplication restaris fork reversal. Replication Fork reversal
is defined as the conversion of a thveay junction (normal replication fork) ia a fourway junction
(Reviewed i107]). Remodelers and helicasalow the annealing of newly synthesized strands, forming
a regressed fourth arm at the fork elongation g#iigurel.2). The first instance of the reversed replication
fork was observeith yeast and it waypothesized to form as a result of fork collapi€#8]. More recent
studies discovered its role as a damage bypass mecHdf8nFork reversal allows DNA replication to
pause and resume withdatrming DSBs or chromosome breakad@89]. Nevertheless, replication fork
regression has also been predicted to generate harmful consedfmaieformation is not regulated and
is not correctly resolvedRegressed forks can bétacked by structurspecific nucleases that recognize
branched structures, leaditmDSB formatiori65]. DSBs are the most deleterious form of DNA damage
that can cause cellular lethality if it is not repaired in tiffmrk regression can generate misalignment at
repetitive sequences, leading to expansion or loss of DNA refdd&s Moreover,ssDNA tail formed
during fork regression can be used to generate recombination structures that can lead to chromosomal

nondisjunction if unreolved[111,112]
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Figure adapted from Mijic M. et al. (2017)

Figure 1.2: Model of replication fork reversal formation. Replication fork reversal is formeditw the help of
ZRANB3, PARP, RAD51 and other remodelers' activity. Fork reversal leads to the formation of a reversed fork, also
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called fourway junction. Upon initial resection of reversed forks, RAD51 is loadedR@A2 on the regressed arm

of reversed forks to limit MRE11/DNAlependent nucleolytic degradation and stimulate efficient fork restart. Loss

of BRCA2 prevents RAD51 loading on the regressed arm of reversed forks, causing uncontrolledddpétidient
degralation of reversed forks. The uncontrolled degradation of reversed forks leads to ssDNA accumulation and
chromosomal breaks. Modified froph13].

The mechanism of the reversed fork is still not completely understood. Several DNA transtowhses
helicasestogether with RAD51, a central recombinase fadog, involved in theeversed forkprocess
(Reviewed if114]). RAD51 can bind both ssDNA and dsDNA aisdnostly known for catalyzing strand
invasion duringherepair of DSBs ttough HR. RAD51 forranucleoproteins filaments on ssDNA through
acooperative DNAbinding mechanisnThe functionof RAD51in fork reversal is independeot its main
mediator protein Breast Cancer Type BRCA2) [115]. EM experiments demonstrate that RAD51
functions in fork reversal are independent of BRCA2.BRCA2 depleted cellsreplication fork
intermediatesire detected at normal levels at early time points after replicatess silowevetheloss of
RADS51 also causs a decrease in reversed replication forks indepehdehtits fork protection ability
[113]. RAD51 on its owndoes not have remodelling activignd itmaystimulate fork reversal via other
proteins[116]. Many otherwell-known translocasesf the Sucrose NofiFermentable 2 (SNF2) family of
fork remodelers, such &NI/SNF Related, Matrix Associated, Actin Dependent Regulator Of Chromatin,
Subfamily A Like 1(SMARCAL1), Helicase Like Transcription Fact¢HLTF), RAD51, Zinc Finger
RANBP2-Type Containing 34RANB3), andalsoFA Complementation Group M ANCM) are known

to promote fork reversal in vitrand in vivo[117]. The remodeler activity leads to the reversed fork's
formation by annealinthe two newly syntrgzed strand (Figure 1.2).

Initial resection activity leads to the formation of a stretch of ssSDNA in the reversaif eawersed forks.

The ssDNA formed at reversed foriksprotected by RAD51 and BRCA213]. BRCA2 canprotect this
ssDNA by promoting the stability of the RAD51 filaments, which firmly bind the ss[DNA]. BRCA2

is thecentralRAD51 mediatorwhichis known to be redtedto repairDSBs together witlBreast Cancer
Type 1 BRCAL). BRCAlandBRCAZ2are tumar suppressor gendisatcollaborate in the repair of DSBs
(Reviewed in[118]). They present common BRCT domains that allow the binding of phgspi&ins.
BRCA2 mediates RAD51 fork protection activity by promoting RAD51 loadingsDNA and facilitates

the RAD5tmediated displacement of RPA from ssDNA. BRCAZ2 interact with RAD51 via its BRC repeats
which have been subdivided into two groups that enable RAD51 loading via distinct mecHadaBjns
BRCAZ2 can also bind to RAD5fhrough its Gterminal TR2 domain, stabilisifrAD51 nucleofilaments
[120]. During replication fork reversal, BRCA2 stabilized RAD51 filaments on the regressed arms of
reversed forks via the BRC and TR2 domaimsyenting extensive fork resectifitil9,120] This step is
fundamental improcessingeversed replication forks. The protection of the nascent replication tracks by
BRCA2 and RAD51 ensures correct processing and restart of sigtlachtion forkg113]. Furthermore,
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lack of BRCAZ2 incells causghigh genomic instability and accumulation of chromosomal brewelkish
is thought to be due to uncontrolled resectigigurel.2).

The formation of RAD51 filaments allathe regulateénd coordinatedesectiorof the regressed foth
armby nucleases such 8RN (MRE11, RAD50 and NBS1gomplex,DNA replication helicase/nuclease
2 (DNA2), Exonuclease I1HX01) andcarboxyterminal binding protein (CtBFRhteracting proteinGtiP),
and the restart of the fofk21] (Figure 1.2)

A recent study shoed that multiple fork protection mechanisnoperate downstream of at least two
RADS51-dependent fork remotieng pathwayq122]. This research founthat 53BP1 protects forksom
DNA2-mediated degradatiom a cell typespecific mannerand reduces -Bhase DNA damage and
hypersensitivity to replication stredsurther,BRCA2, FA Complementation Group DEANCD?2), and
Abraxas brother 1 (ABRO protect reversed forks generatgdSMARCAL1L, ZRANB3 and HLTF, while
53BP1 protectforks remodelled by FBH1. Interestingly, BRCA&salsofound to berequired for fork
degradation in the FBH1 pathway.

1.2.5.1 Nucleasesnvolved in fork reversal
Nucleases have assentiatole in DNA damage repair. In DSBeucleaseperformtheresectionwhich
is neededo promote repair through HR pathways. Nucleases are also crucias facttbre processing of
stalled replication forks. They promote limited degradation of hascent DNA strandedefpr efficient
fork restart. Howevernucleasesan also promote fork collapse and extensive degradation of stalled
replication fork under pathological conditiongarious nuclease are involved in fork reversdkt is not
entirely clear how these d#rent nucleases are recruited to forks and how tlodfpborate in fork
processingSeveral structurspecificnucleaselhave been associated with fork restart upon genotoxic stress
induction(Reviewed in63]). Understanding the different roles and mechanisms of the nucleases involved
has been théocus of much researdh recentyears.The nucleases currently knowa Ibe involved in
replication stress arhe MRN complex, DNA2, EXO1, CtIP and MUS8The following sections will
focus on the MRN complex and EXOL.

1.2.5.1.1 EXO1
EXO1 nucleaseas known to have a role in protecting the cell from DMAmage and replication stress

EXO1 contribute to several DNA repair pathways, such as mismatch repair (MMR), TLS, Nucleotide
excision repair (NER), DSBs repair, reversed fork processing and checlptiuaition to restart stalled

replication forkgReviewed in[123]). EXOL1 is a part of the Rad2/XPG family of nucleases, with an active

domain located at itsf&rminal regiof124]. Thi s nucl ease presents a 506
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endonuclease activitynad a 50 t octiv@y Futhbkat preferartially processedsDNA, DNA
nicks, gaps and fork structurg25].

The contribution of EXO10 genome protectioduring replication is welknown.EXO1 collaboratesvith

MRN complex and CtIP in thimitial resection of DSBs, to promote repair through HR6]. EXO1has
been shown tact downstreanof the MRN complex and CtIP and contribute to extegdhe initial
resection performed by MREJ126]. EXO1 has also mn shown to have role in processing reversed
replication forkq127]. Deplethg EXO1 in BRCA2 depleted cells resalieascent strand degradation and
reversed fork levelsiwhich normally decreased in BRCA2 depleted cells treated with replication-stress
inducing drugg127]. This phenotype was also observed with MRE11 and CtIP deplstiggesting that

in the absence of BRCA2, resection could be initiated by CtIP and MRE11, followed bywXOtore

extensive processing.

1.2.5.1.2 MRN complex
The MRN complexs essentiain DSBs repair and the activation of DN¥amage respons&his complex
is one of the first senseand responderto DNA damage and organiéhe DDR in response to DSBs,
replication fork collapse and viral invasigReviewed in[128]). The MRN complex is heteohexamer
that iscomposed of twdIRE11subunits, two ATFbinding cassets ABC)-ATPase (RAD50) units, and
two phosphopeptidbinding NBS1 subunitThis complexpresenthe ability to hydrolyse ATRlueto the
RAD50 componentandit also presents DNA binding, exonuclease, endonuclease and DNA bridging
activities(Reviewed in128]). TheMRN complex is able to activate the cell cycle checkpoint through its
interaction with ATM and ATR(Reviewed in[129]). In particular, the MRN complex is essential for
modulating ATM activity. Lack of the MRN complex cause defect in ATM activd86h

MRE11 endonuclease activity is required for the initial resection of D8HEish leads to the creation of

3 8sDNA overhangs for advartteepair. The initial resectioof MRE11li s t hen continued b
exonuclease activity of either EXOl1orDNA20 f or m t -bverhaBgs nesdedXdt promoting HR

repair of DSBs DNA2 activity requirethe assistance of the BLM or WRN helicase to resect dsDNA. The
MREZ11-CtIP-EXO1 andMRE11-CtIP-DNA2 pathways are two distinct pathways that act redundantly to

mediate the resection of DSBEReviewed if130]).

The same nucleasew/olved in DSBs repair and resection have been shown to be imparfantessing
stalled replication forkand reversed forks. MRElike other nucleasess also involved in reversed fork
resection and in promaig the restart of replication forks. The regressed arm of a reversegfesients
similarity toaoneendedDSB. Similarly to DSBs resection, MRE11has been shown to initiate resection of
the regressed arfit31]. This resection is promoted by CtIP ahd continued by EXO1131,132] CtIP
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requires CDK-dependent phosphorylation to stimulate MRE133]. However, the mechanismrdugh
which it stimulate MRE11 isunclear, butit likely involvesinteraction with RAD50

MREZ11 has been shown to travel with the replisome afdaaisewith PCNA duringanunperturbed S
phasg134]. Its recruitment to chromatin is enhanced by exogenous replication[68fSthe association

of MREL11 to stalled replication forks dependent on many different factors, such as PARP1, PTIP and
associated methyltransferases MLL3/MLL4, the chromatin remodeler CHD4, RAD52, SAMHD1
[113,135 137]. Lack or inhibition, of these proteinsccauss a decrease in the association of MRE11 to
stressed replication fork and resstiee genomic instability characteristic of BRCA1 or BRCA2 depleted
cells[113,136,137] Therecruitment of MRE11 at the fork is thought torhediated by RPA. Interaction
between MRN and RPA has been observed at replication sites throtigh8uphase, with an increased
interaction at sites of stalled forks, where it mediates tpd&se checkpot [138,139]

MRE11 nuclease activity is tightlgontrolled. Uncontrolled nuclease activity can leadextensive
degradation of the nascent strand, causing fork collapse and DSBs formation. This extensive resection
phenotype has been observed in BRGk#cient cells treated with replication strésducing treatments
[113,127] The extensive resectipmbserved in BRCA2leficient cells,is due to MRE11 activity on
unprotected stalled for§813,127]

1.2.6 Replication stress and cancer
Replication stress is a common sourcegenome instability. Various studies suggest the importance of

replication stress in early tumorigenesis and that oncogenes activation cause replicatighattteads to
increased stalled or collapsed forks (Reviewe&aj).

Induced replication stress, in the beginning, activates the DNA replication stress response pathway that
leads to apoptosis and senescence of the cells through the p53 pathwagndrhie gnstability generated

can lead the cells to acquire genetic or epigenetic changes that suppress the p53 activity and allow
tumorigenesis (Reviewed j&8]). The cause of this genomic instability is the presence of genome segments
prone to breakag®?2,57] These regions are the Common Fragile site and the Early Fragile Site (section

1.2.1). Both the CFSs and the ERFs are susceptible to oncogene activation.

Oncogenes can induce replication stress by affecting the cell cycleatidg to an over or undesage

of origins(Reviewed iM140]). An example is the overexpression of cyclin E, which has been observed in
many cancer cells. Cyclin E is a G1/S cyclin that controls the start of the replication phase of the cell cycle.
Overexpression of Cyclin E causes origin licensing inhibition, akonvs the cells to overcome the G1/S

checkpoint and begin replication with fewer active origirkl,142]
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Replication stress is a doub#elged sword for cancer cells. While it promotes tumorigenesis by increasing
genomic instability, it also deters theroliferation by destabilizing replication forks and sensitizes them
to chemotherapy (Reviewed [d43]). This vulnerability is exploited in cancer treatment to increase
replication stress to unsustainable ley&&4]. However, new strategies are emerging, exploiting recently
identified RS responsspecificities. These include the inhibitionDMN A  p o | y to@crease ssDNA
gaps, deplete RPA and induce a replication catastrfdgt. Filamentous actin, which polymerizes in
response to RS to promote fork repair, is a promising pathway for cancer therapy as its pfotextidre

is sensitive to ATR anthTORinhibitors[146]. Moreover, it has been reported that hydroxyurea treatment
triggered ATRCHK1 and the p58lependent extrusion of monolayer epithelial cells. This process could

function as an early checkpoint to eliminate-pamcerous cellgl47].

1.3 REPLICATION STRESS AND INFLAMMATION
Replication stress can induce various consequences in the cell. Recent findings also suggest that replication

stress could induce inflammation by the release of DNA into the cytoplasm and the activation of the DNA
sensing pathway cGASTING.

In this sedbn the topic ofinflammatian and the cytokines involved this process will be introduced. This
part will be followed by &ection thafocus on the role of replication stress in the induction of inflammation

and on the main pathway involved in this ina&cism: the cGASTING pathway

1.3.1 Inflammation
Inflammation is a response of the innate immune system that can be triggered by multiple factors, such as

pathogens, damaged cells, toxic compounds and irradiation. Inflammation is needed to remove injuries and
initiate the healing process. For this reason, it is considedefeasemechanism vital to healtiburing

acute inflammatory responses, cellular and molecular processes minimize impending injury or infection
and contribute to restoring tissue homeostasid resolving acute inflammation. The inflammatory
response leads to the activation of signaling pathways that stimulate responses that heal the affected tissues
and cause the activation and recruitment of various immune cells, such as leukocytdeaaad/agious
cytokines[148]. However, uncontrolled acute inflammation can becomertby leading to tissue damage

or diseases. Chronic inflammation can lead to chronic diseases, including cardiovascular and bowel

diseases, diabetes, arthritis, and cancer (Reviewéadaj).

Various stimuli can induce multiple inflammatory pathways, the most common inflammatory signaling
pathways are: N&kB, MAPK, JAK-STAT and the cGASSTING pathways(Section1.32.1). All these

different pathways share some common mechanisms: a) cell surface receptors recognize detrimental
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stimuli; b) inflammatory pathways are activated; c) inflammatory markers, such as cytokines, are released;
d) inflammatory cells are recruited

1.3.1.1.1 Cytokines and inflammation
Cytokines are a large family of small secreted proteins (<40kDa), which are produced by almost every cells

for intercellular signaling and communication to regulate iafluence the immune responggytokines,

along with growth factors, eicosanoids, complement and peptides, are inflammation's main mediators and
regulators. The cytokine superfamilies include: interleukins (ILs), chemokines, esilomylating factors

(CSF), interferons (IFNs), the trsforming growth factor (TGF) and the tumour necrosis factors (TNFs)
[150,151] The dfferent superfamilies listed above do not present common genes but similar structures
[152]. Although structurallyrelated, the different types of cytokines present rather diverse functions. For
example, cytokines can be piar antirinflammatory, facilitating or inhibiting inflammation. In particular,

the release of prmflammatory cytokines will often lead to thetization and recruitment of immune cells

and production and the release of further cytokj88]. The effects of the secreted cytokines depend on

the targeéed cells, making them pleiotrodit50]. However, different cytokines may be redundant and lead

to the same effect, which may lead to a synergistic effect. It has also been shown that a certain cytokine's
function may depend on the presencalmsence of other cytokinfkb4]. Furthermore, specific cytokines

have autocrine, paracrine and/or endocrine activity and through recepdorghithey trigger signaling
cascades that can have devastating consequences for t{&eeiksved in155,156). Among the many
functions of cytokines are the control of cell proliferation and differentiation, the regulation of angiogenesis

and immune and inflammatory responses.

As detailed earlier, cytokines control the immune response to infeatianflammation. They regulate
inflammation via a complex network of interactions. It has been shown that during immune and
inflammation response, both ardind preinflammatory cytokines are simultaneously released to modulate
the inflammatory respondé&57]. Furthermore, excessive and uncontrolled release einfieonmatory
cytoki nes, atloskoi rkencapntagsedissuefilamage, organ failure and (Rathewed in
[154)).

Because of their possible harmful effect, inflammation and cytokine production and secretion are complex
and highly regulated processeBhese extracellular events are also matched by equally complex
intracellularsignalling control mechanisms, driven blge ability of cells to assemble and disassemble a
complex array ofignallingpathways as they move from inactive to dedicated roles within the inflammatory

response site.
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The complex cytokine response network is a series of overlapping networks, each ddfree of
redundancy and alternate pathways. This overlap and redundancy of the cytokines cause problems in the
identification of the key steps in the cytokine response to infection and inflammation and in targeting
specific cytokines for therapeutictéamvention. The following sections will briefly describe the various

cytokines involved inflammation.

1.3.1.1.1.1 Chemokines
Chemokines are the largest familyogtokines, with 44 members that bind to one or more of -ptd&ein

coupled receptoréReviewed in[158]). They are a groupf small proteins (82 kDa) characterised by

three to four conserved cysteine residues. Chemokines were divided into groups based on having a
chemotactic or homeostatic function, however, severaliduation chemokines have been foufib9].

Based on the positioning of thetlrminal cysteine residues, chemokines can be further subdivided into
four families: CXC, CC, C, and CX3[259 161]. The CXC subfamily is characterized by the separation

of the first two cysteines by a variable amino acid. In contrast, in the CC subfamily, the cysteine residues
are adjacenfLl60]. The majority of the knowshemokines are part of this family. The CXC chemokines

can be further divided into two general subgroups: ELR anechdh based on the presence or absence of

the amino acid motif GhLewArg immediately before the first cysteif@62]. The ELRpositive
chemokines are angiogenic and act through the CXCR2 redd®k This group includes CXCL1,
CXCL2, CXCL3, CXCL5, CXCL6, CXCL7, and CXCL8/H8. The norELR chemokines, instead, are
angiostatic and act mainly through the CXCR3B recefit6#d]. Part of the notELR group are: CXCL4,
CXCL9, CXCL10, CXCL11 and CXCL17. The exception to this is CXCL12, which is angiogenic and
exerts its effects primarily by binding to CXCR4 and CXJR@5]. The C subfamily lacks the first and

third cysteines and possesses only a single cysteine residue. Part of this family is the lyngpecifjte
chemotactic peptide XCL1 (lymphotactifi)60]. The last subfamily, CX3C, has twoethrminal cysteine
residues separated by three variable amino ft&ig.

Chemokines signals are transduced through binding to members of theéraegemembrane, G protein

coupled receptor (GPCR), though other effector pathways are pdsd@viewed in166]). Chemokines

functions as chemoattractants to control the migration of cells, particularly immune cells. They also
contribute to diverse processes such as embryogenesis, innate and adaptive immune system development
and furction, angiogenesis and cancer metasi{@eviewed in166,167). Chemokines can affect T cell
differentiation through direct interactions on the developing cell or indirectly by altering APC trafficking

or cytokine secretion. It was observed that the chemokine receptor, CXCR3, was upregulated on CD4 + T
cells, andthis was connected with cytokine expression and differentiation of these cells to type 1 (Thl)
cells[168].
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The majority of chemokines are pimalammatory and can be released by various cells in response to
infection. The release of these proinflammatory chemokines results in the recruitment of various immune
cells, such as neutrophils, monocytes, macrophagedyaphocytes, to the site of infection. Different
chemokines lead to the recruitment of a selective and specific type of immune cells. For example, CXCL8
(IL-8), CCL2 (monocyte chemoattractant protein 1 [MOR and CCL11 (eotaxin) are major
chemoattramnt factors for neutrophil, monocyte, and eosinophil immune cells, respectively (Reviewed in
[166]).

1.3.1.1.1.2 Interferon
The term interferon was coined by Isa&ckindenmann in 1957 to describe a substance secreted by cells

that interferes with influenza infectigf©69,170] Interferons [FNs) are a family of cytokines that have a
central role in innate immunity in response to viruses and other microbial pathogens. The components of
the IFNs family present limited sequence similarity and engage distinct receptors. However, they all
transdee signals through common intracellular pathways. The IFNs family is divided into three major
types: types I, Il and Ill. This classification is based on their receptor specificity.

Type | IFNs, constitute the largest IFN class and includeUFNa n &b, IFNFON -4 F Na nw. | TRyNp e

| IFNs signal through a heterodimeric receptor complex, IFNAR1/IFNAR2-UFNBH i s produced b
every cell, nevertheless, during an infection, specialized immune cells known as plasmacytoid dendritic

cells produce theast majority of IFNU. The various type | | FNs display
binding affinities for the IFNAR1/2 receptor complex. The IFNs subtypes give rise to a variety of outcomes
regarding antiviral, antiproliferative, and immunomodufptactivity (Reviewed irf171]).

The type Il IFNs, IFNo signal-oRMf-DBRYHh T-H&Nf OFMs a homodi mer
throughthe IFNo r ecept or complex (I FNGR) by intiegohcting
IFN-o t o | FNGR1 |l eads to the binding two additional
EventhoughthtvN-0o pr oducti on i s | ar gel y the ENGR/2 peoteiascaret o i mi
broadly expressed, allowing different cell types to respotieNeo. ThelFN-2 signaling plays a major role

in establishing cellular immunity and induces the expression of genes that primes the type | IFN response.
Overall, IFNo plays is central to regulating immune function and bridging the innate and adaptive

responses (Reviewed [ih72]).

The type lll IFNs, which include IFd- 1-3- 2 , -aa3n,d a | s o -20,hL.&8amland #-23b, s kecently
discovered group of the IFN family. The members of this family were independently described in 2003 by
Kotenkoet al and Sheppardet[&F3,174] An additional member of this family, IFNL4, has also been

discovered by Prokunir@lsson et aland Foxet al[175,176] IFNL4 shares structural features with
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members of the H10 cytokine family and bind® the same broadly distributed receptor complex IL

28R/IL-1 O RB . I n ¢ o+affinityatype Il IFN receptohsulyiit (IFd- r ecept or 1, I F N
uniquely used by the pe 11l IFNs, and its expression is restricted to epithelial €Elg]. These receptors

transduce signals through the JBIKAT signaling pathway, similarly to the type I IFNs, and induce the
expression omany ofthe same ISGEL78,179]

The binding of type I, Il and IIl IFNs to receptors results in the initiation of downstream signaling cascades
that activate transcription factors and the induction of hundreds estifiNilated genes that encode protein

products with antiviral, antiprofrative or immunomodulatory properties (RevieweflB0]).

1.3.1.1.1.3 Tumor Necrosis Factors
The Tumor Necrosis Factor (TNF) is the best knowtd most widely studied proinflammatory cytokine.

The name was first used in 1975 by Carswell for a cytotoxic serum factor that induced tumour regression
in mice and was also reported to be involved in the pathogenesis of malaria and18dpsiarious
immune cells express TNF, and its primary receptor, TNFR1, appears to be expressaxtibyyphs,
ensuring widespread effects of this cytokine. The pleiotropic effects of TNF are amplified by the existence
of a superfamily of TNF proteins that consist of 19 members that signal through 29 receptors. Excess TNF
production has been associateith a number of chronic inflammatory and autoimmune diseases, such as
rheumatoid arthritis, lupus erythematosus and inflammatory bowel disease. As such, various TNF inhibitors
have been approved for the treatment of inflammatory bowel disease, psandsiseumatoid arthritis
(Reviewed in182]).

1.3.1.1.1.4 Interleukins (ILs)
The interleukins (ILs) are a diverse family of immune system regulators that have an important function in

immune cell differentiation and activation. They may be either gr@ntrinflammatory and have been

shown to modulate growthifferentiation and activation during an immune response. Interleukins initiate

a response by binding to higlffinity receptors on the cells' surface. The response of a particular cell to the
ILs depends on the ligands involved: binding to specific recepemds to the activation of a specific
signaling cascade. The name interleukins was coined in 1979 to refer to cytokines produced by leukocytes
that function in intercellular communication. ILs are described as originating from lymphocytes, and as a
resut, they are also referred to as lymphokines. Interleukins are produced by a wide variety of cell types.

Some of the pranflammatory interleukins are: HL U a n & arfal |1-8 (| Reviewed ij183]).

1.3.1.1.1.5 CSFs
Colonystimulating factors (CSFs) are associated with inflammation and are known to stimulate

hematopoigc progenitor cell proliferation and differentiation. Part of this group are the granulocyte

macrophage colongtimulating factor (GMCSF), macrophage colossfimulating factor (MCSF), and
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granulocyte colomgtimulating factor (8CSF). They are part of mutually dependent proinflammatory
cytokine network that includes L and TNF (Reviewed i[184]).

1.3.2 How replication stressinducesinflammation
Replication stress has been shown to induce inflammation in cells. DNA damaging agents, such as
irradiation and some agents used in radiotherapy and chemotherapy, were shown to promote the release
and accumul&n of ssSDNA fragments in the cytosol amicronuclei, leading tthe activation of a type |
interferon responsand of the cGASSTING pathway (Section 1.3.2.1)85 187]. Furthermore,the
chronic DNA damage response sfjimg activation by itself was also shown to trigger innate immune
responses [33,34,35,36eplication stress has also been shown to induce the accumulation of cytosolic
DNA, especially in TREX4deficient cell{188,189]

The accumulation of nuclear DNA in the cytoplasm can be inducevbyevents: the disruption of the
replication fork integrityand the inactivation of DNA repair factors that protect and resume arrested
replication forkgd190,191] For example, in SAMHDHepleted cells, singlstranded DNA fragments are
released from stalled forks and accumulate in the cytosol, where they activate tHeSTB¥S pathway

to induce the expression of piaflammatory type | interferongl35]. Similar observations were reported

by Erdal et al[185], demonstrating that BLM and EXO1 have a major role in the release of ssDNA from
damaged DNA. An additional nuclease, MUS81, is also necessary for the accumulation of cytosolic DNA
fragments in prostate cancer cdll92]. This process depends on factors involved in fork reversal and
restart, such as PARP1 and ATE®2]. Furthermore, a study by Bruandet [Al64], focusing on BRCA1,
showed increased levels of DNA damage in BR@AUtant ovarian cancers. The high levels of DNA
damage are associated with elevated stimulation of interferon genes (STING) levels, increased STAT1
signaling, and increased T celfiitrates, suggesting that loss of BRCA1 could also trigger the cGAS
STING pathway [164].

Additionally, upon replication stress, cells containing not fully replicaedomes or presenting DNA
damage can reach mitosis, leading to mitotic defects andrmatfon of micronuclej193,194] Various
studies have showthat micronuclei derived from chromosomal missegregatimyer the the DNA
damagenduced immune response bgning as a platfornj195i 197]. Exposure to genotoxic chemicals

or inactivation of DNA repair factors that leads to replicative stress teggeronuclei formation and
CGASSTING activation198,199] In particularRNa s e H2 d-ierddiatior, Ras ovgrexpression
and BRCA2 mutation have been shown to cause microndol@nation. Subsequentupture of the
micronuclei envelope allows tirelease DNA fragments in the cytoplasm, causing the activation of the
CGAS-STING pathway (Reviewed i200]).
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To prevent aberrant DNAlriveninflammation, a group of DNases is present in cells, such as DNase | in
the extracellular spacem afitiree Prime Repair ExonucleaseTREX1) or DNase Il in the cytoplasm.
This DNases are responsible for the degradation of DNprogiuct before the DNA ssing pathways are
activated (Reviewed in[201]). Various studies have shown that TREMXnactivation causes the
accumulation of replication forllerived ssDNA in the cytoplasfh85]. Interestingly, the excess of sSsSDNA
that accumulates in TREXdeficient cells is bounth the cytoplasm and nucleusy RPA andRAD51

[202].

These observations indicate that stalled and reversed forks and alterations of classical resection pathways
contribute to the release of DNA fragments in the cytoplasm when cells are exposed to genotoxic agents
(Reviewed if203]). Central to this process is the role of endonucleases that release DNA fragments from
arrested forks.

1.3.2.1 Cytoplasmic DNAMediated Inflammatory Response: theg&SASSTING pathway

In recent years, the ability to recognize microbial pathogens through recognition of their nucleic acids has
emerged as a fundamental feature of innate immunity in mammalian cells. Aberrant SSDNA-BINRNA
hybrids are all recognized as foreign nucleidacOne of the pathways involved in innate immunity is the
CcGASSTING pathway, which is a central DNgensing mechanism in the cytoplasm of mammalian cells
(Reviewed irf204]). The activation of this pathway during infection causes the transc@piitduction of

type | interferons and the nuclear faek® (NF-kB)-dependent expression of prdlammatory cytokines
[205,206](Figure 1.3) As mentioned in section 1.3.2, this pathway is also iapt in response to DNA

released in the cytoplasm in response to DNA damage or replication stress.
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Figure 1.3: Schematic representation of the cGASSTING pathway. The mammalian cell has evolvednsors able

to recognize anomalous DNA present in the cytosol and to trigger innate immune responses. cGAS is one of those
sensors. The cGASTING pathway is actvated in response to mitochondrial DNA, micronucleDsEN, viral and

bacterial DNA. Cytoslic DNA bind and activates cGAS, inducing the production of cGAMP. cGAMP bind to its
Endoplasmic Reticulum (ER) adaptor STING, leading to its conformational change and transfer to the golgi. STING
activates TBK1, IRF3 and NEKB, inducing the transcriptionf genes encoding type | IFNs and proinflammatory
cytokines.Modified fron{207].

The DNA sensor Cyclic GMRAMP SynthasedGAS) is a DNAsensing nucleotidyl transferase enzyme.

cGAS is activated by DNA through direct binding, which causes conformational changes that induce
enzymatic activity and production of its second messenger product cyclieABNPRcGAMP)[208i 210]

(Figure 1.3) cGAS is activated both from foreign and self DNA. The length of the fragment of DNA is
essential in promoting cGAS activatif2iL1]. dsDNA longer of > 45bp can form more stable ladker

complexes of cGAS dimers, leading to stronger enzymatic acf2ity]. Activated cGAS converts GTP

and ATP-ciGAIMP,2avhad ch presents mixed pliyvirexpddrougi est er
of GMP a-phospla the &fa AMP, and -hgyldso xlyét waeomnupt ftod 3AMP
phosphate of GMR208,212] cGAS binding to DNA causes the formation of ligliglid phase separation

and the formation of liquidike droplets. These droplets increabe toncentrations of the enzyme and

enhance cGAMP productid213].
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T h e -@&aANRproduct binds to Stimulator of interferon genes (STING), an endoplasmic reticulum
(ER)}localized adaptor that forms dimers, tetrasnand higheorder oligomerg214,215](Figure 1.3)
STING can also directly bind cyclic dinucleotides produced by bad&t&. HowevecGAMR he 2qg3
binds STING with higher affinity compared to the bacterial cyclic dinucleotides, suggesting that STING is
more strongly activate when the cGAS receptor is engad2@9]. Upon binding of cGAMP, STIN
undergoes a conformational change that causes a 180° rotation of thebligding domain, leading to the
formation of STING oligomers through sithg-side packing of dimeric STING moleculg8,209,217]
Following the cGAMPdriven conformational ltanges, STING transfers through the -GBlgi
intermediate compartment (ERGIC) to the Golgi apparégiggire 1.3) This process is dependent on the
cytoplasmic coat protein complex Il (COPIIl) and AlbBosylation factor (ARF) GTPasd218,219]
STING is also palmitoylated at the Golgi. This ptranslational modification iessential for its activation
[220].

After STING translocation to the Golgi, STING interacts with TAWK ndi ng ki nase 1 (TB
kinase (IKK)related kinase, which controls the activatiorttaf transcription factor interferon regulatory

factor 3 (IRF3)215] (Figure 1.3) TBK1 phosphorylates the-terminal region of STING, which serves as

a docking sites for IRF3. IRF3 is then phosphorylated and activatetBK1. Once activated, IRF3

dimerizes and translocates to the nucleus, to regulate the transcription of intbrfer¢nl F Nb ) , a ty
interferon. The secreted | F Ndignafingand lindsoandsactivategsa a ut o c
receptor complex consisting of | FNUiIRNAR2eepeptorr 1 (|

activates the Janus kinase (JAKignal transducer and activator of transcription (ST&@hnalingpathway
and induces the transcripti of several ISGs, which produce various proteins, which prevent viral

replication, assembly and releg&eviewed inf221])(Figure 1.3)

The transcripbn factor nudear factora B (kB) s also activated by the cGASTING pathway. The

activation of NFkB is mediated by STING through TNF receptmsociated factor 6 (TRAF6), N-B
essenti al modul at or [2R2REMAOtivation lofKNRKB caaisesithe Trahscdption of
proinfammatoryc yt oki nes and chemokines. A study from 202
act redundantly to elicit STINGduced NFk B acti vati on. However, TBK1
dispensable for NikB activation. They also show thatinsforming growth fact r -acbvated kinase 1

(TAK1) and the IKK complexes are required for NFkB activation via ST|R®Z3] (Figure 1.3)

NF-kB was first discovered in 1986 by David Bolternfore g r ou p acell t@anssigiendactéri ¢ B
[225]. The NFkB family consists of five different DN/inding proteins that form a variety of homodimers

and heterodimers. These proteins are considered the key regulators of innate and adaptive immune
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responses. They can accelerate cell proliferation, inhibit apoptosis, promote cell invastion and stimulate
angiogenesisThe activation of NFkB is induced by viral or bacterial infections, DNA damage and pro
inflammatory cytokines. The activation of NdB depends on the degradation of its specific inhibitors, the
inhibitorofNFe B (| aB) protei ns,ylfadaliloomwibryg tthhee il ro Bp ko snmlscer
are two types of NikB signaling The classical or canonical, which is transiently activated by pro
inflammatory cytokines, and the alternative (noncanonical) pathways, that is activated by a small subset of
cytokines that belong to the TNF family. The classical pathway mainly target thggp5dimers (encoded

by RELA), while the alternative pathway results in the activation of p52 (encoded fralF#ig2 gene)

and RELB dimers. The IKK subunits involved inthevo pat hways TbhKKb kKéef éereodi i
are needed for activation oiff KKBbehomadbsmenb pathive

alternative pathway (Reviewed [i226,227).

As previously stated, the IkB proteids® -U ;b ai B Jhhibit NFKB activation. They do so by binding

to the NFkB dimers and keeping them in the cytoplasm. The IkB family also comprises members named
nuclear IkB proteins, due to the presence of a nuclear localization signal. Unlike the cytoplasmic IkB, the
nuclear IkB proteins also preseitanscriptional activity (Reviewed {228]). They act as transcriptional

co-activator or cerepressor of NFkB and regulate the activity of NFkB. One member of this nuclear kB
family i s IncddedbhythtdFKBIZdenejand was discovered by Kitam[#29]. Expression

of |l @Bg, i s i nduc e dikeugeeptors @LR) oninlresponse t proirfflammatdryl
cytokines[230,231] Inductionofl e Be i s d e pkB activation{230232] INNFBe, was showr
preferentially bind p50/p50 and p50/065 compld282] and to regulate the transcriptional activity of-NF

kB by forming a stable ternary complex with the subunitsocbNB and o B si t[283%. Then t he
details of the formation of t &8s eantde rt rhar yD NcAo naprl ee
completely understoot. e B¢, has been shown to both induce or r
with p50 or p52 subunit of NB B234,235]. Forexample, e Bg, has been shown to in
of IL-6, IL-12, CCL2 and MCSF[236,237] Another nuclear IkB is Ikis, econded bNFKBID. IkBns

has also been shown to interact with the subunit p50 ekBNHAt was shown to be necessary for the
generation of immunosupresive Treg cells and the termination -@hffmomatory cytokines like 6, by

interacting with the p50 suburj238,239]

Lastly, another transcription factor activated by the STING pathway is STAT6. STAT6 interacts with
STING and is phosphorylated by KB, causing its dimerization and translocation to the nucleus, where it

induces the expression of various cytokines, including CCL2, CCL20 and GCAT6
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The cGAS STING pathway has been linked to other cell death pathveayh as apoptosis, pyroptosis and
necroptosis. In humans, cytosolic DNA triggers a STHiNgpendent NODH LRR- and pyrin domain
containing 3 (NLRP3) pathway controlling cell deg#41]. The receptemteracting serine/threonine

protein kirase 3 (RIPK3) is activated by the DNA sensing pathway cSABIG and elicits necroptosis

in bone marrowderived macrophag¢242]. The induction of necroptosis involvsignalingthrough both

type | interferon receptors and tumour necrosis factor receptors (TNFRSs), revealing cooperation between

these pathways regiing their ability to induce cell deafd42].

Recent evidence has also shown that cGAS is essential in promoting senescence (sef2i3,248)

The first indication that cGAS may be involved in senescence is the observation that loss of cGAS in murine
embryonic fibroblasts (MEFs) causes their rapid immortalization. Wirenary MEFs are serially
passaged, the majority of cells gradually senesce, and only a fraction of the cells are able to become
immortalized. However, loss of cGAS allows MEFs cells to be immortalized quicker compared-to wild
type MEFs. These results giggt that cGAS inhibits cell proliferati¢p44]. cGAS has also been shown to

be required for the expression of senescence markers, such as pl@ihNKdanescenses soci at ed
galactosidase (SA-Gal) during MEF immortalizatiorj244,245] Oxidative stress, irradiation, DNA
damaging drugs, or oncogene activation induce cellular senescence in adef&flent manner
[243,245] Cells under genotoxstresses can cause accumulation of micronuclei and recruitment of cGAS
to micronuclei[195,197] Additionally, the accumulation of cytosolic DNA in lung epithelial cells causes

cGAS activation, p21 upregulation, and a cGde€pendent senescence phenofgdé].

cGAS is also thought to regulate cellular senescence through the senessmiated secretory phenotype
(SASP) and the secretion of various cytokines, to modulate senescent cells and their microenvironment
[247]. Various senescing stimuli, such as oxidation, radiation or chemotherapeutics drugs, induce in a
cGASdependent manner the secretion ofoas cytokines and chemokines, such as-BFN -11bL, -6, | L

and IL-8 [243,244] Importantly, I.-8 and IL-6 reinforce senescensgynalingthrough feedback to the
secreting cell§248]. Further, cGAS induce secretion of type | IFNs, which arespreescence and
antiproliferative cytokines, inducing DNA damage ancréasing p53 levgP49,250] The cGASSTING

pathway promotes a critical paracrine signal necessary for sustaining cellular senescence.

The typd interferon and inflammatory cytokines, induced by the cé&ING pathway, are crucial in the

cell's innate immune response. However, prolonged production of these cytokines could cause tissue
damage and immune pathology. For this reason, the €&RSG pathway is regulated by a wide range

of regulatory mechanisms, that positively and negatively regulates its activity. Various negative regulators
of the CGAS cGAMPI STING pathway have been observed. For examphe, first mechanism
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negatively contrding thecGAS-STING pathway involves DNA enzymes that digest dsDNA. This enzyme
digests the cytosolic DNA, thus limiting cGAS ligand availabil$1]. In addition, in resting cells, cGAS
expression levels aregulated via podranslational modification anautophagyto restrict cCGAS protein
levels[252i 255]. The cGASSTING pathway activation is suppressed by apoptotic casfizEe257]
Nevertheless, this pathway presents also positive regulators that promote or enhance 8 IN&AS
signaling For example, Ras GTPaaetivating proteirbinding protein 1 (G3BP1) has beelemtified as a
cGAS accessory protein that promotes cGAS oligomerization and DNA bifidiay

Recent evidence indicates that cGAS is also found in the n@8&8k Nuclear functions of c&S and
reciprocal cytoplasnato-nucleus signaling have been described. cGAS modulates the DDR, via the
inhibition of HR at DSBs, through its interaction with PARP1 and obstructing the formation of the PARP1
Timeless complex258,259] In this way, cGAS promotes the formation of micronuclei independently of
its DNA sensing activity258,259] FurthermoregGAS has been shown to interact with replication factors
such as MCM2, MCM3, MCM7, RFC1 and PCNA and slow down fork progre$26f)]. On the other
hand,|SG15 an interferorstimulated gee expressed in response to the cENING pathway, was shown

to promote the restart of replication forks via its interaction with RECQL and PCNA, which results in
increased replication stress and chromosomal instalpilid]. These findhgs suggest a connection
between cytoplasmic and nuclear functions@AS andsuggest a possible interplay between the DDR and
the cytosolic immunity. As such, cGASTING is a potential important pathway in regulating many

different cellular processesihe cells.

1.3.3 Inflammation in cancer
Inflammation is a doubledged sword in the context of cancer treatment. Although inflammation induced

by irradiation and other chemotherapeutic agents contributes to tumour cell rejection, chronic inflammation
has beerestablished as one of the drivers of carcinogenesis and metastasis in many types of cancer
[185,262] This observation highlighted the importance of developing a better understanding of the links

between replication stress and inflammation.

Over the last couple of decades, the influence ofit@une system and inflammation on cancer
development and progression has regained enormous interest. Studies have begun to focus on biology of
cancer cells and the tumour microenvironment (TME), which includes a network of stromal cells, such as
fibroblass, vascular cells and inflammatory immune cef{lsigure 1.5) Inflammation, chronic
inflammation or tumouinduced inflammation strongly impacts the composition of the TME and the
plasticity of both tumour and stromal cells. Ruonorigenic inflammation mmotes cancer by blocking

antitumor immunity, which promotes the formation of a more tuap@umissive environment and by
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exerting direct tumoupromoting signals and functions onto epithelial and cancer (féligire 1.5)
However, inflammation also press antitumorigenic roles. These antitumorigenic roles are usually

exerted in response to cancerous cells (Reviewgb8]) (Figure 1.5).
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Figure 1.4: Inflammation and cancer. Inflammation or oncogene activation cause the expression of pro
inflammatory transcription factors, such as-kKlEand STAT3 in tumour cells. The expressed cytokines form a rich
and complex network of inflammatory responses within the tumour microenvironrGéemokines recruit
leukocytes, including macrophages, dendritic cells, mast cells and T cells, and function within the tumour
microenvironment to mediate the immune response. The different type of microenvironments generated by the
secreted cytokines ngpromote cell survival and proliferation or immune suppression. Furthermore, other cytokines
can also promote angiogenesis and metastasis formation. Modifie{Bdin

In recent years, immunotherapy has made considerable progress with the development of cancer
immunotherapies, which use various approaches to redirect or hyperactivate the immune system toward
recognising and killing cancer cells. These approaches inétadainological checkpoint blockade,
immunization with cancer vaccines or neutralization of immunosuppressive cells. However, these
approaches are useless against tumours that escape immune system detection. In these tumours, stimulating
inflammation could b a strategy to potentiate the action of immune checkpoint inhibitor and increase

immune cell infiltration in the tumour. The cGASTING pathway is a possible target used to induce a
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controlled inflammatory response. In vivo studies have shown that <&3®8G ability to detect
endogenous DNA in cancer cells is required for innate immune sensing and T cell priming against tumours
[265]. The cGASSTING pathway is essential for the antitumor activity of chemotherapy andtBigBted
therapies, including PARP inhibitdi266,267] In addition, the cGASTING pathway is often deregulated

in cancer cells, indicating that it interferes with tumour gra&8).

DNA damage can cause chromosomal instability, a hallmark of cancer, but can also promote antitumor
immunity. The cGASSTING pathway has a critical role in determining the immunological consequences
of DNA damage. The crogwesentationfaumour antigens by APC to CD8 T lymphocytes is fundamental

for effective antitumor activity. The type | IFdignallingis required for the activation of AP{269,270]

The cGASSTING pathway, once activated by cytosolic DNA, promotes the APCs activatitimecrdss
presentation of tumour antigef&/1]. It has been demonstrated that STH&icient mce fail to reject

the growth of inoculated tumour cells spontaneously after local radiation therapy or after immune
checkpoint blockade§271,272] Similar results were observed @GAS™ mice [273,274] Further,
treatment with exogenous cGAMP or other STING agonists can enhance immunity and tumour regression
[273,275,276] The cGAMP therapy was shown to enhance the antitumor effect of ionizing irradiation,
chemotherapy and immune checkpoint blockfi#,277] Persistent activation of the cGATING
pathway also causes cell death, adding another layer of resistance to tumorjigédgsi9] The treatment

with a potent agonist of STING (5@methylxanthenom-acetic acid (DMXAA)) can effectively induce
hemorrhagic necrosis and promote tumour regresgiBf]. The cGAMP treatment can trigger the
activation of the NLRP2 inflammasoni#t1,281]

The cGASSTING pathway induced by genotoxic stresses can also have protumor functions. Fhe 7,12
dimethylbenz(a)anthracene (DMBA) is aong DNA-damaging agent that activates the cGB3BNG

pathway and induces inflammatiginiven skin carcinogenesis. Unlike other cancer models, DMBA
treatedsting”” mice are more resistant to the growth of DMBwluced skin cancer, suggesting that STING

induce tumorigenesis in the DMBA modg82]. A study by Chen et al. observed that cancer cells
metastasizing tche brain can use the cGATING pathway to promote tumour progressjg@3]. The

protumor effect of the cGASTING pathway may be linked in part to inflammatory cytokines, such as

TNF-U, which is an important d(Reviewedin284]). Thiekideacemmat or vy

shows that an active cGASTING pathway can also exacerbate certain cancers.

In summary, the cGASTING pathway has been shown to link DNA damage with many different
antitumor mechanisms, such as immune surveillance, cellular senescencel aledtbelFurthermore,
evidence suggests that the cGBSING pathway helps enhance the effect of different cancer therapies,

like chemotherapy, radiation therapy and immunotherapy. Thus, this pathway is an attractive
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pharmaceutical target for cancer therabpwever, this pathway can also promote inflammationen
carcinogenesis and metastasis. It will be important to develop approaches to maximize the antitumor
mechanisms of the cGASTING pathway while minimizing their prioflammatory effects.

1.4 CDC7KINASE

CDCY7 and its activating subunit were first identified in a genetic screen in budding yeast, in which it was
observed that CDC7 mutants were causing-ph&e arrest in ngmermissve conditions[285,286] Later

research established the key role of CDC7 in origin fieind in the replication stress response.

Phosphorylation is one of é¢hmost important podtanslational modifications in the cell§he human

genome presents a collection of protein kisasalled kinome, which consists of 538 ge(RReviewed in

[287]). The kinome is divided into related groups based on their sequence similarity. In particular, CDC7
belongs to the CMGC family of kinases, which includes the mit@gtinated preein kinase (MAPKS)

and the CDKs familieReviewed iN288,289). The <catalytic function of a
phosphate of the ATP to a phospla@ceptor, that is, a serine, threonine or tyrosine residue in the target

protein.

The following sections will focus on CDC7 kinase, regulation and functions.

1.4.1 CDCY7 structural organisation and crystal structure
CDCY7 contains conserved kinase motifs that are common to all Ser/Thr kinase and are required to facilitate

catalysis. CDC7 presents, like all typical kinases, a catalytic loop that contaicatahgic base which
accepts protons from the target Ser/Thr during phoesfaimsfer and an activation segment, which presents

the conserved DFG and APE motifs. The lengths of the activation segments can vary significantly between
kinases because of theepence of inserts. The DFG and APE motif normally flank the activation domain.
Specifically, the DFG presents an essential role in kinase activity, coordinating the metal ions required for
catalysis and stabilizing the active conformation of the kinase.AXK motif is also present in CDCY7.
Residues present in this motif are involved in the conformational changes that lead to the activation of
CDC7[290,291]

The conserved kinase motifs present in CDC1raegrupted by kinase insert (KI) sequengégure 1.5)
The position of the kinase insert is conserved acrosllgdryotes: the KL, when present, is between |
and Il kinase motif, K2 is between VIl and VIII, and KI3 is between X and[X90,291](Figure 1.5)
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Figure 1.5: Scheratic drawing of the CDC7 domains.Schematic drawing and comparison of Cdc7 from
humans, and both budding and fission yeast&omparison of Cdcrelated subunits. Yellow, red, and
light blue segments represent, respectively,-cammserved Nand Gterminal region, conserved kinase
domains, and less conserved kinase insert sequences.

Though, the amino acid sequence @mth of the inserts differ between CDC7 orthologs. The presence
of kinase insert is not a unique characteristic of CDC7, other kinases, such as MAPKs and proteins kinase
R (PKR), also contain inserts between the kendsmainln the PKR and MAPKSs kinaséhe inserts are
essential for their kinase activif292]. However, a large portion of the CDC7 kinase insert sequences are
not essential for CDC7 kinase activ[90,291] Deletion of KI3 daesnot have an effect on the CDC7
ability to phosphorylate MCMZ substrate in vitr¢g290,291] However, the deletion of 132 residues in
KI2 affects CDC7 kinasactivity. This is believed to be caused by the location of th@ Ketween the
conserved DFG and APE motif of CDZ90]. The kinase inserts 2 and 3 of CDC7 play a key role in the
nuclear import and export of CD(293,294] KI2 preserd a nuclear localization signal (NLS), which
facilitates the lknase's nuclear import by interacting with impo#fii293]. Within the NLS a nuclear
retention (NRS) sequence is also present. The NRS is requir€D@r chromatin binding294]. KI-3,
instead, presest nuclear export sequendeHS)[294]. These observations confirm an important role of

kinase insert in thivcalization of CDCY7.

CDCY7 presentthe characteristic bilobal architecture of kinases, with aarid Gterminal lobe and the
active sites in a deep cleft bet vweheerett odm.5 Tshe aMd
helix, which is important for kinase activation, an@tmorrcanonical heliceR290]. Instead, the C lobe is
mostly made up of U helices and contains the cat
Aspl77) and the consaexd DFG and APE motifs bordering the activation I#g0]. The KI2 contains an
OGhelix, which |l eans against t he-atiGlobesdfCDCT280.d pr ovi
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Crystal structure of CDC7 DBF4 heterodimer was obtained with extreme difficulties because of the inherent
flexibility of DBF4 and the KI of CDC7. The structure shows tb&F4 makes a bipartite interaction with

CDC7, with motifs M and C interacting respectively witHadbe and Nlobe. The activation of CDCig

due to the repositioning of the UC helix towards t
by DBF4 binding. The reposition of the UC helix a
a Glu (Glu104) residue located withinh e UC hel i x and a Lys (L7Hhe90) re
formation of this interaction allows the correct positioning of a number of structural features required for
catalysig290]. Regul at i on o f -héiscammen among proteinkiyases, ar it il diten

called as Signal Integration Motj£90,295] Furthermorejt was kecently shown that DBFfasthe

important role of stabilizing the active conformation of CDC7. This role is mediated by the M motif of

DBF4 thatwas shown to interact with the 4l ZF domain and pins the beginning of the kinase C lobe

allowing it to adopt a stable conformatif95].

1.4.2 Regulation
CDCT7 activity is regulated in the cells in order to be maintained duringpia$e of the cell cycle, when

the DNA is replicated. The cells present various mechanisms that control CDC7 activity. One of these
mechanisms is tbugh the CDC7 regulatory subunit DBF4 related protein (DRF1) and Protein DBF4
homolog A (DBF4). Another is counteracting CDC7 phosphorylation through the removal of its
phosphorylation. Further, CDC7 activity is regulated to prevergpkcation events.

DRF1 and DBF4 are regulatory subunits of CDC7, which present charactensticonserved motifs that

allow their binding and activation of CDC7, called motif M and C. DBF4 is conserved from yeast to
humans, while DRF1 has been observed only in vertebrates. In addition, it has been shown that DRF1 and
DBF4 do not bind simultanesly to CDC7, suggesting that they regulate CDC7 activity for different
functions in the cel]296,297]

DBF4 was identified in twénybrid screeii298,299] The crystal structure of DBF4 and CDC7 have shown

that DBF4 interacts with CDC7 throudtré¢edifferent motifs, called N, C and §Bection 1.3.1)The notif

N of DBF4 is close to the #&rminus and contains a significant@minalsg uence t hat doesn¢
conserved features. This motif has a role in the interaction with the replication machineryterherdl

fragment of DBF4 is required for the interaction with the loaded helicase present atR@ [3(0]. The

motifs M and C, instead, act together as binding, activation and chromatin tethering module.

YeastDBF4 protein levels oscillate through the cell cycle, with a peakphasewhere CDC7 present
increased activity301]. In contrast, the CDC7 protein level remains stable titvate cell cycld301].
The protein level of DBF4 is regulated by the APC/C, which targets it for degraflz@idj The APC/C
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degradation of DBF4 is blocked during the S phase of the cell cycle when the APC/C activity is inhibited
[302]. Human CEC7 and DBF4 exhibit similar patterns of activity and expression as their budding yeast
counterparts. Transcription of the huniaBF4 gene and levels of the protein oscillate with mRNA levels

at their lowest at the G2/M phase of the cycle and steadily increasing towards entry into the[Zghase

As expected, the human CDOBF4 kinase activity strongly correlated with the esgsion of DBFE298].

DRF1, the alternative CDC7 activator, was identified in a study searching for proteins that share sequence
homology with DBF4296]. The same study shows the interaction between DRF1 and CDC7 and that these
interactiors promotes activation of CDC?7 in vitf@96]. DRF1 has been observed only in vertebrates, and

its functions are not fully understoddRF1expression levels are very similar@8F4, in primary human
fibroblass. As DBF4, DRF1 protein level peaks iret® phase and reduce after mitosis. The parallelism
observed in the protein level of these proteins suggests that they could act redundantly in promoting CDC7
activity in Sphasdg296]. Furthermore, in Xenopus, DRF1 plays a part in the start of DNA replication in
egg extracts and early embryogengesigygeshng that during Xenopus development, DRF1 is equivalent

to DBF4[303,304] Moreover,in egg extractsPRF1 depletion causes a substantial inhibition of DNA
replication and MCM4 phosphorylatigB03,304] Additionally, in Xenopus, DRF1 and CDC7 have been
shown to regulate chromosome cohe$R65).

CDCY7 activity in origin firing and regulating the temporal progression of fhleadSe is not only modulated

by its regulatory subunits but also by Rayeracting factor 1 (Rif1). Rifl was first identified in yeast as a
telomeric chromatin component and is conserved in all Eukarjfi6s307] Rif1 has been shown, in othe
eukaryotes, to play a role in directing the DSBs repair and recombination p4898hayRecent studies in
human and fission yeast have shown the role of Rif in the regulation of DNA replication. In fission yeast,
depletion of the Rif gene rescues the block of replication caused by mutations in CDC7 dBD#FHh
addition, depletion of Rif disrupts the temporal program of replication, affetttengrder of origin firing
[310,311] The phenotype observed is due to Rifl ability to target protein phosphatase 1 (PP1), a conserved
Ser/Thr phosphatase, to regaltion origins and counteracting CD@&pendent phosphorylation of the
MCM complex. CDC?7 itself regulates Rifl interaction with PP1: CDC7 phosphorylates Rifl, creating a
binding site for PP1. This regulation of CD&gtivity via Rif1-PP1 ensures timely rigation across all of

the replication origing312].

1.4.3 Functions
CDCT7's primary function is in origin firing and DNA replication initiation. However, CDC7 has also been

observed to have a role in response to replication stress, the mitotic esfittdhm@some cohesion, and it

participates in meiosis in yeast
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1.4.3.1 Role inorigin firing
CDCT7's main role is in promoting origin firing. The role of CDC7 in origin firing is evolutionarily

conserved from yeast to humgReviewed inf313]).

In human cells and Xenopus, CDC7 has been shown to phosphorylate MCM2 and MCM4. CDC7
preferentially phosphorylates Ser or Thr present in an acidic context. CDC7 phosphorylation can also be
induced by an initial phosphorylation of CDK in an adjacent @te4,315] Similarly, to the yeast
counterpart, the MCM4 subunit is phosphorylated in #eixhinal tail. It has also been shown that CDC7
phosphoriates the MCMZ2Z7 complex on the chromatin via its direct interaction with the MEM®mplex

itself [31]. The phosphorylation of CDC7 othe MCM27 hexamers is key for promoting their

transformation into theeplicative CMG helicase complex.

The MCM27 complex presents the form of a dumbbell containing two rings formed bytémenihal and
C-terminal domains, the latter containing the analomain of the helicas@Reviewed in[316]). The
MCM2-7 complexforms a doubléhexameric due to the interaction between thtemhinal domains of

each hexamer. The subunit24and 6 of the MCM complex present a relatively unstructured extension at
the Nterminus. These tails are the major substrates of CDC7, huatbalso the target of other kinases,
including CDK. Theeukaryotic tails of MCM4 contain characteristic features that are conserved between
different organisms. They are rich in serine and threonine and contain multiple sites that are targeted by
CDCY7. The phosphorylation of some of these sites is promotedtbipps phosphorylation of neighbour
sites by CDK. An example is the ASSPO motif in
CDCY7 phosphorylation of the firg214,317] In particular, the Nerminus of MCM4 presnts an inhibitory
activity which is relieved upoi€DC7 phosphorylation. The relief of MCM4 autoinhibition by CDK
phosphorylation is fundamental to support DNA replication initigitédr8].

Independently of the activity of CDC7 on the MCM compl@BC?7 activity has also been shown to
promote the formation of the Treslin:MTBP:TopBP1 céexpBoth Treslin and MTBP & been shown

to present &DC7-dependent mobility shift. Ftirermore, it washown that CDC7 phosphorylation of
Treslin is required to facilitate CDKiediated phosphorylation, required for the interaction for TopBP1
[33].

Recent studies have also discovered another target of CDC7 activity: Claspin. Claspin is involved in the
normal replication process. Lack®lapin has been shown to lead tplsase defect. Furthermore, CDC7

has been shown to bind and phosphorylate Claspin on multiple sites. Evidence suggests that CDC7
phosphorylation has the effect of unmasking the DNA binding motif and the PCNA intel@it)gnotif

of Claspin[319]. These data indicate that Claspin could have a role in DNA replication through the
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recruitment of CDC7 and that Claspin's potential contribution to origin firing could be regulated by CDC7
phosphorylatiorj319].

1.4.3.2 Role in DNA damage pathways
CDCY7 has also been implicated in responses to replication stress. As explained irls2 ethmrant

DNA replication causes suppression of late origin firing and stabilization of replication forks to prevent

replication fork collapse and promote the restart of DNA replication.

In humans and higher eukaryotes, CDC7 was shown to promote the a@inéckpponse. In mammalian
CDCY7 depleted cells treated with HU, a decrease in the phosphorylation of the checkpoint kinase CHK1
was observef320,321] The decrease in CHK1 phosphorylation was also observed in-@GDICmMouse

ES cells subjected to HU or UV treatm¢B22]. Furthermore, depletion of CDC7 causes a decrease in
Claspin phosphorylation and localization to chromf80,321] Claspin has been shown to be important

in the regulation of CHK1 phosphorylation and subsequent activi&i®). Two studies have shown the
role of CDCY7 in promoting CK1 phosphorylation through Claspin. In the first study, using ansobediule
inhibitor of CDC7 kinase, they demonstrate that inhibition of CDC7 causes a delay in CHK1
phosphoylation and attenuation of Claspin phosphorylation following HU treatijg2ti]. The second
study confirmed that Hlihduced CHK1 activation is impaired in humamecer cell lines by depleting the
CDCY7 level via siRNA. They also have shown that CRigpleted cells are more sensitive to HU treatment
[322]. They also show that CDC?7 interacts with and phosphorylates CJa2ginThey propose that CDC7

is required for activation of the ATREHK1 checkpoint pathway through the regulation of Clagpd2].

In human cells and Xenopus, CDC7 has been shown to be a target of the checkpoint damage pathway in
order to prevent the replication of DN824]. In particular, the ATR pathway has been shown to
downregulate the DBFEDC7 protein kinase activitj324]. ATR is able to prevent CDC7 activity by
preventing the association of CDC7 with DBF4 and origin fifB2y].

Other data suggest that CDOBF4 activity is not decreased during genotoxic treatri&25,326] The
phosphorylation of DBF4 by checkpoint kinases was thought to be an important part epllaseS
checkpoin{327]. Nonetheless, the same study showed that thepplooylation of DBF4 has a small effect

on CDC7 activity[327]. Furthermore, another study revealed that CIDBF4 accumulate on chromatin

in response to genotoxic stress. This accumulation is facilitated by the inhibition of the APC/CCdhl
complex by the ATRChk1 pathway328]. The APC/CCdh1 ubiquitin ligase is one of the major cell eycle
regulatory machines, which became activated in mitosis. The APC/CCdhl is noresalonsible for

DBF4 degradation. However, activation of ATFkl causes audegradation of Cdhl, which in turn
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causes stabilization of CDEIBF4 [328]. This stabilization of CDGDBF4 by the ATRChk1 pathway
ensures replication restart after the damage has been re[3@@;d

CDCY7 stabilization under replication stress is thought to be due to CDC7 ability to select which DNA repair

to be used prior to replication restart. In yeast, CDC7 was shown to have a role[B291380] Recent

studies demonstrated that the CDC7 role in TLS is conserved in humans. CDC7 phosphorylates RAD18,

l eading to its inter ad331382)DBwr4is dble tb imteracwitiSRAPI®B iy me r a s
the Zn binding motif present in DBF4, allowing the recruitment of the TLS meaghto stalled replication

forks[328]. RAD18 has been shown to interact with RAD51C, a component of the HR pathway, and with
FANCD2, a component of the DNA crosslink repair pathway. For this reason, it has been suggested that
RAD18 acts as a molecular switch for DDR pathway choice.

Questioned started to be raised on how the firing of late origins is suppressed if CDC7 remain active during
replication stress conditions. Menopus PPtmediated dephosphorylation of MCM 2 complex is
triggered by the checkpoint kinases, counterac®@C7 activity [333]. This result suggests that the
checkpoint activates PP1 arder to prevent late origin firing without affecting the CDC7 activity itself.
However, there is no evidence yet to demonstrate that depletion of PP1 prevents the inhibition of origin

firing.
These results highly a dual role of CDC?7 in initiation andicapon stress response.

1.4.4 CDCY7 role in cancer and CDC7 inhibitor
Accumulating evidence indicates that cancer cells present defects in the DNA replication process and stress

response. This defect in DNA replication explains why cancer cells are setwitiggs that inhibit the
initial steps of DNA replication. Furthermore, CDC7 has been shown to have numerous roles in cell cycle
progression, origin firing and DNA replication stress response. For these reasons, CDC7 has been proposed

as an attractive tget for the development of cancer therapefReviewed if334,335).

In several cancers, CDC7 is overexpressed, and its expression level often correlates with patient prognosis
[336,337] Depletion of CDC7 via siRNAs in cancer cell Ismeause cell death through damage during
replication, followed by apoptosis or mitotic catastrof888,339] However, normal cell lines are able to
survive depletion of CDC7 without accufation of damage and subsequent induction of apoptosis. The
ability of the normal cell lines to survive is due to the checkpoint mechanisms regulated by p53, which is
normally mutated in cancer cell338,340] Cell cycle defects induced by CDC7 depletion or inhibition

vary greatly between p53ositive and negative cells. p53 negative cells are able to go through an aberrant
mitosis, which causes the subsequent cell death. On the other hand;pospgh& cels, lack of CDC7

activity triggers the intr& checkpoint pathway causing accumulation of cells inthleeSe but preventing
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the cells from completing aberrant mitosis and thus protecting them from cell death. Upon reintroduction
of CDCY7 activity, normatells will be able to restart DNA replication and correctly complete the cell cycle.

In this way, it could be possible to selectively target cancer cells without affecting normal cells and tissue
[335].

In the past years, significant efforts have been expended to develop CDC?7 inhibitors. A list of CDC7
inhibitors developed in the past years is in Tdble The first class of small molecidecalled heteroaryl
pyrrolopridinones, was developed in 2008 by Nerviano Medical Sc[@4d¢ Among theseompounds

was PHA767491. PHA767491 is an ATPcompetitive inhibitor, which was shown to inhibit CDC7
phosphorylation of MCM2 and prevent origin firing without preventing fork elongg848]. However,

this compound was also shown to be aspecific and to present CDK?9 inhibitory §84@ityFurthermore,

it has also been shown to present, to a lessent inhibitory activity against CDK1, CDK2, CDK5, MK2,
PLK1 and CHK2. The prelinical model showed that treatment of cancer cells with Fi@A4891 leads

to apoptotic cell death and inhibition of tumour growth. PH#Y4891 treatment has been shown to be
effective against multiple myeloneell lines and in primary samples from patiej#44]. Furthermore,
PHA-7674891 has shown some promise as a treatment for pancreatic adeaowar@and of chronic
lymphocytic leukaemia (CLL)345,346] Interestingly, in quiescent CLL cells, PHA7491 was shown

to be promoting mitochondrialepending apoptosis, while actively proliferating CLL celeretargeted
through the block of DNA replication, butitasless effective in causing cell death. Therefore, this CDC7
inhibitor had the potential to be a novel therapeutic strategy which would allow targeting both quiescent
and actively proliferating cellsNonetheless, despite PHA674891 therapeutic potential as an anticancer
therapy for a wide range of cancers, its high toxicity and its detrimental effect on the immune system did
not allow the continuation of clinical trials and its use on patientsefRegork suggests that this dual
CDC7/CDKS9 inhibitor could potentially suppresscgll activation, proliferation and effector functions,
suggesting that CDC7 or CDK9 might have a role-icell receptor signaling47]. The results obtained

in the study indicate that PHA674891 treatment causasuppression of the adaptive immune response,

which could affect the adaptive response to tumours and infe¢84wk

In 2012, a more potent and specific CDC7 inhibitor, XL413, was developed by Exelxis and was advanced
to clinical trial [348]. However, Sasi et al, hasatn that XL413 ability to inhibit CDC7 in vivo was

defective in many cancer cell ling349].

More recently, new CDC7 inhibitors were identified, which present potential as asaaoér therapeutics.
One was developed by Takeda and is called ©8K [350,351] while thesecond is LY314392[352].
While TAK-931 has been the subject of several studies, details studies on LY3143921 are scarce. A phase

I clinical trial for LY3143921 is currentlipeing carried out by Cancer Research UK, to test the activity of
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this treatment on colorectal cancer, breast cancer, pancreatic cancer, urothelial cancer and ovarian cancer
[352].

TAK-931 is a novel and highly selective inhibitor of CDI330,351] TAK-931, also called Simurosertib,

is an ATP competitive inhibitor of CDC7, which was advanced to clinical {8&l3]. Two clinical trials

are curently evaluating TAK931 safety and activity: one on patients presenting advanceaemaatologic
tumours, which was completed in January 2020, and the other on patients with advanced solid tumours,
which is currently activ@853i 355]. Preclinical studies showed that in canced tieks, TAK-931 induce

S phase delay and replication stress, which lead to inhibition of proliferation9BAKvas also shown to
present significant antiproliferative activity in animal mod8B80]. The mechanism used by TAZ31 to

induce its antiproliferative effects is through the accumulation of mitotic aberrations, such as chromosome
missegregation, which are induced by replmatstres§350]. Prolonged TAK931 treatment was shown

to cause premature centrosome separation or overdigticaausing chromosome missegregation and
subsequently blocking cancer cell proliferatj@B0]. This resulisuggests that CDC7 could be involved in

the regulation of centrosome duplication. Moreover, T34 was shown to present high antiproliferative
activity in RASmutated cancer cell lineand a reduced effect on normal fibroblag?$0]. These
observations suggest that TA31 could exhibit less toxicity side effects in normal tissues compared to

conventional reptiation stressnducing anticancer therapeutics.

More recently, in 2021, a novel inhibitor of CDC7 was developed0A&L. AS0141 is a potent and
selective CDC7 inhibitor. The efficacy of this inhibitor as a chemotherapeutic was demonstrated using the

colorectal xenograft model. AB141 exhibited strong antitumor activi56].

Recently, various studies have shown the potential of CDC7 inhibitors against cancer cells. CDC7
inhibition was shown to induce replication str¢880,357] In particular, replication stress indadcby

CDCY7 inhibition, causes an ATR response that req@feAL. It was also shown that CDC7 inhibisor
together with ATR o CHK1 inhibitors, induce strong DNA replication stress in liver cancer cells that are
resistant to CHK1 or ATR inhibition. The synergistic effect observed could be due to the abnormalities

observed in mitosis and subsequent mitotic catasti@H#1e358]

Furthermore, in 2019 a study showed that CDC7 inhibition irslseeescencelectively in TP53 mutant
liver cancer cells. The senescence cells iedury CDC7 inhibition were then vulnerable to mTOR
inhibition. The combineé treatment of CDC7 inhibitor with the mTOR inhibitor, Sertralileads to cell
death. Suggesting that CDC?7 inhibitors could be used in combination withirti@torsto induce ell
death[359].
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In 2022, another study showed that CDC?7 inhibition resulted in a significant reduction in cell viability and

the induction of poptosis in Ewing sarcoma cells. CDC7 inhibition redube rate of replication and

premature mitotic entry. The premature mitotic entegultsin mitotic abnormalities and mitotic

catastroph¢360].

These studies suggest that CDC7 inhibition couldalvéable therapeutic strategy foine treatment of

cancer however, accumulating clinical and preclinical data from these studies will confirm it.
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Table 1.1: Table of CDC7 inhibitors.

1.5 SENESCENCE
Cellular senescence is a process that regulates cell fate and is a hallma&hkgf3a@]. Senescence was

first observed in 1961 by Hayfliclkayflick demonstated that serial passaging of normainaun diploid
fibroblast cell strains ceasdo divide in vitro after a fixed number (460) of population doublings
(Hayflick limit) [372].

Senesence can be triggered in response to various endogenous and exogenous stimuli, like telomere
shortening, oncogeniactivation, genotoxic stress, inflammation, irradiation, chemotherapeutic agents or
nutrient deprivatior{Reviewed in373]). The intendy and type of the stress cause different cells type to

respond by inducing cell death or senescence.

In 2016 an extensive stutly Petrova et aldentified more than 50 small chemical compaaitithtinduce

premature senescence amhescenckke stated374]. Numerousstudies have shown that treatment with
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various chemotherapeutics, ant i can-mduced segescances O r
(TI S) O urcelis[2458T4(375]

Senescence is associated with multiple cellaadmolecular changes am@uses phenotypic alterations

including a stable and usually irreversible proliferation arrest, which is unresponsive to mitotic $tieuli.
proliferation arrest phenotype was also observed in response to another biological process called quiescence.
The difference between senescence and quiescence ikdHfatmeroccurs in the G1 and G2 phasé the

cell cycle,while the lattethappens in G{B76]. Additionally, quiescence celtan resume proliferation in
response to ggopriate signals, such as growthtiars or mitogenic signals, while senescence cellaatan

recover cell proliferatiof377]. Although the cell cycle arrest induced in cellular senescence is believed to

be irreversible, studies have shown that under certain circumstancesesmeccells can+enter the cell

cycle or be reprogrammed into pluripotent stem ¢ali§i 380].

Senescence cells present many different characteristicexample alteration ofmetabolic activity and
resistance to apoptogB81,382](Figure 1.6)In contrast tapoptotic cells, whicfonce deagdare removed

by engulfnent by another cell, senescence cells remain metabolically active despite being in an arrested
state (Reviewed in[383]). Senescence cells presemtdramatic change in gene expression, chromatin
remoddling and persignt activation of the DDR[384,385] (Figure 1.6) An additionalcharactéstic of
senescence cellsiseincrease in lysosomal activity, macromolecular damage and the development of a
senescencassociated secretory phenotype (SASReviewed in[386]) (Figure 1.6) In addition
senescence celldevelop morphological and structural changes, leading to an enlarged and flattened
morphology with enlarged vacuoles, nuclear enlargement and alteration of the plasma membrane
(Reviewed in383]) (Figure 1.6)
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Figure 1.6: Senescence inducers and characteristics of senescent céllsrmal cells can be induced to undergo
senescence by exposure to a variety of intrinsic and extrinsic signah as DNA damage, telomere dysfunction,
increased oxidative stregg)doncogene expression. Senescence can also be induced naturallytsadevglopment

and differentiation of adult cells. Senescence cells are characterized by the following featimerease in metabolic

activity, developnentof the secretory phenotype (SASP), increased lysosomal activityyGal), and an increase in

cell size. Moreover, senescence cells undergo drastic changes in chromatin organization es¢léd sites fo
persistetDNA damage and undergo stark gene expression changes, such as repression of cell cycle genes and lamin
B1 and upregulation of SABassociated and ardpoptotic genes.

1.5.1 Pathways inducing senescence

Multiples pathwayg have been shown to induce senescence in cells. For example, during growth arrest, the
mechanistic target of Rapamycin (mTOR) protein, wisiehsesiutrients, remaigactive and inducgcell
senescend@87]. Studieshave shown that mTORgulateshe choice between senescence and quiescence.
Cells undergoing cell cycle arrasith persistent activation of mMTOR undertaenescence, while cells in
which mTOR is inhibited undergo quiesceh8ag].

The cell cycle arrest observed in senescence cells is usually mediated by the activation of either one or both

of the p53/p21 and pl16/pRB tumrosuppressor pathway889] (Figure 1.6) These pathways involve
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various upstream regulators and downstream effectors and present broadkcasgstinterlinkg390].
Thesepathway maintain the senescence state by inducing extenbaseges in gene expression via p53

and pRB, which are key transcriptional regula{&igure 1.6) In particular, p21 acts downstream of p53,

while p16 acts upstream of pRB. Both p21 and p16 are egtelpendent kinase inhibitors (CDKIs) and act

as negativeegulatas of cell cycle progressioffrigure 1.6) These geneare critical components ohée

p53/p21 and pl6/pRB pathways and have been shown that overexpression of any of these genes cause

senescence inducti¢@9l].
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Figure 1.7: Pathwaysinducing senescenceSenescence is induced via two pathwa§3:or P18'%4A pathways.
Various internal and external factors trigger the D&#mage response (DDR) pathway, which in turn activates the
p53 and/or the p1¥“A pathways. In the p18“A pathway, p1&%** inactivates Cdk4/6, resulting in the accumulation

of phosphorylated pRb, which stops the regulation of E2F transcription factor and drives cell cycle arrest or
senescence. These stressors also trigger DNA damage and transactivate pB8'"@nMoreover, p2%'P* protein

levels may lead to the inhibition of Cdk4/6 activity, which contribute to the G1 arrest or senescence. Modified from
[392]

The RB family of pocket proteins is one of the main tagétcyclin-CDK complexes. Their most

reagnisedfunction is the binding and inactivation of the E2F complexes causing repression of the
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transcription of E2F target gen@®eviewed in393]). The nembes of this family are RB1 (pRB), RBL1
(p107) and RBL2 (p13QB93]. In particular pRB, when dephosphorylatdaindsto E2F, formingan E2F

RB complex and suppressing the transcription of genes required for cell cycle prog{88dipn
Transcriptional repression is enhandbdough the recruitment of factors such as histone deacetylases
(HDACSs) and the histone methyltransferase SUV39HI. At the start of-gie&e of the cell cycle, RB is
hyperphosphorylated by cycl&xCDK2, caisng the release of E2F and the transcriptib8-phase genes

and cell cycle progressiga95].

The INK4/ARF locus encodes p6* and p14~F, encoded by thEDK2Agene, and p15INK4RB:ncode

by the CDKN2B gene(Reviewed in[396]). The p2l/AFVCIPL n18NK4E and p16%4A are CDK inhibitors,
which inhibit CDK4 and 6, thus affecting cell cycle progression. Furthermore, th&Fmitdtein allows
crosstalk between the p53 and the pRB pathwaysdnylating p53 stability. pT4~ was shown to bind and
inhibit MDM2, a protein responsible for p53 proteasetegradatiorf397,398] Moreover, the p18“A
protein preverg phosphorylation of RB, by directly binding to CDK4#6d promotinghe expression of

E2F target genef899]. Loss or mutation of p1¥“* has been frequently connected to several human
cancers, suggesting that inactivatioh pil6 cause the bypas of senescence and pron®tancer
developmen{397]. Further replicative senescence is also linked to derepression of the CDKN2A locus.
CDKN2Abecomes derepresseausinga high level of expression uponeatg [400].

The p53/p21AFYCIPlis ysually activated in response to DNA damage, which caalmed by endogenous
or exogenous stress. The activation of the DDR catsenic activation of p53, which can cause induction
of cellular senescenc&tudies have shown thdte inactivation of p53mediatedsignalingcan disrupt
senescence developmé#dl].

p53 play a key role in the development of cellular senescence through different mechaptinis.
considered the guardian of the genome and has a central radpange to cellular stress. The p53 protein
consiss of several functional domaingn particular, & the amino terminus are twartdem activation
domairs (TADs) [402,403] These TADs domagarerequiredfor p53, in order tdarget gene induction in
response to DNAlamagg404]. The p53 binding motif was discovered in tlagdye1990s and consist of

two halfsite sequencesgach binding to am p53 dimer and separated by a spacer of variable length
[405,406] Following DNA damage, p53 was observed to tetramerizes and activate gene expd€3gion
The genes inducday p53 are involved in multiple biological functions: DDR, cell cycle arrest (CDKN1A,
also called p21), apoptosis (PUMA and BAX), metabolism (FiR88ced glycolysis and apoptotic
regulator (TIGAR)) and pogtanslational regulators of p53 (MDM2 and p8uced phosphatase[2)8].
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Activation of p53 is dependent on various pwanhslational modificatios such as phosphorylation,
methylation, acetylation, sumoylation, ubiquitination and neddyldfRaviewed inf409]). ATM induces
phosphorylation of p53 on Ser 15, causing p53 stabilization. This phosphoridatidnced by replicative
senescence and DNA damagduced senescen¢410]. p53 is regulated at mytlie levels by different
factors. For example, MDM2, an E3 ubiquitin ligasgulates the level of p53 in conjunction with MDMA4.
Additionally, the interaction of p53 with ©X0O4 during senescenceda crucial role in regulating p53

transcriptional activity and localizatigd11].

A target of p53 is p24AFY/CIPL 3 21 KDa proteirencoded by the CDKN1A geng21VAFYCPlwas the first
identified transcriptional target of p$812]. The p21'AF/CIP1 protein is a member, together with p27 and
p57, of the Cip/Kip family of CDKIs. The p2£CP1proteininteracs with cyclins and inhibits the kinase
activity of cyclinCDK complexe$413]. The inhibition of cyclinCDK complexes inhibits phosphorylation

of the RB family proteins and subsequent association with E2Fs asddeat] cycle arresid14]. Further,
p2IWAFLCIPL hresens a conflicting dualrole in cell cycle progression depending on its level of expression:
ahigh level of p2VAFYCIPLinhibits the kinase activity of cyclib/CDK4,6 complexes and caesa block

of cell cycle progression, while low levels of B21VC'P* promotes cyclinD/CDK4,6 complexes formation
and activation resulting in cell cycle progresdiéh5].

p21IWAFCIPLinterack and inactivate various cyclin/CDK complexes, and thus, it indsicell cycle arrest

at any stage of the cell cycle, whereas the INK4 family of CDKIs specifically bind and inactivate CDK4
and CDK®, inducing a cell cycle arrest only during GO/G1 pHdseeover,theindudion of p2VAFL/CIPL

is fundamental fothe initiation of senescenemediated growth arresty different stimuli[416,417] The
critical role of p21VAFYCIP1ypregulation in senescence has been demonstrated blyswevation that mice
lacking p2¥AFYCPishoweal defects in embryonic senescence and other developmental defects.
Nevathelessthe expression of p244F/CPljs not maintained in senescent cells as it is only required for

senescence induction, while J¥8* is required for the maiahance of the senescent sta#8].

p21VAFLCIPlis also regulated at the pdsanslational levelp21VAFY/CIPlis stabilized by WISp39,reHsp90
binding tetratricopeptide repeat protein that preveatsproteasomenediated degradatioin contrast,
p21VAFLCIPInhosphorylation can modulate its bindingtpars or change its subcellular localization, which
can alter its function by blocking its ability to act as CO&19]. Nuclear p2¥AFY/CP1 plocks cell cycle
progression. However,pon phosphorylatignp21 gets transported to the cytoplasmwhere it acts as an

antiapoptotic proteirj420].
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1.5.2 Senescent Associated Secretory Phenotype (SASP
Senescencellscan affect the surroundimgicroenvironmenand communicate with neightang cells by
secreting a mixture of factors, which can affect the behaviboowesenescent cell3he hypersecretory
phenotypeof senescdrcells iscalled Senescence Associated Secretory RixeedSASPr Senescenee
Messaging Secretome (SM®@Reviewed in[247,386). The SASRB is one of the key hallmarks of

senescence.

The components of SASP include soluldiginaling factors, such as pyiaflammatory cytokines,
chemokines, growth modulators, angiogenic factors, proteage;alular matrix components and matrix
metalloproteinases (MMP$#Reviewed if247,386). Many prainflammatory factors, whose transcription

is induced by NFB, are crucial components of SASP. The most conserved and strongly expressed
cytokines are IL6 and IL-8.

The SASP phenotype observed in sendscelts plays an important role in mediating several of the
pathophysiological effects of senescent cdllee SASP phenotype causes bogimeficialand deleterious
effects [421]. The SASP composition and strength vary considerably, depending on the inducer of

senescence, duration of senescence, environment and c¢f22pé23]

Key componentsof the SASP are IGFBP3, IGFBP4 and IGFBP7, which are involved in mediating
senescence via paracrisgnaling[424,425] IGFBP3 is able to induce senescence by regulating the
plasminogen activator inhibitdr (PAI1) system[426]. PAI-1 is a downstream target of p53 aisl
involved in inducing replicative senescence via the PHBKRB-G S K &yxlin D1 pathway427].

SASP is triggered by aitiple different nuclear and cytoplasmic factors such as DNA damage, cytoplasmic
chromatin fragments (CCFs), transposable elements, adikéoteceptors (TLR)Furthermore, SASPs

are dynamically and temporally regulated aftiple levels, such as chromatin modification, transcription,
secretion, mMRNA stability and translatiorhe development and regulation of SASE induced by
differentpathways such as p38MAPK, JAK2/STAT3, inflammasome, mTOR, phosHitiiees-kinase
(PI3K) pathway, HSP90noncoding RNAs, GATA4/p6anediated autophagy, macroH2A1 and ATM
[428,429]

Most of the pathwaythat induce and regulat®ASPs, converge on the activation of two traription

factors, NF@e B and CBBP ba.n dN&2EnBdhdd in the senescent cells’ chromatin frastion
[430,431]NFe B and CEBPb cooperatively control the tran:
SASP proteins such as-llA, IL-6, and IL-8. Thesecytokinespositively regulate N6 B and CEBPD
activity in an autocrine fdforward manner to enhance SASRBnaling[431,432] Cells that develop

SASP can also transmit tlsenescencphenotype to surrounding cells via a complex secretory program
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orchestrated by the inflammasonea multiprotein complex comprising caspase 1 and several adapter
molecules[429,433] Therefore, different components of SASP can reinforce the senescent state by
amplifying or transmitting SASP via autocrine or paracrégnaling pathways[424,434] Moreover
knockdown of different SASP genes prevents senescémm@by highlighting the key role played by
autocrinesignalingmechanisms in regulating SAS&nd the senescent stfd24,434]

1.5.3 Senescence and cancer
Senescence isaucialmechanism of tume suppressiorSeveral key oncogenes, including cycliraBd

E2F3 expressiqgrare linked to senescence induction and may have a tumour suppressiM85i&7].

The tumarr suppressive role of senescence may be via the inhibition of proliferation of malignant cells or
by stimulating immune surveillanc8tudies have demonstratadhigh level of senescence in premalignant
lesions and lower levels invasive disease proposing a role for senescence in blocking malignant
progression. Furthermore, mutatidn key oncogengoften trigger senescence to eliminate premalignant
cells before they acquire further mutations and become invpE® Mechanisms to evade senescence
are key featureof malignant progressn [439]. Loss of one of the key senestaffectors, such as
p18NKA4 or p53 couldbethe mechanism through which failure to induce senescence o@®eveewed in

[439)]). This causethe oncogen stimulatethe progresion of the tumar.

Senescencells may inducean anti-tumaur i mmune response, also called
mediated by the cytokines within SASR.particular SASP can signal the immune system and modulate

the tissue microenvironment. In liver cancer medsénescdrliver cells attract via SASP a vaty of

immune cells, such as NK lymphocytes and neutrepkil clear tumar cells [440]. Senescence can

promote immunewgveillance to suppress malignancy via SASP.

On the other hand, there is evidence that stromal cell senescence may haver#aitomaoting effect

because ofhe proangiogenic influence obme components dhe SASPor the impact of senescence

fibroblasts on adjacent tumour cel$41,442] Vasculature endothelium growth factor (VEGF) can

promote endothelium cell migration and twmangiogenesis, whilk-6 and IL-8 can induce invasiveness

of epithelium cell§422,441] SASP factors can also influence the invasion of tumour cells and promote
endothelialto-mesenchymal transition (EMT) in tumour cells, leading to the appearance of metastatic
features invitrdq443l. Ther e i s evi dence tibastociafed witmihenagpg f theh e sc e nc
immune systenandmay contribute to the failure of immune surveillance and cancer devetdpi44).

Therefore, SASP can mediate both positive and negative effects of senescence on cancer.

Recently various studies have suggds$bd induce senescein cancer cells in order to selectively target

and eradicatsenescence cancer celldie processof inducing senescence in ceits called senolysis.
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Senescence can be induced in turegurarious waysOncogenes activation or losktamour suppressor

genes has been shown to induce senes¢éa6e146] Chemotherapies and radiothges can alsdrigger

a saescentell state in human cancer cgd47]. Inhibition of CDKshas also been suggested as a potential

way to induce senescence in cancer ¢é4d48]. CDK inhibitors are currently being investigated for use in
senescenemducing cancer therapy. Senedoeglls present changes in cellughysiology. For example

one of the hallmark of senescence is a change in chromatitusérand in gene expression, which can
affect the regulation of fundamental processes like apoptosis. This cause the acquisition of new
vulnerabilities specific to the senescence cells that can be targeted by drugs that could act by senolytic
agentgReviewed in[449)).
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2 AIMS

CDCThas a very welknown role in DNA replication and origin firingdowever, \arious stucesdisclosed

that CDC7has a potential role at replication forks in response to replication stress. CDC7 has been shown
to bestabilized at fork during replication stress and have a role in translation symt#s. Furthermore,

CDCY7 phosphorylates Claspincipromotes the activation of the replication stress pathiiayvestigate

the role of CDC7 in response to replication stréeee CDC7dependent events occurring at stalled
replication forkswere characterized. Firstly, the effect of CD@fibition CDC7 on DSBs formatiorupon
prolonged fork stallingvas also investigatedA possible role for CDC7 in regulating nucleases was
hypothesized, for this reason, the role of CDC7 inhibition on the protein levels and activity of two nucleases,
EXO1 and MRE11, wasivestigatedCDC?7 inhibitors have been developegatential cancer therapeutic,

a full understanding of the different functions of CDC7 in the cells whoelp inbetter understating the

effect of this inhibitor on the cell§his knowledge can be ubéo bettertarget patient that would benefit

from the treatment.

The effect of shorterm CDC?7 inhibition has been widely studied, however, the effect ofttngCDC7
inhibition is unknownlt has been observed that length of treatment with inhibitochemotherapeutics
can have different effect on the cells fate. To investigate the effect ofdamgnhibition on cell fate, the
effects induced by lorgerm CDC?7 inhibition on the cell cycle and proliferation were characterized. To
further determinethe terminal phenotype induced by letegm CDC?7 inhibition, the transcriptional
changes occurring in cells after letgym treatment with CDC7 inhibitors were examin&d.previously
mentioned CDCY7 inhibitors havgeen developed as chemotherapeutics.c&@atreatmentn patientis
performedover a long-term periodwith repeated treatment. Althoughetie are not exactly the condition
used in the experiments performeide resultobtained could still be fundamental in the clinical setting
The results obtained would give a better understanding of the possible effect@rton@DC7 inhibition

in patient during chemotherapeutic treatments.
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3 MATERIAL SAND METHODS

3.1 MATERIAL S

3.1.1 Cell lines
Table3.1: List of cell lines.

Cell line Origin Source Identifier

MCF10A Mammary gland, ATCC Cat# CRI:
non cancerogenic 10317

MCF10A EditR Previously described (Rainey et al., 2017) N/A

(Constitutive

Cas9 expression

MCF10A-AS- Previously described (Rainey et al., 2017) N/A

CDC7 (Analog

Sensitive CDC7,

MCF10A cell

line)

MCF10A p53" Created using CRISRPRas9 technology by N/A

cl4 Ailsin Quinlan

MCF7 Mammary gland, ATCC Cat# HTB
Adenocarcinoma 22

MDA-MB231 Mammary gland, ATCC Cat# HTB
Adenocarcinoma 26

U20S Bone, ATCC Cat# HTB
Osteosarcoma 96

THP1 Monocyte Acute Provided by Prof. Ryan Aideen laboratory N/A
monocytic leukemia

3.1.2 Media
Table3.2: List of media.

Media Source Identifier

Dul beccobés Modi fied Eagl e | SigmaAldrich Cat# D6429

Roswell Park Memorial Institute Medium (RPMI SigmaAldrich Cat#R2405

Eagle's Minimum Essential Mediu(@MEM) SigmaAldrich Cat#M2279
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3.1.3 Chemicals and reagents

Table 3.3 List of common reagents

Compounds/Reagents

Source

Reference number

3-(N-Morpholino)}Propanesulfonic Acid
(MOPS) Buffer

SigmaAldrich

Cat# M1254100G

dihydrochloride (DAPI)

3, 3 NJettamdihipenzidine (TMB) Fisher Scientific Cat# T0440100ML

30% Acrylamide/Bisacrylamide, 37.5:1 SigmaAldrich Cat# A3699
5X100ML

3MB-PP1 (Bulky PP1 analog) Cayman Chemical Company Cat# 17860

4 6-Diémidino-2-phenylindole SigmaAldrich Cat# D9542

5-Ethynyl-2-deoxyuridine (EdU)

Berry & associates

Cat# PY 7562

6-CarboxyfluorescekTEG azide

Berry & associates

Cat# FF 6110

Acetic acid SigmaAldrich Cat#6950922.5L
Agarose SigmaAldrich Cat# A9539500G
Ammonium acetate SigmaAldrich Cat# a154250G
Ammonium persulfate (APS) SigmaAldrich A3678100G
Animal-Free Recombinant Human EGF PEPROTECH Cat# AF100-15-1MG
ATP disodium salt hydrate SigmaAldrich Cat# A262091G
Benzonase® Nuclease, Purity >90% Merck Millipore Cat# 707463
Bovine serum albumin (BSA) SigmaAldrich Cat# A215350G
Bradford reagent SigmaAldrich Cat# B6916500ML
Bromophenol blue SigmaAldrich Cat# B80265G
Cholera toxin SigmaAldrich Cat# c8052MG
CometAssay LMAgarose Trevigen Cat# 425605002
CometAssay Lysis Solution R&D system Cat# 425605001
Coppefll -sulphate SigmaAldrich Cat# C1297

DTT Molecular biology grade Lennox Cat# CA2948.0010
Ethanol Lennox Cat# cc32221
Ethylenediaminetetraacetic acid (EDTA) | SigmaAldrich Cat# E4884600G
Etoposide SigmaAldrich E138325MG

Fast Green FCF Cat# F7252

Fetal Bovine Serum (FBS) SigmaAldrich Cat# F752400ML

Fi sher Bioreagents
Cocktail |

Fisher Scientific

Cat# 12821650

Fisher Bioreagent seE

Fisher Scientific

Cat# 12831640

Cocktail Il
Formaldehyde SigmaAldrich Cat# 25254%00ML
Formamide SigmaAldrich Cat#D4551-250ML
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Glycerol SigmaAldrich Cat# G5516600ML
Glycine SigmaAldrich Cat# 88981kg
Horse serum Biosciences Cat# 16050122
Hydrochloric acid 37% SigmaAldrich Cat# 258148.5L-m
Hydrocortisone SigmaAldrich Cat# H0396100MG
Hydroxyurea (HU) SigmaAldrich Cat# H8627

I nstant Bl ueE ( Coma s|Abcam Cat# ISB1L
Insulin solution human SigmaAldrich Cat# 192785ML
jetPRIME® Polyplus transfection Polyplus Cat# 11415
jetPRIME® transfection reagent VWR Cat# pplul14-15
LunaE Cel | Count i ng|Logos biosystems Cat# L12001
Magnesium chloride SigmaAldrich Cat# 131521KG
Methanol SigmaAldrich Cat# cc34860
Mirin MedChemExpress Cat# HY-19959
N-Ethylmaleimide (NEM) SigmaAldrich Cat# E38766G
Nitrocellulose 0.2um GE Healthcare Cat# 10600001
NucleaseFree Water SigmaAldrich Cat# W45021L

PageRul erE Plus Pre

Fisher Scientific

Cat# SM1812

Paraformaldehyde SigmaAldrich Cat# 158127
Penicillin-Streptomycin SigmaAldrich Cat# P4458.00ML
PHA-767491 TOCRIS Bioscience Cat# 3140
Phorbol 12myristate 13acetate (PMA) Provided by Prof. Ryan Aideen na

laboratory
Phosphate Buffer Saline (PBS) SigmaAldrich Cat# P4417100TAB
PIPES SigmaAldrich Cat# P6757.00G
Poly-D-lysine (PLL) Sigma Cat# P6407
Ponceau S SigmaAldrich Cat# P350410G
Resazurin sodium salt SigmaAldrich Cat# R7017
RNAIl ater E Stabi |l iz a|Thermo Fisher Cat# AM7021
Roscovitine SigmaAldrich Cat#t R7772
Saponin SigmaAldrich Cat# 4703660G-F
Skim Milk Powder SigmaAldrich Cat# 70166600G
Sl owFadeE Gol d Ant i|Thermo Fisher Cat# S36937
Sodium chloride SigmaAldrich Cat# S7653BKG
Sodium deoxycholate SigmaAldrich Cat# D675625G
Sodium dodecyl sulfate SigmaAldrich Cat# L3771500G
Sodium Hydroxide pellets SigmaAldrich Cat# 1064621000
Sodium orthovanadate SigmaAldrich Cat# S6508 10 g
SodiumL-ascorbate SigmaAldrich Cat# A4034100G
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Sucrose SigmaAldrich Cat# S50161lKG
SYBRE Gol d Thermo Fisher Cat# 10358492
SYBRE Safe DNA Gel Biosciences Cat# S33102
TAK-931 (CDCY inhibitor) Chemietek Cat# CFTAK931
TEMED SigmaAldrich Cat# T928150ML
Transcript RNA Markers 0-20 kb Fisher Scientific Cat# AM7150
Trichloroacetic acid (TCA) SigmaAldrich Cat# T0699
Trit o0& X SigmaAldrich Cat# T8787250ML
Trizma® base SigmaAldrich Cat# T60666KG
TrypsinEDTA solution 10x SigmaAldrich Cat# T4174100ML
TWEEN® 20 for electrophoresis SigmaAldrich Cat# P59275500ML
UltraPureE Low Mel t]Invitrogen Cat# 16520050 S
agarose

XL413 Synthesized ifhouse

3.1.4 Kits

Table3.4: List of kits
Name Source Reference number
Ql Ashredder E Qiagen Cat#79656
RNeasy® Plus Micro Kit Qiagen Cat#74034
Piercé™ BCA Protein Assay Kit Thermo Fisher Scientific Cat#23225
Senescence Cells Histochemical Staining | Sigma Cat#CS0030
Agilent RNA 600 Nano Kit Agilent Technologies Cat#50671511
Cytokine array R&D system Cat#ARY022B

3.1.1 Solutions and buffers

Table3.5: List of common buffers, their components and usage

Name Recipe Notes

Click reaction mix

10 pM 6-CarboxyfluorescedTEG azide 10mM Sodiur
L-ascorbate, 2mM Coppér-sulphate

For labeling of S phase

cells for flow cytometry

in PBS

PBS 10 mM phosphate buffer, 137 mM NaCl, 2.7 mM KCI iy Wash buffeiF-FACS
dH:O

PBST PBS, 0.5% (v/v) Tween 20 Wash buffer FACS

PBSTX 0.4%

PBS, 0.4% (v/v) Triton XL00

Cell  permeabilisatior
FACS
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PBSTX 0.1%

PBS, 0.1% (v/v) Triton XL0O

Cell permeabilisation IF

Phosphate buffer

75 mM Sodium Phosphate Dibasic and 25 mM
Heptahydrate Sodium Phosphate Monobasic Monohyc
in dH;O, adjust solution to desired pH using HCI or
NaOH

Used in PBS recipe

5x Laemmli sample
buffer

60 mM Tris-HCI pH 6.8, 2% (w/v) SDS (w/v), 10% (v/v)
glycerol, 5%(v/v) 2-Mercaptoethanol, 0.01%w/v)
Bromophenol blue in di®

Sample preparation fq
SDSPAGE

TBST 10x

200mM Tris pH 7.5, 1.5M NacCl, 0.5% (v/v) Tween 20.
Dilute to 1X TBST before use

Wash IB

Ponceau S stain

0.1% (w/v) Ponceau S, 5% (v/v) acetic acid in@H

Reversible staining ¢

nitrocellulose membran

RIPA buffer 150 mM NacCl, 1% (v/v) NR10, 0.5% (w/v) sodium Protein extraction
deoxycholate, 0.1% (w/v) SDS, 50 mM FHECI pH 8
Prot/Phos inhibitor§1:100)

CSK buffer 10mM PIPES pH 6.8, 106M NacCl, 1.5mM MgCl,, Protein extraction
300mM sucrose, 0.5% (v/v) Triton-£00, 1mM ATP, Protein fractionation
1 mM DTT, Prot/Phos inhibitors (1:100),2M NEM,
1 mM Sodium Orthovanadate dH,O

TCA 1l 20% (v/v) TCA indHO Protein extraction

TCA 2 5% (v/v) TCA indHO Protein extraction

Running buffer

25 mM Tris, 0.1% (w/v) SDS, 190 mM glycine in gM

SDS gel running buffer

Transfer buffer

25 mM Tris, 190 mM glycine, 20% (v/v) methanol in
dH-0

Transfer buffer

5x RNA loading dye

50% (v/v) Glycerol, 10mM EDTA, 0.25% (w/v)
Bromophenol blue inlH,O

Loading dye for|

denaturing gel

50x TAE 2 M Tris, 5.7% (v/v)Acetic Acid, 0.081 EDTA in dHO | Electrophoresis buffer t
Dilute to 1x TAE before use run agarose gels
10x MOPS 199.74 mM MOPS, 10 mNEDTA pH 8.0, indH0. Electrophoresis buffer t

Adjust pH to 7 with NaOH. Sterilize the solution by
filtration through 0.45 pm Millipore filter. Store solution
at room temperature, protected from light.

Dilute to 1x MOPS before use

run denaturing gel
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Use HCI to adjust pH

Trisi HCI pH 8.8 1M Tris in dH:O SDS gel preparation
Use HCI to adjust pH
Trisi HCI pH 6.8 1M Tris in dHO SDS gel preparation

Stripping buffer

0.4M NaOH in dHO

Stripping nitrocellulose

Saponin buffer

0.05% (w/v) Saponin, 15&M BCA, 1mM NaN:in
dH.0

Permeabilization FACS

Blocking buffer

1% (w/v) BCA in PBS

Blocking IF/FACS

Solution

(IF/FACS)

Blocking buffer(WB) | 5% (w/v) Milk in TBST 1x BlockingWB

10x Neutral 1 M Tris base, 3V Sodium acetate in cid Electrophoresis  buffe
electrophoresis buffer| Use acetic acid to adjust pH for comet assay

DNA Precipitation 1 M Ammonium acetate in 95% (v/v) EtOH Solution  for DNA

precipitation on the

slides

Fast Green staining

solution

0.0002% (w/v) Fast green in 18¢'v) Acetic acid/dHO

Staining with Fast Gree

Revert total protein

stain buffer

0.1M NaOH, 30% (v/v) MetOH in dkD

Remove fast gree

staining

16% (w/v) PFA

169 of PFA in 100ml PBS and heat at 56°C overnight,

store at 4°C.

Dilute master stockfor required % of PFA

Fixing IF and FACS

3.1.2 siRNAs
Table3.6: List of siRNA oligonucleotides and their name indicating the target mRNA
Oligo Name Sequence (53") Source
siNegative AGUACUGCUUACGAUACGG SigmaAldrich
SiBRCA2 UUGACUGAGGCUUGCUCAGUU SigmaAldrich
SIEXO1 N/A S102665145; Qiagen

3.1.3 Antibodies

Table3.7: List of antibodies

Antibodies

Source

Reference number

Dilution

EXO1

Bethyl Cat#A302-640A

1:1000
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H2A Abcam Cat#ab18255 1:1000
BRCA2 Bethyl Cat#A303-434A 1:2000
MCM2 pS40/41 In house previously describeq 1:3000
(Rainey et al., 2017)
RPA32 pS4/8 Bethyl Cat#A300-24JA 1:1000
H2AX pS139 Cell signalling Cat718 1:1000 (IB);
1:300 (IF)
1:500 (FACS)
RPA2 Calbiochem Cat#NA19L 1:1000
MCMZ2 rabbit In house antibody previously | N/A 1:3000
polyclonal described (Rainey et al., 2017
RAD51 Calbiochem Cat# PC130 1:1000
STING (D2P2F) Cell signaling technology Cat# 13647 Rabbit mAb
PhospheSTING Cell signaling technology Cat# 50907 Rabbit mAb
(Ser366) (E9A9K)
cGAS D1D3G Cell signaling technology Cat# 15102 Rabbit mAb
TBK1/NAK (D1B4) Cell signaling technology Cat# 3504 Rabbit mAb
PhospheTBK1/NAK Cell signaling technology Cat# 5483 Rabbit mAb
(Serl72) (D52C2) XP®
IRF-3 (D614C) XP® Cell signaling technology Cat# 11904 Rabbit mAb
PhosphdRF-3 (Ser396)| Cell signaling technology Cat# 29047 Rabbit mAb
(D60O1M)
800CW Goat antrabbit | Li-COR Biosciences Cat#92632211 1:10000
800CW Goat amti Li-COR Biosciences Cat#92632210 1:10000
mouse
Goat arabbit Alexa ThermoFisher Cat# A11008 1:10000 (IF)
Fluor 488
Donkey arabbit Alexa | Thermo Fisher Cat#A21206 1:250 (FACS
Fluor 488 and IF)
3.1.4 Software and algorithms
Table3.8: List of software and algorithms used.
Name Source Note
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FIJI-imageJ ImageJ Image J450] https://imagej.nih.gov/ij/
FlowJo software vX.0.7 | FlowJO https://www.flowjo.com

Image Studio LLCOR Biosciences https://www.licor.com
GraphPad PRISM 8.4.2 | GraphPad https://www.graphpad.com

for windows

R studio4.2.1 R studio https://www.rstudio.com/
Galaxy21.09 November | [451] https://usegalxy.eu/

2021

Reactome release 77 [452] https://reactome.org/

June 2022

DiVenn 2.0 [453] https://divenn.tch.harvard.edu/
Multiple List Comparator| Molbiotools https://molbiotools.com/listcompare.php

Kyoto Encyclopedia of | Kanehisa Laboratories https://www.genome.jp/kegg/
Genes and Genomes
(KEGG) release 98April
2022

Gene Ontology (GO) National Human Genome | http//geneontology.org/
release 17March 2022 Research Institute
Comet Score http://rexhoover.com/index.php?id=cometscore
~:text=CometScore%202.0%20takes%20come
20assay,nteic%2C%20and%20exports%20spre
dsheet%20data

3.2 METHODS
3.2.1 Cell culture methods

3.2.1.1 Maintenance of cells
All cells were maintained at 3¢ with 5% CQ in a humidified atmosphere. U20S (ATCC) cells were
cultured in DMEM supplemented with 10% (v/v) fetal bovine se(&BS), 50 U/ml penicillin and 50
pg/ml Streptomycin. MCF10A (ATCC) and derivative cell lines were cultured in DMEM supplemented
with 5% (vi\) Horse serum, 100 ng/ml cholera toxin, 10 pg/ml insulin, 20 ng/ml epidermal growth factor
(EGF)(Peprotech), 500 ng/ml hydrocortisone, 50 U/ml penicillin and 50 psifeptomycin. MCF10A
cells expressing analogue sensitive CDC7 (MCF10ACRYC7) were genated as previously described
[340]. MCF7 were cultured iEMEM, supplemented with 0.01 mg/ml human recombinant insulin, 10%
(v/v) FBS 2mM L-glutamine, 1mM sodium pyruvate and 1500mg/lI sodium bicarbonate.-MB2A31
were culturd in DMEM glutamax supplemented witl®% (v/v) FBS THP1 cells were cultured in RPMI
Medium gith 10% FBS and 0.05mMrercaptoethanol
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3.2.2 Determination of cell number and viability
Cell density was determined using a Countess Automated Cell Counter (Thermo Fisher Scientific,) and

Lunal | (Logos Biosystems) according to manufacture
singlecell suspension was mixed with 10 pL of 0.4%\()A rypan blue solution, and 10 pL of this mixture
was loaded onto a Countess or Luna Chamber Slide. Cells number and viability were evaluated by Trypan

blue exclusion.

To monitorcell proliferation, cells were counted in technical triplicdtmseach conditionat 1 , 4 and 8
days after treatmenthe fold changin cell number was calculated as follow: ratio between the cell number

at day x (1,4 or 8) and the number of cell plated.

3.2.3 Cryopreservation and resuscitation
Cells were counted an@-suspended in freezing medium (DMEM with 10% (v/iv) DMSO) at a density

between 12x1C¢cells/m. Cells were frozen in tl aliquots in cryogenic vials. Tubes were storedafC

for 24 hours and then transferred to liquid nitrogen for{tamm storage.

THP1 cells were counted and-saspended in freezing FBS (FBS with 10% (v/v) DMSO) at a density
between 12x1Ccells/m. Cells were frozen in il aliquots in cryogenic vials. Tubes were storedatC
for up to 24 hours and then transferred to liquidogien for longterm storage.

To resuscitate cells, the vials were rapidly thawed in a 37°C water bath. The thawed cells are washed with
5 m of DMEM and centrifuged at 2000 rpm for 5 minutes. The cells westispended in fresh DMEM

and transferred to aZb flask.

3.2.4 siRNA transfections
Cells were seeded (100,000 cells/well) in 6 well plates and, after 24 hours, were transfected with siRNA

oligonucleotidesat a final concentration of 75 nM or 100nM using jetPRIME® transfection reagent,
according to the manutturer's instructions (Polyplttsansfection). The media was replaced with fresh
media after 5 hours. Cells were analysed 48 or 72 hours after transfection. siRNA sequencesare listed in
Table 36.

3.2.4.1 Alamar Blue Assay
The doseresponse curves and the IC5lues were determined using the Alamar Blue Assay. MCF10A

EditR cells were seeded at 2,500 cells per well of a 96 well plate, with media that already contaihed 50 m
of a serially diluted inhibitor. The effect of each inhibitor was tested at nine diffeoeentrations in
technical triplicates using af@ld dilution series to achieve a final concentration of 0.3125 to 80 uM for
XL413 and 0.0195 to 5 uM for TAK31. The resazurin reduction assays were performed 72 hours after

drug treatment by addition @56 mM resazurin sodium salt in PBS to a final concentration of 93 mM.
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Plates were incubated for 12 hours at 37°C with 5% & absorbance was determined using a Victor

3V 1420 multilabel counter plate reader with 530 nm excitation and 595 nm emission. The
absorbanceeadings were normalized to untreated controls and plotted against the Logl10 inhibitor
concentration using Graph® Prism, the halnaximal inhibitor concentration values (IC50) were
calculated using nonlinear regression (curve fit) and log(inhibitor) versus normalized regpaaisie

slope equation.

3.2.4.2 Chemicals
In general, a 30 minutes preatment with kinases iithitors was used before further treatments and

DMSO was used as vehicle control. For further information see Bable

3.2.4.3 Long term CDCY7 treatment
Eight days treatment with CDC?7 inhibitor was performed as follow: MCF10A were plated on 60mm

plate.Cells thaivere treated with DMSO were seeded at 40.000 cells per plate, while cells that were treated
with XL413 or TAK-931 were plated at 400.000 cell per plate. After 24 hours cells were treated with the
selected concentration of XL413 and TAB1. Four days aftareatment, the cells would have almost
reached confluency. The cells were then replated in 60 mm plates at the same seeding density described
before and treated for a further 4 days, for a total of 8 days of treatment. Height day after treatment cells
were collected for further analysis, such as RNA extraction, protein extraction or flow cytometry analysis.
Similar protocol was performed for TP58l4, MDA-MB231 and MCF7 cellihes.

3.2.4.1 Condition media
| performed condition media experiment on THP1 céfigynderstand the effect of the secreted cytokine

on the differentiation of THP1 cells to macrophage. | treated MCF10A cells for 8 days with DMSO, XL413
or TAK-931 as explained in 3.2.4.3. The media from 8 days treated cells was collected and filtgred usin
an amicon 10kDa filter. The concentrated protein was resuspended in an appropriate volume of RPMI. The
condition media was then added to the THP1 cells. THP1 differentiation to macrophage was monitored

over 4 days, using a bright field inverted microszop

3.2.4.2 Neutral Comet Assay
Cells were seeded at 350,000 cells/well in 60 mm plates and incubated for 24 hours. Following treatments,

cells were harvested, counted and diluted to 9&éls/m with low melting agarose (LMA, Trevigen) and

spread across pel-lysine coated slides. Slides with LMémbedded cells were incubated with lysis

solution (Trevigen) overnight (16 hours) a®Glfollowed by electrophoresis at’@ for 1 hour with an
applied voltage of 1V/ cm. DINLA,00Wia $OnM TrispHIY. 6, d mMi t h SY
EDTA) for 10 minutes at room temperature in the dark. Fluorescence images (1024x1024 pixels) were

captured with a DeltaVisionCore wide field Microscope (GE Healthcare, Image solution) using a 10X
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UplanFL N, N/A 0.30. Excitation and ession for FITC were 475 nm and 523 nm respectively. Images
were processed in Imagéli and analysed using CometScore Software (version 2.0.0.38) to measure
Comet tail momentand percentage of DNA in the tail

3.2.5 RNA extraction and analysis

3.2.5.1 RNA purification
MCF10A EditR cells were plated in 60mm plates as explained in setoh.3 MCF10A Editr were
harvested 8 days after treatment with CDC7 inhibitors. The cell pellet was ste8@d@in RNAater (5
volumes of RNAater in PBS). RNA wagurified from MCF10A EditR cells, using the QlAshredder and
the RNeasy Plus Micro Kit (Qiagen), as per manufacturer instructions. The purity and quantity of the RNA
were assessed using the Nanodrop Spectrophotometer (Thermo Fisher Scientific, Leiegsi&shihe
purified RNA was stored a80°C.

3.2.5.2 Denaturating agarose gel
RNA degradation was assessed by running a RNA denaturing gel. A 1.5% agarose gel containing 2.2 M

formaldehydein 1 X MOPS was prepared. The gel was casted in a chemical fume hoed &eftite set

for at least 1 hour at room temperature. The RNA samples were denaturated , by mixing RNA (up to 20

(2 uL), 10x MOPS (2uL), Formaldehyde (4iL) and Formamide (1QL). The mix was then incubated for

10 minutes at 85°C, followed by 10 rites on ice and centrifugation at max speed for 5 seconds. The 10x
formaldehyde geloading buffer was added to each sample to a final concentration of 1x formaldehyde gel
loading buffer. The 2.2 M formaldehyde agarose gel was installed in a Mini Hotigalténit at 4°C.

The empty gel was run for 5 minutes at 5V/cm in 1x MOPS buffer. The samples were then loaded and were
run at 5V/cm for 45 hours at 4°C. After electrophoresis, the gel was then washedoakiag platform

shaker twice in 1x TAE buffeofr 5 mi nutes and stained with SYBRE
were analysed using aDigit Gel scanner (L-ICOR Biosciences), and the images were captured with the

D-Digit Gel scanner.

3.2.5.3 Bioanalyzer
The integrity of the RNA was analysed using the Agilent 2100 Bioanalyzer. Following the manufacturer

instructions of thé\gilent RNA 600 Nano Kitthe GelDye mix was prepared and loadedon the RNA chip.

Five pl of the greercapped RNA 6000 Nano marker (grg were loaded into the well marked with the
ladder symbol and each of the 12 sample wells. To minimize secondary structure, the samples were heat
denatured (70°C, 2 minutes) angillof each sample was loaded on the chip. The chip was vortexed and

after1 hour inserted in the Agilent 2100 Bioanalyzer, to analyse the samples.
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3.2.6 Protein methods

3.2.6.1 Total protein extraction
Whole cell extracts were prepared by lysing cells in 1x Laemmli buffer, by adding the 1x Laemmli buffer
on cell pellet followed by boilingdr 1 minute at 95°C and centrifugation at 3000 rpm for 1 minute.
Cell lysates were also prepared using RIPA buffer supplemented with protease and phosphatase inhibitor
cocktail Cells were lysed in ice féor 10 min, followed by sonication 3 times x 30cemds. Samples were
heat denatured at 95°C fondn in 2X Laemmli bufferand centrifugation at 3000 rpm for 1 minute.
Alternatively, TCA extraction was performed, by resuspending a cell pellet in 1 volume of 20% TCA,
vortex to mix and then 2 volumes of 5W&CA were added. After centrifugation at 3000 rpm for 10
minutes,the supernatant was discarded and the pellet was resuspended in 1x Laemmli buffer. pH was
neutralised by adding small drops of 1M Tris Base and observing the change in colour of the sample fr
red to blue. This step was then followed by boiling for 1 minute at 95°C and centrifugation at 3000 rpm for

1 minute.

3.2.6.2 Cell fractionation
Cell fractionations were performed by lysing cells in CSK buffer supplemented with protease and

phosphatase inhilait cocktails for 10 minutes af@ prior to centrifugation for 4 minutes at 3,200 rpm.

The supernatant (CSK soluble extract) was removed, while the insoluble pellet was washed with CSK
buffer, centrifuged and resuspended il.iemmli buffer (CSK insolublextract). The bradford assay was
performed for the soluble fraction. Following heat denaturatiotQ(8& 3 minutes) in 1x Laemmli buffer,

cell extracts were resolved by SIPAGE and subjected to western blot analysis.

3.2.6.3 Protein quantification
3.2.6.3.1 Bradford Rotein Assay

To determine protein concentration in samples, the Bradford assay was used. Bovine serum albumin (BSA)
with the appropriate lysis buffer was used to prepare a standard curve.The appropriate lysis buffer was also
used as a blank and for the paeation of the standard. Briefly, 1 pl of lysate was mixedin 0.3 ml of Bradford
solution obtained from Sigmaldrich in a 96well plate and the absorbance at 595 nm maasured via
spectrophotometerThe samples, standard and blank wererformed in triplicates. The protein
concentration was calculated using the BSA standard curve, in which absorbance was plotted against

varying concentrations of the BSA protein.

3.2.6.3.2 BCA Protein Assay
For protein samples containing a high concentration cérdents, the BCA protein kit was used to

determine protein concentration. Foll owing the ma

performed in a 96vell plate. A series of BSA protein dilutions were made using the appropriate lysis
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solution tocreate a standard curve. The appropriate lysis buffer solution was used as a blank. Concisely, 10
pl of each sample, standard and blank sample were diluted in 200 pl BCA working reagent (50:1 solution
A:solution B). The samples, standard and blank wer@imeed in duplicates. The plate was incubated for

30 minutes at 37°C and after cooling down the absorbance was measured at 562 nm via spectrophotometer.
Using the BSA standard curve the protein concentration in each sample was calculated.

3.2.6.4 SDSPAGE gels
The Mini-Protean® Cell System BiRad was used for standard gels. Standard gels were run in 1 X running

buffer. Standard gels were run at 60 V till the samples reached the separating gel after which the gel was
run at 100 V in (sem@ble3.9), for about 6800 minutes. Standard SEFFAGE gels were preparedcording
to Table 3.9

6% gel 7.5% gel 10% gel 12% gel
375 mM TrisHCI 375 mM TrisHCI 375 mM TrisHClI 375 mM Tris
pH 8.8 pH 8.8 pH 8.8 HCI pH 8.8

Resolving 6% Bisacrylamide 7.5%Bis- 10% Bis 12% Bis
Gel Mix acrylamide acrylamide acrylamide
0.1% SDS 0.1% SDS 0.1% SDS 0.1% SDS
0.05% APS 0.05% APS 0.05% APS 0.05% APS

0.05% TEMED 0.05% TEMED  0.05% TEMED 0.05% TEMED
125mM Tris-HCI pH 6.8
4% acrylamide/bis
Stacking 0.1% SDS
Gel Mix 0.05% APS
0.1% TEMED
Table3.9 SDSgel preparation
3.2.6.5 Immunoblotting

Proteins were separated by SBAGE and then transferred onto nitrocellulose membrane using a wet
transfersystem for 2 hours at 250A in 1x transfer buffer at room temperature. For analysis of proteins of
high molecul ar wei ght (0 250 kbDa), an overnight
Nitrocellulose membranes were stained in Fast Geenid8&c5) and and then blocked biockin buffer
for 1 hour followed by incubation with primary antibodies diluted in 5% (w/v) milk/TBST or 1% (w/v)
BSA/TBST at theecommended dilution (see Table)3overnight at 4°C on a rolling mixer. The following

day, the membrane was washed three times in TBST while agitating for 10 minutes. After rinsing, the
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membrane was incubated for an hour at room temperature with secondary antibB@R(LIThe signals
were acquired using the Odyssey infrared imaging systam software use for scanning and analysis of
membrane was performed with Image StudiCOR.

3.2.6.6 Total protein stain
A total protein stain was performed on nitrocellulose membranes to assess transfer efficiency and

consistency in loading. After completiontbg transfer, the membrane was washed in@dbr 5 minutes.

The mebrane was incubated in Fast Green staimouking for 5 minutes. The membrane was washed in
ddH,O and imaged using the Odyssey Infrared Imaging System and Image Studio softw@@R(LI
Biosciences, NE, USA). After visualization, the fast green staining was removed by incubating the
membrane with th&evert total protein stain bufferocking for 5 mnutes. The membrane was, then,
washed with ddkD and it was possible to proceed with the immunoblotting.

In some instances, staining with Ponceau S. solution was used to assess loading consistency and transfer

efficiency. The solution was removed by wahin PBS, before immunoblotting.

3.2.6.7 Cytokine arrays
MCF10A EditR were treated for 8 days with XL413 or TAR1. The cell culture media was collected

after 8 days of treatment by centrifuging the supernatant for 5 minutes at 2000 rpm, aliquoted, and stored
at-20°C or-80°C. Following the manufacturer's instructions, the membrane was blocked using the Array
Buffer 6 and incubated for 1 hour on a rocking platform shaker. Then, the samples were prepared by diluting
the desired quantity to a final volume of Inbwith Array Buffer 6. The membranes were incubated with

the diluted samples overnight at 4°C on a rocking platform. The membranes were then washed and
incubated with the Detection Antibody Cocktail for 1 hour at room temperature on a rocking platform.
Following this, the membranes were incubated with secondary antibod@teapitavidin800 from (LF

COR) for 1 hour at room temperature on a rocking platform shaker. After this step, the membranes were
washed and the signals were acquired using the Odysfayed imaging system. The analysis of

membrane was performed with Image Studi€COR.

3.2.6.8 Enzymelinked immunosorbent assafELISA)
96-well plates (Maxisorp plates, Nunc) were coated witre 29 I capture antibody 18 or CXCL1

overnight at room temperatirThe plates were blocked with 1% BSA in PBS at room temperature. Media
collected after 1, 4 and 8 days of treatment with XL413 and-BBKwas thawed onice.: 160L o f each
sample was added in technical duplicates to the preparel9plates and induated for 2 hours at room
temperature. Capture antibodies were diluted in 1% (w/v) BSA in PBS to the plates for 2 hours at room
temperature, then washed 3 times and followed by the addition ebtaaptavidineHRP conjugate at a

1:40 dilution at room teperature for 20 minutes. The plates were developed with peroxidase substrate
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3, 3 NJettamdihipenzidindTMB) (Thermo Fisher Scientific) for 30 minutes and the reaction was
stopped using 2N sulfuric acid. Immediately after stopping the reaction,dbegbabce was read at 405nm
and 450 nm on an ELx808 UltraMicroplate Reader {Bé& Instruments, Inc.). In addition to the samples

of interest, blank wells with untreated media and standard wells with recombir@rarICXCL1 were
includedThe linear regre®n for the standard curves (within the linear range) was computed and the ng/ml
for each sample was extrapolated.

3.2.7 Flow cytometry

3.2.7.1 Cell cycle analysis
For pbow cytometric analysis of the cell cycle di
incubation with EdU (10 uM) for 30 minutes before beingvkated and fixed in 70% (v/v) EtOPBS.
For EAU/DAPI analysis cells were washed with PBS and incorporated EdU was labelled by CLICK reaction
(10 -Cabo¥/fluoresceHTEG azide, 10nM SodiumL-ascorbate, 2nM Copperll-Sulphate) for 30
minutes protected from light. Cells were washed (1% (w/v) BSA, 5% (v/v) Ta®@én PBS) and DNA
stained with DAPI inblocking buffer Data were acquired on a BD FACS Canto Il and analysed by
deconvolution gating using FlowJo software. The gating was applied to determine the percentage of cells
with subG1 DNA content (subG1), G1 cells (G1), replicating early S phase cells (Early 8+),Ed
replicating late S phase cells (Late S / EdU+), cells with S phase DNA content but not replicating (2n< &
<4n / EdU), and cells either in G2 or mitosis (G2/M) (Fig®&&). The same protocol was performed for
MCF7, MDA-MB231, U20S and TP53cl4 cels. The FSC and SSC of cells treated for 8 days were
exported and analysed to investigate changes in cell size and complexity.

Cells Single cells Single cells (DAPI) Gating cell cycle

Late-S

1
DAPI 1 3 N

200K ] 200K 7] 987 -5 %‘ ?’f%
T :
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$ibG1

488_530_30-H  Ed

405_450_50-W : DAPI
g 2
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0 50K 100K 150K 200K 260K 0 SOK 100K 150K 200K 260K 0 50K 100K 150K 200K 250K O 60K 100K 160K 200K 260K
FSC-A $SC-A 405_450_50-A; DAP| 405_450_50-A: DAPI

Figure 3.1: Gating strategy for cell cycle analysis.

3.2.7.2 Release EdU staining
Forpbow cyt omet r i recovary faom\s8 slaysstreadnient with €DC7 inhibitdie cells were

incubated with EdU (0.1 uM) over 4 days. Cells were harvested and counted on days 1, 2, 3, and 4 after
release and fixed in 70% (v/v) EtOH in PBS. For EJU/DAPI analysis cells were washed with PBS and
incorporateeEdU was labelled by CLICK e act i o n-CarbbxyfluogesteHBEG azide, 10mM
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SodiumL-ascorbate, 2mM Coppdi-Sulphate) for 30 minutes protected from light. Cells were washed
(1% (w/v) BSA, 5% (v/v)Tweer20 in PBS) and DNA stained with DAPI in 1% (w/v) BSA/PBS. Data
were acquird from cells on a BD FACS Canto Il and analysed by deconvolution gating using FlowJo
software. The gating was applied to determine the percentage of EdU positive and EdU negaitive cells
(Figure3.2).

Cells Single cells Single cells (DAP) Gating EdU+/ EdU-

DAPI Edu pos
200% ] 987 200k = E0U NEQ 283

FSC-H

405_450_50-W : DAPI

s 5 = 2ok "
FSC-A $SC-A 405_450_50-A ; DAP| 488_530_30-A

Figure 3.2:Gating strategy for EAU analysis

3273 o H2AX flow cytometry analysis
For pow cytometric analysis of OH2AX intensity, c

extraction of soluble proteins by permeabilisation with 0.2% TriteO® for 10 minutes on ice. Following
centrifugation (45@, 5 minutes at 4°C) s were washed with PBS and fixed (1% (w/v)PFA/PBS) at

room temperature for Iflinutes and then incubated with blocking buffer. Cells were sequentially
incubated with primary (Histone H2A.X pSerl13%00 and secondary (Al@ Fluor 488 antibodies

dilutedin blocking buffer containing 0.05% (w/v) saponin/PBS for 30 minutes at room temperature in the

dark. Cells were washed with PBS and DNA stained with DABIaoking buffer Data were acquired on

a BD FACS Canto Il and analysed by deconvolution gatimgguslowJo softwareT he 9 H2AX i nt en:

of the analysed cells was exported using FlowJo software.

3.2.8 Microscopy

3.2.8.1 Bright field microcopy
To evaluate MCF10A change in morphology of cells treated for 8 days with XL413 oi9BAKvere

imaged using a bright fielisvertedmicroscope andreair 20X objective.

3.2.8.2 Immunofluorescence miscroscopy
U20S, MCF10A and MCF10A AEDCY7 cells were seeded at,@80 cells/well on a coverslipcoated

with Poly-D-lysine and left to recover for 24 hours. Cells were treated as required followed by three washes
with PBS, fixation with 4% (w/v) PFA/PBS for 15 minutes grameabilisationvith PBSTX 0.1% twice

for 10 minutes at room temperature. Cells were blocked with blocking borffehourat room temperature

or 37°Cand then incubated with primary antibod{gsli2AX 1:250, RAD511:1000,cGAS1:25Q pIRF3
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1:250 diluted inblocking huffer for 1 hour at37°C. The coverslips were washed three times with PBS
followed by incubation with secondary antibodigsoat arabbit Alexa Fluor 488FITC) diluted in
blocking bufferfor 45 minutesor 1 hourat room temperature. Cells were washedehimes with PBS.

The coverslips were then washed in d@Hand airdried. Once dry, the coverslips were mounted using
slow fade with DAPI (0.5 pg/ml) to stain nuclei.

The fluorescence images (1024*1024 pixéts)RAD51 andyH2AX immunofluorescencerere cptured

with Operetta wide field Microscope (GE Healthcare, Image solution) using an air 60X UplanFL N, N/A
1.30 objective. Excitations for DAPI and FITC were 390 nm and 475 nm, respectively, and emissions were
435nm and 523 nm respectively.

For cGAS immuofluorescence, the fluorescence images (1024*1024 pixels) were captured with Olympus
MT20-1X51 using an air 60X UplanFL N, N/A 1.30 objective. Excitations for DAPI and FITC were 390
nm and 475nm respectively, and emissions were 435 nm and 523 nm re$pettie number of cells

with cGAS positivemicronuclei(micronuclei in which cGAS is colocalizedhe number of cells with
micronuclei and the toal number of cells were counted to calculate the percentage of cellswith micronuclei
and the percentage oflisawith cGAS positive micronuclei.

For pIRF3 immunofluorescengee-extraction withTBS-TX (TBS supplemented with 0.1% (v/v) Triton
X-100) was performed for 5 minutdsllowed by fixing with-20°C methanol and incubated-a20°C for

at least 1 h. Théollowing steps werg@erformed as described above, however, instead of aBRB&BST

TBS andTBS-TX was usedAdditionally, blocking was performed for 2 houdsnages were processed
using Imagediji Quantification of pIRF3 foci was performed using ImageJ/Fiji software using the foci

counter/colocalization counter macro from Konstant Universithttp$://www.biologie.uni

konstanz.de/bioimagingentre/service/imaganalysis/biemacratoolkit/foci-counter).

3.2.8.3 High throughput imaging and analysis
Slides were imaged using a High Content Operetta system (PerkinElmer, London, UK) and a 60X objective

lens. Depending on cell density, between 60 and 150 fields of view were imaged per slide. Exposure times
remained constant between slides of the sameriexpet. The analysis of the pictures was performed
simultaneously with imaging using the Harmony 3.1.1 software online analysis function. At least 150 cells
were imaged and the following analysis sequence was used: identify nuclei based DAPI intemsitgle> ex
border cells > exclude doublet cells > detect foci based on signal to background ratio > output foci/nucleus
counts> foci/nucleus intensity. The foci intensity is measure by the Harmony 3.1.1 software, and it is called
corrected spot intensity. Theortected spot intensity is theean spot/foci intensity minus the spot
background intensity, which is the mean intensity of the spot border. The spot/ foci area correspond to the

area of the spot measured in pixel units.
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3.2.8.4 Senescence cells histochemicaising kit
MCF10A cellswere treatedas required for ight days After treatment the senescence stainiveys

performedfollowing the kit instruction. The cells were washetmewith PBS The cells were incubated

with 300 pl of 1x fixation buffer for 7 mutes at room temperature. The staining mixure was then prepared:

1ml staining solution 10x, 125 pl of Reagent B and 125 pul of Reagent C, 250 pgaif s6lution in 10 ml

of dH,0. The staining mixture was then filtered using a 0.2 pum filter to prevemiaton of aggregas.

The cells were rinsed 3 times with 500 pl of PBS. The staining mixture was then added to the cells. Cells
were incubated at 37°C without @@vernight. Images of the cells were taken using a brightifieketted

microscope (Olympu€KX31) using an air 10X objective. The bistined cells and the total number of
cells were counted to cal cuigaactesidasér Ehe game prooocotwasg e o f
performed for MCF7, MDAMB231, U20S and TP53cl4 cells.

3.2.9 Bioinformatics analysis
Bioinformatics analysis of the RN&equencing data was performed using the Galaxy server

(https://usegalaxy.eu/ Quality control of the sequencing data obtained from Novagene was

performedusing fastQC(GalaxyVersion0.72,https://www.bioinformatics.babraham.ac.uk/projects/fastq

c/) and MultiQC (Galaxy Version 1.7) to compile the quality control data from the diffexgrgles. RNA

STAR (Galaxy Version 2.7.84354], which is an ultrafast universal RNgeq aligner, was then used to

map the reads to the humaremeince genome. The number of reads per annotated gene were counted, using
the featureCounts and performed the Differential Gene Expression (DGE) analysis with [MES3g2

FPKM countswere calculated from the raw read count forhegene using FPKM CouliGalaxy Version

2.6.4.1). Z scores were also calculated using Galaxy using the normalized count dataset from the DESeq2
analysis and using thEable ComputéGalaxy Version 1.2)4 which is used to manipulate and compute

expressions upon tabular data and matrices. In particular, the Z score is calculated as foflavesgéne
“‘(n a sampléQyiven the normalized count;Xis computed ac®j, —"_ with the mearé> and"Vthe

standard deviation ahe normalized counts for the ge'@ver all samples. Gene Ontology (GO) and
KEGG pathways analysis of RN8eq was performed using gosé&galaxy Version 0.2.2/456]). The

KEGG pathways database is a collection of pathway maps representing current knowledge of molecular
interaction, reaction and relation networks. Furthermore, it washi®de visualize the genes and the
pathways generated by goseq, by using Pathview (Galaxy Version T454]), which allows pathway

based data integration amdualization and add extra information about the expression of the genes in the
analysed dataseREACTOME analysis was performed using the reactome server, using the XL413 and
TAK-931 DEGgataset
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Materials and Methods

3.2.10 Statistical analysis
Statistical analysis was performed using GraphPad Prism V8 software on a minimum of three biologically

independent experiments. Data are presented using either standard error of the mean (S.E.M.) or SD as
indicated in the figure legends. The statisticghgicance was assessed using a-tvay ANOVAwith
ipensotc 0 Bonf etdestoni test or t
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4 RESULTS

4.1 RoOLE OF CDC7IN REPLICATION STRESS RESPONSE
Part of the results presented in this section are published in an article in EMBO Rgpériopy of the

article can be found at the end of this thesis.

4.1.1 CDCY inhibition induces reduction of markers of replication stress and DSBs
Various studies show that CDC7 kinase has a role in DNA replication initiation and checkgoaling
[320,322,458]
To understand the effect of CDC7 inhibition in the replication stress response, U20S and MCF10A cells
were treated for 30 minutes with £0MXL413, a specific CDC7 inhibitor, followed by treatment with
4mM hydroxyurea (HU) for 24 hours. &Hevels of H2AX phosphorylatiom markerof the replication
stress response and DSBs, were assessedkstern blot.

HU treatment induced phosphorylation of H2AX in both cell lines. The HU induced phosphorylation of
H2AX was reduced upon CDCY7 inhibitioAdditionally, assessment BfCM2 phosphorylation at serines

40 and 41, which are CD@¥ependent sites and correlate with CDC7 actif8g0], was conducted. A
reduction in the level of phosphorylated MCM2 was observed upon treatment with XdaHfBming
inhibition of CDC7 (Figure4.1 A, B).

These results suggest that when CDCY7 is inhibited, fewer DNA DSBs are generated and/or stalled forks are
differentially processed, or CDC?7 inhibition affects the replication stress response.

A MCF10A B U20s
HU HU
o > 0o 0 o o
Fr Er Erd ¥
¥ & S ¥y 5 v
130 kDa 130 kDa —
100kDa—{ — — pS40/41MCM2  1pokDa- = _— pS40/41 MCM2
130kDa {2 B = 130 kDa-|- )
100kDa e & o [Mmem2 100kDa| N T O S MCM2
15 kDa—] 15 kDa|
— YH2AX yH2AX
15 kDa— 15 kDa]
— c— — H2A —— A — H2A
=
E8|- SS88 -

Figure 4.1: Inhibition of CDC7 with XL413 in MCF10A and U20S suppresses H2AX phosphorylation levels in

HUU20O0S <cells, and MCF10A cells were treated with 10 &N
hydroxyurea (HU). Wholecell extracts were analyzed by Western blotting with the indicated antibodies in MCF10A

(A) and U20S cells (B). Total protein stain (TPS) as loading control. Data are representative of at least two
independent experiments.
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The western blos a qualitative technique that does not allow the quantification of change in the levels of
phosphoryl ated H2AX. To quantify the reduction in

and immunofluorescence microscopy experiments were performed.

As previously described, MCF10A cells were treated with HU in the presence or absence of XL413. The

levels of H2AX phosphorylation were then quantitatively assessed by flow cytometry.

Upon induction of replication stress with HU (Fig@#@ A, Band C), thkmeano H2 AX i ntensity

cells increases. In the cells treatedhw L 4 1 3, no i ncrease in JH2AX int
combined treatment of XL413 and HU causesed uct i on i n the OH2AX42i ntensi
A, B and C).
A HU
r 3 DMSO XL413 HU XL413 l Lowlntensity YHZAX
103 10° 4 10° 4 0w l High Intensity yH2AX

yH2AX

T ey (s B e ]

2n  4n 2n  4n

2n  4n I2n I4n

v

DNA content - DAPI intensity (405/50/50)

B 106+

1054

1044

yH2AX intensity

103_

Figure 4.2: Inhibition of CDC7 with XL413 in MCF10A suppresses H2AX phosphorylatioin HU.MCF10A cells
wer e tr eat eXtl413mo inhibit ADC7 fer MO minutes before 4 mM hydroxyurea (HU) treatment for 24
hours."H2AX intensity was analyzed via flow cytometry. B) Dot blot of ii#2AX intensity. Data are presented as
the mean (red line) with 5000 cefisr condition.
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Ani mmunof |l uor escenc ef MEELBA cells tregtedonith HY WvasApErformed in the
presence of XL413. The foci numbers and foci intensity observed upon HU treatment were then quantified.

In line with previous studigg59], HU tr eat ment induces an accumul at:
ofapannuc |l H22AX 2st ai ni ng. I n addition, the foci presei
treated withXL413, and HU experienced a 28% reductiontlie meamo H2 AX f oc i i ntensit

corresponding decrease in foci numbeosnpare to HUFigure 4.3 A, B and C). The foci area was
assessed, and a 21% reduction in the foci area was observed in the CDC7 inhibited sample relative to HU
treated cells (Figurd.3 D). Limited foci formation was observed in DMSO and XL413 treated samples,
and the few foci that @are observed presentadow intensity (Figure 4.8, B and C). These results suggest

that CDCY7 inhibition either prevents fork collapse and formation of DSBs at stalled replication forks or it

reduces the replication stress checkpsighaling
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Figure 4.3: Reduction 1in JH2AX foci i nt e MGL10A gellsiwere treatedp o n s e

with 10 &M XL413 to inhibit CDC7 for 30 minutes before
images from immunofluorescence stainingBPAX. Punctate nuclear patterns or pan nuclear staining. The nucleus

has beercounterstained with DAPI (blue) while FITC signals (green) represent the H2AX foci. The number and
intensity of foci were analyzed. Scale bar = 20 uM; B) Dot blot of the number of foci. C) Dot blot of foci intensity;

D) Dot blot of H2AX foci area in MCF18. Data are presented as the mean (red line) with 100 cells or 900 or more

foci per condition.

To confirm that the suppression of H2AX phosphorylation observed in response to HU was specifically
due to CDCY7 inhibition, an analogsensitive CDC7 cell lingvasused The ASCDCY7 cell lines were
created in Santocanale laboratory by Dr Michael Rainey by changing the gatekeeper residue of the CDC7
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kinase and creating a larger ATP binding po¢840]. This enlargement allows the entry of a specific ATP
competitive inhibitor called 3MB?P1[340] (Figure 44 A). The ASCDCY7 cells were treated witDe M
of 3MB-PP1 inhibitorfor 30 minutesfollowed by 4 mM HU treatment for 24 hours.

Treatment of ASCDC7 with 3MB-PP1 induces reduced levels of phosphorylated H2AX in HU treated
cells to a similar extent as the reduction observed upon XL413 treatment in the isogenic MCF10A cells
(Figure4.4B).

A B HU
N N
S Lo £
S S & >
130kDa =1 pS40/41 MCM2
100kDa
130kDa ] )
100kDa { =~ = T McM2
15kDa b YHZAX
15kDa | | HoA

WT Kinase Analog-Sensitive  Specific
Kinase Inhibition

3MB-PP1

Figure 4.4: Inhibition of CDC7 in AS-CDC7 suppresses H2AX phosphorylationMCF10A AS-CDC7 cells were
treated wi t-PP1 tb hibit IDC3 MB30 mins before 4 mM hydroxyurea (HU) treatninduce
replication blockA) Schematic representation of MCF10A ABC7 cell generation. B) Wholeell extracts were
analyzed and were analyzed by western blot. Total protein stain(TPS) as loading control. Data are representative of
at least two independent experiments.

To quantiy the change in the levels of phosphorylated H2AX and to investigate whether an effect similar

to the one observed in MCF10A was present, flow cytometry and immunofluorescence microscopy
experiments wer e p e riftensityrmadfocitfoomiéom in AKCDE 7Zcells. BN2BRP4L

treat ment i nduces a r leydlawccytometryto a Eimilar lexX2eAt)as premiduglyn s i t vy
observed with XL413 treatment in the isogenic MCF10A cells (Figit &\, B).
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Figure 4.5: Inhibition of CDC7 with 3MB -PP1 in ASCDCY7 suppresseS8¥H2AX intensity in HU. AS-CDC7 cells

wer e

treat ed -PR1ibhibit ADC7 fer BD ndnt&s before 4 mM hydroxyurea (HU) induced replication

block. Flow cytometnanalysis of H2AX. A) Flow cytometry analysis of phosphorylated H2AX; B) Dot blot of the

"H2AX intensity. Data are representative of at least two independent experimentsed iee corresponds

to the mean.

An i

cells via immunofluorescence microscopy. 3MB1 treatment causes a 30% reduction ofrtbenH2AX
foci intensity, similarlyto what was previously observed with XL413 treatment in the isod4Gi€10A
cells (Figure4d. 6
combined with 3MBPP1, a slight reduction in foci is observed (Figdu@ B). Analysis of the foci area

indicated that the inhibition of CDC7 inhibitionduces an 11% reduction in the foci area compared to HU

ncrease

A,

n

C) .

o HriteAsKy ahdopamiuclear wtaifing wereaohsdrved in HU treated

The

number

of

2H2AX

f oci

treated cells (Figurd.6 D). These results suggest ttraatment with SMBPP1 in the ASCDC?7 cell line

recapitulates the effect observed with XL413 treatment in the isogenic MCF10A cell linestiugtfeat

the reduction im H 2 AsXlependent on CDC?7 kinase activity.
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Figure 4.6: Inhibition of CDC7 with 3MB -PP1 in ASCDC?7 suppresseS¥H2AX foci intensity in HU. AS-CDC7

cells were treated with 1& M 3-RHML inhibit CDC7 for 30 minutes before 4 mM hydroxyurea (HU) induced
replication block. A) Representative images from immunofluorescence staintp8iX. Punctate nuclear patterns

or pan nuclear staining. The nucleus has been counterstained Awth(lRlue) while FITC signals (green) represent

the H2AX foci. Scale bar = 20 uM. The number and intensity of foci were analyzed. B) Dot blot of the number of
foci; C) Dot blot of foci intensity. [PDot blot of YA2AX foci area in ASCDC7.Data are presented as the mean (red
line) with 100 cells or 900 or more foci per condition.
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In summary, CDC?7 inhibition caused a reduction¥2AX and a decrease itH2AX foci intensityin

HU-treated cells H2AX phosphorylation amirs upon replication stress and DSBs formation. The
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reduction in the level of phosphorylated H2AX observed upon CDC?7 inhibition could be due to a reduction
in the replication stress checkpogignalingor to a reduction in DSBs accumulation due to farkapse
and DSBs accumulation upon prolonged fork stalling.

4.1.2 CDCY7 inhibition reduces DSBs accumulation
To investigate if CDC7 inhibition causes a reduction in DSBs accumulation upon prolonged replication
stress condition, a neutredmet assay in MCF10A cells was conducted. The comet assay was performed
after exposure of cells to 4 mM HU for 24 hours
percentage of DNA in the tail were measured. The tail moment is proportidhaltomber of DNA DSBs
present in the cells, and the percentage of DNA present in the tail is an indication of the amount of damage
present in the celldAn increase of 1@old was observed in the tail moment in MCF10A treated for 24
hours with XL413 (Figte 47). Yet, no corresponding increase in the percentage of DNA in the tail is
observed upon CDCY7 inhibition (Figurer®t In addition, HU treatment induces a strongrease in the
tail moment and in the percentage of DNA in the, taihich is reduced pon CDC7 inhibition The
combined treatment of HU and XL413 induces a ~50% reduction in both tail moment and percentage of
DNA in the tail. This result suggeghat CDC7 inhibition prevents fork collapse and DSBs accumulation
induced by HU.
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Figure 4.7: Inhibition of CDC7 with XL413 in MCF10A suppresses DSBs formation in HU.A) Representative

i mages of the comet s aB)dNeutwah comwatail motnendsldetectbdanr MCEL0ALc2li7lines m.
treated with CDCY7 inhibitor XL413 for 30 mins followed by 4 mM hydroxyurea (HU) treatment for 24 h. Data are
presented as the mean with ~ 300 comets per condition. The means are indicatedlinis,radd their values are

shown above the plots. C) Percentage of DNA in the tail, which is an indication of the amount of damage present in
the samples. Data are presented as the mean with ~ 300comets per condition. In the dot plotirceachts
condition were analyzed. The means are indicated with a red line.

To confirm that the reduction of DSBs observed upon XL413 treatment is specific to CDC7 inhibition, AS
CDCY cells were treated for 30 minutes with 3{#B1, followed by 24 hours with HU. Both tail moment

and the percentag¥ DNA in the tail were reduced BS-CDC7 upon CDC7 inhibition (Figu4.8A, B).

The results obtained in the ASDCY7 cell line were similar to those observed in MCF10A cells treated with
XL413, where combined treatment of 3MBP1 andHU causes ~50% reduction in both tail moment and
percentage of DNA in the taillThese results indicate thimeatment with 3SMBPP1 in the ASCDC7 cell

line recapitulates the effect observed with XL413 treatment, suggesting that the reduction in DSBs observed

is CDC7 dependent.
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Figure 4.8: Inhibition of CDC7 with 3MB -PP1 in ASCDC7 suppresses DSBs formation in HUNeutral comet
tail moments were detected in ASDC7 MCF10A cell line treated with CDC7 inhibitor 3MBP1 for 30 mins
followed by 4 mM hydroxyure (HU) treatment for 24h. A) Representative images of comets are shown. Scale bar =
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100 e&m. B) -tdiemomeanta detected im ASDC7 MCF1® cell line treated with CDC7 inhibitor 3MB

PP1 for 30 mins followed by 4 mM hydroxyurea (HU) treatment #r.2Data are presented as the mean with ~ 400
comets per each condition. The means are indicated with red lines, and their values are shown above the plots. C)
Percentage of DNA in the tail, which indicates the amount of damage present in the samptesnetSfor each

condition were analyzed. The means are indicated with a rediate.are from two independent experiments.

To investigatavhetherthe reduction in DSBs accumulation observed upon CDC7 inhibition is a general
response to CDCY7 inhibition in replication stress condiiargmet assay was performed after exposure of
cells to 4 mM HU for 24 hour s wsHURkausermamincwwase imtbeut 10
tail moment and the percentage of DNA in the tail (Figu@A, B). CDC7 inhibition reduces the tail

moment by 68% and the percentage of DNA in the tail by 35% (Fdue B). This result suggests that

the reduction of DBs observed upon CDC?7 inhibition in replication stress condition is a general response

to CDCY inhibition.
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Figure 4.9: Inhibition of CDC7 with XL413 in U20S suppresses DSBs formation in HUA) Representative

i mages of the comet s a rBgNestialcametal mMBroeats detedied m U20S tel kine € m.
treated with CDC?7 inhibitor XL413 for 30 mins followed by 4 mM hydroxyurea (HU) treatment for 24h. Data are
presented as thegan with~ 800 comef®r each condition were analyzed. The means are indicated with a red line,
and their values are shown above the plot. C) Dot plot of the percentage of DNA in the tail, which indicates the amount
of damage present in the samplesthe dot plots, 800 comefer each condition were analyzed. The means are
indicated with a red line. Data are representative of two independent experiments.
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In summary, CDCY7 inhibition causes a reduction in DSBs accumulation. These observationstisaiggest
CDC7 activity is required for replication fork collapse and DSBs formation upon sustained fork arrest.

4.1.3 CDCY doesnot affect EXOL1 stability
Fork collapse and DSBs formatiaipon replication stresare caused by the lack of protection from attack
by multiple active nucleases, such as EXO1 and MRE11. EXOL1 protein levels were shown to be reduced
upon treatment with the CDC7 inhibitor PHE&E7491[1]. PHA-767491 is a promiscuous inhibitor of
CDC7, which ao inhibits CDK9. For this reason, PH#&7491 is considered a dual inhibitor of CDC7
and CDK9[460].

To evaluate the specificity of the EXO1 antibody used, siRNA transfection was performed over 24, 48 and
72 hours to reduce EXO1 protein levels, followed by western blot. Two bands were observed for EXO1
protein (Figure4.10). The transfection with SIEXO#&duced the levels of the two bands of EXO1 (Figure
4.10). These resudtsuggest that the antibody usedpecific for EXO1 and that the two bands observed
are the EXOL protein.

SIEXO1

siCon

24 48 72 Hours

EXO1

e = 3{ TPS

Figure 4.10: Confirmation of EXO1 antibody specificity. U20S cellsvere transfected with siRNA targeting EXO1
(SIEXO1)or siCT (siControl). | transfected U20S with siEXO1 for 24, 48 and 72 hours. Vebblextraction was
performed inRIPA buffer, followed by western blot. Total protein stlifPS) as loading control.

To investigate whethehé potential reductiom EXOL protein levels was a CD&pecific effect or an
off-target effect of the promiscuous inhibitor PHA7491 the stabity of EXO1 protein was investigated

via western blotlJ20S cellswere treatedor 30 minutes with 10 uM XL413 or 10 uM PHAG67491,
followed by 4 mM HU treatment for 5 and 24 hours. Reduction of EXO1 protein was observed-in PHA
767491 treated cells, y¥t. 413 treatment did not affe€&XO1 protein levels (Figure 4.L1The inhibition

of CDC7 by XL413 and PHA67491 was assessed via the reduction in the levels of phosphorylated
MCMZ2. The results observed suggest that the reduction in EXO1 observed upon CDC7 inhibition with

PHA-767491 is due to an etlrget effect of this more promiscuous inhibitor.
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Figure 4.11: XL413 does notdecrease EXO1 levels in U203J20S cells were treated with 4 mM HU in the
presence or absence of76749 foethe inditated tBnesoWhaiéll exdradts WereAhen
analysed by western blotting with the indicated antibodies and totelpstain (TPS) as a loading contidhta are
representative of at least two independent experiments.

XL413 is a more specific inhibitor of CDC7, nevertheless, it could also presetargét activity. To
investigate whether the effect observed usingtX3.is CDC7 specific, the AGDC7 cell line was used.
The ASCDCY7 allows specific inhibition of CDC'EXO1 protein levels were evaluated in MCF10A, and
AS-CDCY7 treated for 30 minutes with either 10 uM XL413 or 10 uM 3RBL1, followed by HU treatment
for 8 hours. No decrease in EXOL1 levels was observed in XL413 orBNBtreated samples (Figurd.2

B). Reduction of the level of MCM2 phosphorylation was observed in XL413 and-BRIBtreated
samples, indicating inhibition of CDC7. These results suggeghinaéduction in EXO1 level is not CDC7

specific but due to the more promiscuous inhibitor PHX491.
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Figure 4.12: Inhibition of CDC7 with XL413 or 3MB -PP1 does not decrease EXOL1 levels in MCF10A awdb-
CDC7.MCF10Aand ASCDC7 <cell s were treated wPRl toinkift CBAV foix:
mins before 4 mM hydroxyurea (HU) for 8 hours induced replication block. \Adedlextracts were prepared w
Laemlli buffer and analyzed by westderl ot t i ng wi t h t h-ubulimvds used asea badiagconi

In summary, the resulsiggesthat inhibition of CDC7 does not affect EXO1 stability.

4.1.4 MRE11 inhibition with 12.5 pM Mirin does not induce a reduction in H2AX
phosphorylation
CDC7 does not have a role in EXO1 stability. However, MRE11 may also have a role in reducing fork
coll apse. As such, MRE1106s potenti al role in redu
response to CDCY7 inhibition was examin&tis was done using an inhibitor of MRE11, Mif#®1].

In the literature, Mirin treatment was shown to induce a G2/M blo¢kQ8A4 cells[461]. The G2/M
block observed could affect the level of phosphorylated H2AX by reducing the numbphaé&cells. If
a reduction in phosphorylated H2AX svabserved, it would not be possible to uncouple the effect of mirin

on the cell cycle and the one on DSBs accumulation.

For this reason, to evaluate the effect of Mirin treatment in U20S cells and to find a concentration that
would not trigger the G2/M lbck observed in Dupre et al., the cell cycle analysis of increasing
concentrations of Mirin was performed. | treated U20S cells with increasing concentrations of Mirin: 6.5
UM, 12.5 uM, 25 and 50 puM for 24 hours. Before harvesting, cells were labelledEdid for 30 minutes

and stained with DAPI. An increasing accumulation of cells in G2/M was observed with increasing
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concentrations of Mirin. Treatment with 50uM Mirin causes a pronounced accumulation of cells in G2/M
and a reduction of cells in the S gea(Figure€.13 A and B).

A
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Figure 4.13. Mirin treatment affects the cell cycle of U20S cellsU20S cells were treated with increasing
concentrations of the MRE111 inhibitor Mirin. A) Cell cydiéstribution of U20S cells was measured by flow
cytometry labelled with EdU and DAPI. Bhe distribution of cells in the cell cycle is shown. Data are represented
as mean for each condition.

A concentration of Mirin that did not significantly affect the cell cycle was selected: 12.5 uM Mirin (Figure
4.13).

If MRE11 is responsible for the reduction in DSBs, inhibition of MRE11 would induce a reduction in the
level of phosphorylated H2AX, sinaiily to what was observed with CDC7 inhibition. U20S were treated
with 12.5 pM Mirin, 10 uM XL413 or combined treatment with XL413 and Mirin for 30 minutes, followed

by 5 or 24 hours 4mM HU and assessed the levels of H2AX and RPA phosphorylation, wiielnkaes

of the replication stress response via Western blot. The reduction-ofddided phosphorylated RPA2 and
H2AX was observed in XL413 treated samples in the insoluble fraction. Conversely, Mirin treatment does

not reduce either phosphorylated RPAHXAX, and combination treatment of Mirin and XL413 leads to
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a partial reduction of the two markers (Figdr#4). The result obtained ithese experimental conditions
suggests that MRE11 might not be a prominent factor in the reduction in DSBs obsemesgbimse to
CDCY7 inhibition.
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Figure 4.14: Treatment with 12.5 pM Mirin does not suppresses H2AX phosphorylation levels in HUJ20S

cells were treat el@5swM tMi rliOn etM X Lndhli3biotr CDC70,6an2MRE11 be
hours with 4 mM hydroxyurea (HU), which induced replication block. Chromatin fractionation and western blot were
performed. Total protein ain(TPS) as loading controllhe black arrows indicate the protein name and the
correspondindpand.Data are representative of at least two independent experiments.

As previously mentioned, the western blot is a qualitative technique that dadlowathe quantification
of the levels of phosphorylated H2AX. To quantify the change in the levels of phosphorylated H2AX, the

29 H 2 ArXensity and foci formation upon MRE11 inhibition were examined via immunofluorescence

microscopy.

U20S cells were treadewith 12.5 pM Mirin, 10 uM XL413 or combined XL413 and Mirin treatment for
30 minutes, followed by 24 hours of HU treatment and immunofluorescence stairngl & AvAs then

performed (Figurd.15).
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HU XL413

HU Mirin
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XL413

Figure 4.15. Mirin treatment causes a reduction in "H2AX foci intensity. U20S cells were with 10 uM
XL413,12.5 pM Mirin or combined treatment of Mirin and XL413, followed by 4 mM HU and incubated for 24 hours.
Representative images from immunofluorescence stainingd@AX. Punctate nuclear patterns or pan nuclear
staining. Thenucleus has been counterstained with DAPI (blue) while FITC signals (green) represent the H2AX foci.
Scale bar = 20 yM.
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The foci numbers and foci intensity observed upon HU treatment were quantified. Upon HU treatment, a ~
3-fold increase irthe mearo HAX foci number and intensity was observed. The combined treatment of

HU andXL413 caused a decreasetimme mean 0 H2AX f ocintensitydbsenweslithey , t o
DMSO treat ment . This reduction i n 2d&h2nAai ndmbersi i nte
(Figures 3.15 and 3.16 A, B, C and D). The number of foci observed in HU and XL413 treatment is
equivalent to the one observed in the HU treatment. These results reproduce the ones previously observed
for MCF10A and ASCDCY7 (Figure<t.2 and4.6). Though the treatment with Mirin induces a reduction in

foci intensity and number, the result is not statistically signifiq@&igure 4.16 A, B and C). The
combination treatment of XL413 and Mirin produces a statistically significant reductfoniimtensity.

The reduction is similar to that observed in the XL413 treatment. However, the corresponding reduction in
foci number was not statistically significar@iven the similarity in the outcome of the combination
treatment relative to XL413 tatment, the statistically significant reductions in foci intensity may be due

to the effect of XL413 treatment, rather than Mirin. In addition, a low dose of Mirin was used, which could

explain the lack of reduction in foci intensity observed in the Migatment.
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Figure 4.16: Mirin treatment causes a reduction in"H2AX foci intensity. The number and intensity 6H2AX

foci were analyzed. A™H2AX foci intensity from one independeeaxperimental replica. The red line indicates the
mean. B) Mean fluorescence intensity¥f2AX foci from 3 independent experiments is expressed as a ratio relative
to the XL413treated condition. Red and blue lines show the means + SEMs. Statisticalsa®e@VA analysis

(ns: nonsignificative, * pValu®0.05, ** pValueO0.01). CyH2AX foci number from one independent experimental
replica. The red line indicates the mean; D) Mean fluorescence intensii2#X foci from 3 independent
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experiments is expressed as a ratio relative to the xtiéhsed condition. Red andue lines show the means +
SEMs. Statistical analysis: ANOVA analysis (ns: rggnificative, * pValueO0.05, ** pValueOO0.01).

In summary, the H2AX level analysed via western blot and immunofluorescence did not show any
significant reduction resultingdm mirin treatment. Lack of significance may be a result of the relatively

low dosage of Mirin used.

4.1.5 CDCY inhibition does not affect RAD51 foci formation
Previous studies have shown thatdtdested replication forks undergo revef§al7]. The regressed arms

of these reversed forks are coated with RAD51 filaments in a BREeA2ndent manner. Upon BRCA2
deficiency, the regressed arms of reversed forks are subjected to aberrant nucleolytic attack and MRE11
dependent degradation and fork cpa[113,117,127]CDCY inhibition causes a reduction in DSBs upon
prolonged HUinduced replication stress. Additionallpur work in EMBO reportsshows that CDC7
inhibition protects reversed forks from nucleolytic attack in BRCA2 depleted[2RII€EDC7 inhibition

could protect reversed forks from nucleolytic degradation by regulating RAD51 loading on the regressed

arm of reversed forks.

Before investigating the effect of CDC7 inhibition on RAD51 loading on reversed forks, knockdown of
BRCA2 and OCY7 inhibition were confirmed by monitoring BRCA2 and phosphorylation of MCM2 via
western blot (Figurd.17).U20S cells were transfected with BRGAgtgeting siRNAs for 48h. The cells
were then treated for 30 minutes with XL413, followed by HU treatnmer®4 hoursBRCA2 targeting

SiRNA reduces the level of BRCA2, while treatment with XL413 causes a reduction of the levels of MCM2
phosphorylationThese results suggest efficient knockdown of BRCA2 and efficient inhibition of CDC?7.

HU

DMSO XL413 HU XL413

S s 5

A~ A~ A~ ~
S8 6§66 68 68
% % % % % % % %
“BRCA2
300 kDa—
130 kDa
.- a3 pS40/41 MCM2

130 kDa- ;:.xe_;, A e e g L e | MCM2

TPS

Figure 4.17: BRCA2 knockdown confirmation. U20S were transfected with siCT or siBRCA2 for 48 hours,
followed by treatment for 30m with CDC?7 inhibitor XL413 and with HU for 24 hours. Whbelkeextraction was
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perfomed in RIPA buffer anénalyzed by western blotting with the indicated antibodiesal proteinstain TPS)
as loading controlThe black arrows indicate the protein name and the corresponding band.

To monitorif CDC7 affect RAD51 loading on the reversed fork, RAD51 foci formation intiddted
BRCAZ2 depleted cells was analysed using immunofluorescence microscopy. A siRNA tiamsfgh 75

nM BRCAZ2 targetingsiRNA was performed for 48h. The cells were then treated for 30 minutes with
XL413, followed by HU treatment for 24 hours. As shown in figuds3 while HU-treated cells accumulate
RADS51 foci, BRCA2depleted cells treateditiy HU present a reduction of RAD51 foci, which is not
rescued by CDCY7 inhibition.
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I
C

HU + XL413

siControl

siBRCA2

Figure 4.18 XL413 treatment does not rescue RAD51 focal recruitment in HU in BRCA2 depletedl20S cells
weretransfected with either netargeting siRNA (siControl) or with BRCAZ2 targeting siRNA. After 48 hours, cells
were treated with 10 puM XL413, 4 mM HU or both and incubated for a further 24 hours. Representative images from
immunofluorescence staining of RAH5Punctate nuclear patterns or pan nuclear staining. The nucleus has been
counterstained with DAPI (blue) while FITC signals (green) represent the RAD51 foci. DNA was stained with DAPI.
Scale bar = 20 uM.
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The RAD51 number of foci, observed via immunofkesrence microscopy (Figure 3.18), was quantified
using the high throughput microscope operetta (FigLir®). Quantification of the RAD51 foci shows that
CDCY7 inhibition causes aféld increase irthe averag®®AD51 focinumber Furthermore, HU treatment
also causes a 14old increase in RAD51 foci, which is unchanged by the XL413 treatment. Moreover,
BRCAZ2 knockdown causes a 78% reductiortled averagdRAD51 foci formation in response to HU
treatment. The reduction observaddue to the depletion of BRCA2, which did not allow the deposition
and stabilization of RAD51 filamen{&13]. These results indicate that XL413 treatment did not promote
RADS51 foci formation, suggesting that RAD51 filaments formation is not rescued by CDC7 inhibition in
a BRCAZ2 depleted backgroundhe accumulatiof RAD51 foci observed upon CDC7 inhibition could

be explained with the observation that XL413 treatment saapéication stress.
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Figure 4.19: XL413 treatment does notrescue RAD51 foci formation in HU in BRCA2 depleted cellsU20S

cells were transfected with either ntargeting siRNA (siControl) or BRCAZ2 targeting siRNA. After 48 hours, cells
were treated with 10 uM XL413, 4 mM HU or both and incubated for 24 hours. Immunofluorescence microscopy
with anttRAD51 antibodies waperformed, and the number of RAD51 foci was quantified. Dot blot of Rad51 foci
number in siControl and siBRCA2 in the different treatments. Bageepresented as the mean (red line) with ~ 400
cells.

In summary, the results suggest that, in these dondjtarrested forks are not protected by enforcing
RADS51 filament formation. Furthermore, these results, together with the observation that MRE11 activity
is required to limit fork progression and to cause degradation of reversed forks in BRR@leRd ells

[2], suggest a role for CDCY7 in forksection via regulating nucleases.

The results shown in this chapter establish that CDC7 activity is needed for induction of fork collapse and

DSBs formation upon prolonged fork stalling. Fork collapse and DSBs formation are caused by the lack of
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protecton from the attack of several active nucleases, such as EXO1 and MREL11. It was shown that CDC7
does not affect EXO1 stabilitfhe results shown in this study were inconclusive on the role of MRE11 in
the reduction in DSBs formation observed upon CDCibitibn. This could be due to the low dosage of

Mirin used. In thestudypublished by our research group in EMBO repantsyhicha concentration dd0

KM Mirin was usedit was shown that MRE1Has a role in reducingSBs formation observed upon CDC7
inhibition [2]. Furthermorejt also showed that CDC7 directly regulates MRE11 activity and promotes
degradation of reversed fork in a BRCA2 depleted backgr¢2hdn particular, CDC7 could control
MREZ11 activity by regulating its phosphorylation stgdRis

4.2 DISCUSSION AND FUTURE PERSPECTIVES

The presence of obstacles to replication fork msgion can pose multiple threats to the integrity of the
genome. To protect the integrity of the genome, DNA replicasidnighly regulated. Further, the number

and the timing of origin firing and the speed of replication forks are highly controlled. The regulation of
these processes works alongside several safeguard mechanisms that protect fork integrity and repair DNA

lesons that form at the replication fork.

CDC?7, together with CDKs, have essential roles in controlling origin activation. CDKs not only regulate
origin licensing and firing but also have a role in the replication stress response by controlling the activity
of enzymes, such as CtIP, EXO1 and the MRN comfitexiewed inN462]). Part of the results presented

in this thesis are published in an artitleEMBO Report42]. The work presented heregether with the
additional results shown in the published articdendnstrates that CDC7 kinase, similarly to the CDKs,

has a dual role in origin firing and the replication stress response.

During replication stress, ATR is activated and causes phosphorylation of FIA&3] (Figure 4.20)

Due to prolonged stress, replication fergan collapse and form DSBs. DSBs accumulation causes
actvation of ATM kinase,which further phosphorylated H2AXFigure 4.20) To elucidate the role of
CDCY7 in fork stability accumulation of H2AX phosphorylation and DSBsrevassessed. CDC7 was
demonstrated to play a role in replication fork stability andnmtes replication fork collapse and DSBs
upon prolonged replication fork stalling. The suppression of DSBs was validated in two cell lines, U20S
and MCF10A cells and also using a chemical genetic method, #@&D&3 MCF10A cell line. CDC7 may
promote DSBs formation, under prolonged fork stalling, as an alternative way to stimulate the completion
of DNA replication. The formed DSBs are repaired via homologous recombination. Once repaired,

replication can continue, preventing incomplete genonpdiciion.
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The reduction in phosphorylated H2AX, and in DSBs observed upon CDC7 inhibition suggests that CDC7
is responsible for the stability of the forks. However, this result may be also explained by the role of CDC7
in origin firing. CDC7 inhibitionwould induce a reduce number of origito fire, leading to a reduced
number of forks available to stall. bur work published in 202Qhe role of CDC?7 in origin firing was
serarated from its role in replication stress, by inducing fork stalling in tkegmce of CDC?7 inhibition

for 24 hours, which was then removed for 2 h¢BsThe induction of replication stress would causedork

to stall and would prevent new origin firing via the APRRIP checkpoint. If CDC7 inhibition are
removed, there would be an increase in fork instability anitegjain stressignaling Indeed, removal of

CDCY7 inhibition causes an increase in replication ssiggmling indicated by an increase M2AX [2].

These observatienuncouple the role of CDC7 in fork initiation from its role in the replication stress

response and confirm the role of CDC7 in fork stabilization.

The model that transpires from the observations described above is as follows. Upon replication stress
induction, there is formation of stalled replication fork and phosphorylation of H2AX. Due to prolonged
fork stalling, fork collapse and orended breaks form, leading to further phosphorylation of H2AX.
However, CDCY7 inhibition prevents fork collapse and Hertphosphorylation of H2AX, leading to a
reduced accumulation of DSBs and a redu¥8@AX intensity (Figure4.20).
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Figure 4.20: Model of the effect of CDC?7 inhibition in the replication stress response paway. HU treatment

induces replication stress. Replication stress induced by HU causes fork stalling or formation of uncoupled forks. The
formation of uncoupled forks causes formation of sSDNA, which is bound by RPA. Theddtled replicatiostress

causes recruitment and activation of ATR at uncoupled forks, leading to an initial phosphorylation of H2AX.
Prolonged stalling of replication fork can lead to fork collapse and the formation ofemigel DSBs. The formation

of DSBs causes ATM regitment and further phosphorylation of H2AX. CDCY7 inhibition prevents fork collapse and
DSBs formation.

This initial observation, together with the knowledge that in yeast CDC7 promotes activation of the
nuclease Mus81 by phosphorylating its interactiagmer Mms4463], suggests that human CDC7 could

also regulate nucleases.

In 2018 Sasi et a[l1], suggested that CDC7 could regulate the stability of the nuclease EXOL1 to promote
resection of nascent DNA at stalled replication forks and thereby promoting fork restart. However, Sasi et
al.[1] used the promiscuous inhibitor PHA&7491, which has been shown to be a dual inhibitor of CDC7
and CDK®9. To confirm these results, the more specific inhibit@RE7, XL413 was used. No effect on
EXO1 protein level was observed with the use of XL413. These results were also confirmed using the AS
CDC7 MCF10A cell line. These observations contradict Sasi[@f abnclusion that CDC7 activity affects

EXO1 protein levels, therefore suggesting that the effect observed on EXO1 protein stability may be due
to the inhibition of CDK9 by PHA’67491. The observation that CDC7edoot affect EXO1 stabity,
suggestthat COC7 inhibition influences the replication stress response in a different way. Other nucleases

have been shown to be required for fork processing and restart of stalleddnekof the nucleases is
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MRE11. MRE11 is required for the initial resection stepedMersed forks. The initial resection is then
extended by EXO1. MRE11 activity forms 306 ssDNA
BRCA2, and protecting the strands from excessive MRiedendent degradatioji1l3,464] To
investigate the role of MRElih CDC7 dependent fork processing, an inhibitor of MRE11 was used, Mirin.
The concentration of 50 pM Mirin affects the cell cycle in both U20S and MCF10A, similarly to what was
previously observed in 2008 by Dupre et[db1]. The Dupre et al461] study suggests that, due to the
role of the MRNcomplex in the maintenance of genome stability during thkeese, Mirin triggers a DNA
damage checkpoint in G2, causing the observed accumulation of cells i4&d/VDue to concerns that

the effect on the cell cycle could affect the results of additional experimentsgraclomcentration of Mirin

was used. However, the results obtained with this lower concentration were unclear anddtigafest
MRE1 might or might not play a role in the reduction™6f2AX observed upon CDC7 inhibition. This
observation may be because #aected concentration, although not causing an effect on the cell cycle,
was unable to fully inhibit MREL1. This is validated by the experiment presered work[2], in which

a concentration of 50 uM Mirin was used and a reductiolH&AX was observed upon Mirin treatment.

The uncontrolled activity of MRE11 is extremely harmful to the cells, causing DSBs accumulation and
genomic instability. Multiple mechanisms gyeesent in the cells to control and restrict MRE11 activity
[128]. One way to limit MRE11 activity is through RAD5And BRCA2dependent protection of the
regressed arm of the reversed forks formed at stalled forks. RAD51 binds to the regressed fourth arm of the
reversed forks, while BRCA2 stabilises RAD51 filaments. However, in the absence of BRCA2, RAD51
filaments cannobe stabilised, and MRE11 is able to perform uncontrolled resection. Neverthededs,
presented in our article, showed tADC7 inhibition protects forks from resection in a depleted BRCA2
background2]. CDC7 could regulate MRE11 activity by promoting formation of RAD51 filaments on the
regressed arm of the reversed fork or by preventing reversed fork formation. CDC7 did not affect RAD51
focal recruitment in a BRCA#8epleted background and formation of reversed forks. Further experiments
presented in Rainey et al. confirm the role of MREogether with CDC7, in the pathological degradation

of unprotected reversed forks and in fork re§@rt These results suggest that CDC7 regulates directly or

indirectly MRE11 activity at unprotected reversed forks

As previously mentioned, part of the results presented in this thesis wi#ighpd in an article in EMBO
Reports. Further results that uncover the role of CDC7 in regulating MRE11 activity were presented in the

article[2] and are summarized below.

The observations described above suggest that CDC7 may directly or indirectly regulate and modulate
MREZ11 activity. To directly regulates MRE11 nuclease activity, CDC7 and MRE11 are both required to
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be present at stalled replication forks. To determineGBeC7 and MRE11 are present at stalled replication
forks,Dm-ChP was performed. The D@hP technique allows the proteins present at both active and stalled
replication forks to be determined. CDC7 and MRE11 were both detected at active forks and were show
to be retained during replication stress. Their presence at stalled replication forks sstiggetstese
proteirs have a role in processing events occurring directly at stalled replication fiinks resultalso
suggests that CDC7 and MRE11 could pog&dly interact and that CDC7 may directly regulate MRR2]1.1

CDCY7 inhibition was also shown to affects MRE11 localization at replication forks. MRE11 localization
was assessed by immunofluorescence addaaization of MRE11 with PCNA, a protein known to be

present at replicative forks, is remuupon CDCY7 inhibition under replication stress condition.

CDCY7 is a known kinase shown to regulate nuclease activity in yeast via phosphoryl@ionaéase
interacting péner [463]. An interesting hypothesis is that CDC@utd directly regulate MRE11, by
phosphoriation. It was observed that MRE11 presentectlaotrophaetic mobility shift in response to
replication stress, which was attenuated by CDC?7 inhibition. This sudgbeststential phosphorylation

of MRE11. Thishypothesis was confirmed using a phosphatase assay, which established that the observed
mobility shift was indeed due to phosphorylation and that it could be attenuated by CDC7 inhibition. These
important findings suggest that CDC7 activity is responsibteMRE11 modification in response to
replication stress and that this could be the mechanism through which CDC7 regulates MRE11 in response
to replication stress. However, it is not completely understood whether CDC7 was directly or indirectly
inducing tle observed phosphorylation of MRE[]. Additional studies are needed to fully understand

how CDCY7 regulates MRE11 activity.

The role of CDC7n promoting fork restartvas alsoevaluated Fork restart after replication stress was
assessed by fiber assay showing that CDC7 inhibition increase the fraction of forks that6 were unable to
restart. Similarly MRE11 inhibition cause a reduction in fork restart. The results obtained suggest that
CDC7 and MREL11 collaborates to promote fork restart.

The model thatranspiredrom the results discussed is a model in which CDC7 acts at stalled forks where
it coordinates MRE1-Hependent fork processing and promote fork restart. However, upon proforiged

stalling, CDC7 promotes fork degradation and contribute to the formation of chromosome breakages.

Replication stress has an important role in early tumorigenesis. It has been shown that oncogene activation
causes replication stress that leads toeiased stalled or collapsed forks. Chemotherapeutics that induce
replication stress are commonly used to enhance the level of stress to cause DNA damage and cell death.

However, for the development of cancer therapy, it is important to fully understaexiittenechanisms
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that are triggered upon replication stress. This study shows the importance of CDC7 in the correct
processing of stalled forks and in fork stability. These results have important implications for the use of
CDC7 inhibitors in a clinicalegting. CDC?7 inhibition alone has been shown to reduce cell proliferatio
and to induce replication stress and to mitotic aberr§®®0,360] In particular, the use of CDC7 inhibitor

in Ewing sarcoma cells causes mitotic catastrophe iartdrn, cell death. The inhibition of CDC7 in this

cell line causes replication stress. However, the low level of checkpoint activatios tiléoprogression

of the cells to mitosis. The presence of undgiicated DNA causes accumulation of mitotic aberration
and mitotic catastrophe, thus causing cell d¢2@0]. It is also crucikto consider the effect of CDC7
inhibitors in combined treatment with-@hase genotoxic agents, which cause fork stalling and whose
efficiency is dependent on the accumulation of DNA danm{&gpwiewed in[465]). These considerations

are crucialin BRCA2-deficient tumours. In BRCA®eficient tumours, combined treatment of CDC7
inhibitors and Shase genotoxic agents would protect reversed forks from the uncontrolled resection of
MREL11, preventing DSBs accumulation and DNA damage accumulatiomand), the induction of cell

death. This suggests that CDC7 inhibitors in BR&kgicient patients would protect tumorigenic cells
from dying.
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4.3 EFFECT OF LONG-TERM CDC7 INHIBITION

In 2020 our research group published a CRISRIR9 screening to identify genes that, when lost, can cause
resistance to XL413 treatmei@57]. The screening was performed by treating MCF10A for 16 days with
XL413. Treatment with 20 uM XL413 for 16 days was shown to suppress proliferation in MCF10A.
Nonetheless, the cause of this reduction iolif@ration was unclear. The effect of shtetm CDC7
inhibition has been extensively examined, yet, the impact oftemg inhibition of CDC7 has not been
studied. CDC7 inhibitors have been developed asnpiatechemotherapeuticgzor this reason, itsi

fundamental to understand the effect of ldegn CDC7 inhibition.

4.3.1 Long-term CDC7 inhibition induces arrest in proliferation and a reduction of Sphase
cells
To investigate the effect of loAgrm XL413 treatment on proliferation and cell cycle, a prielary
experiment in which MCF10A cells were treated with 20 uM XL#dr316 days was performed. The cell
proliferation was monitored by counting at 4, 8, 12 and 16 days (Fgeite

2000000
_ 1500000~ e DMSO
o]
1S —=— XL413
S 1000000
]
(@]
500000
0 T T T 1
0 4 8 12 16 20

Days

Figure 4.21: Inhibition of CDC7 with XL413 induces a block in cell proliferation. Effect of XL413 treatment on
cell proliferation in MCF10A cell line. MCF10A cells were treated for 16 days with 20 uM XL413. Cell proliferation
was montiored by counting cells with a haemocytometer cell counter at 4, 8, 12 and 16 days after treatment.

Treatment with 20 uM XL413 caused a robust reduction in cell proliferation, as shown in&iglire

The reduction in proliferation observed could be due to a cell cycle arrest. For this reason, variation in the
cell cycle was monitored by treating MCF10A cells with 20 uM XL4dr316 days and harvesting at 1, 8,

12 and 16 days after treatment (Figdr2l). Oneday treatment with XL413 caus@n accumulation of

cells in the late S phase of the cell cycle, as previously obsiEB4@@®57] Conversely, prolonged XL413
treatment causka gradual reduction of early phase cells and an accumulation of cells in G1 and G2/M.

Eightday treatment with XL413 induced a 10% increase in the subG1 population. This veaseadcto
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~18% following treatment for 12 and 16 ddifigure 4.22A, B and C). In addition, a 47%, 71% and 41%
decrease of EdU positive cells was observed in XL413 treated cells at 8, 12 and 16 days after treatment
(Figure4.22C).
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Figure 4.22: Inhibition of CDC7 with XL413 causes a reduction of $phase cellsEffect of longterm treatment

with XL413 on the cell cycle. MCF10A were treated with XL413 for 8 days. EdU was added for the last 30 mins. A)
DNA synthesis and DNA content were assessed by flow cytometripiddjibution of cells in the cell cycleC)
Distribution of the percentage of Eddgitive cells.

These results suggest that sktertn and longerm CDCY7 inhibition causgwo different effects on the cell

cycle- which aret also suggests that lorigrm CDC?7 inhibition suppresses entrance in #ph&se and

a G1 block and a delay ®2/M. The combination of the G1 and G2/M block and the reductiorpimaSe

cells could lead to a reduced amount of cells actively replicating and progressing through the cell cycle. In

turn, this would cause a reduction in proliferation as the one oloseftielongterm CDC7 inhibition.
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4.3.2 Identification of a concentration of TAK-931 equipotent to 20 pM XL413
To understand whether the effect observed was specific to XL413 or a general response to CDC7 inhibition,
the novel CDC7 inhibitor, TAKO31, was usefB50,361] To evaluate the effect of CDC?7 inhibition, the
concentrations of TAKO31 and XL413 used must be comgdale and inhibit CDC7 to a similar extent. For
this reason, a concentration of TAB1 equipotent to 20 uM XL413 was identified.

To determine a concentration of TAK31 that ha a similar proliferative effect of 20 uM XL413, a
proliferation assay was performed using increasing concentrations 6BBAKNd XL413, comparing the
potency of the two drugs (Figurd23A and B).The results of the experiment are shown in Figga

The IC50 of XL413 is 28.3 pM, while the IC50 of TA831 is 1.617 uM. This result shows that TAR1

is approximately 17 times more potent than XL413. Furthermore, this result provides an indication of the
range of concentration that could be equipote@0tpM XL413.- which is?
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Figure 4.23: TAK -931 is 17 times more potent than XL413VMCF10A cells were treated with TAR31 [0.0195 to
5 e€M] or XL413 [O0.3 t o 40 eHllE assay. Gnowthrirthibitow aunves and fC60l | o we d
values are shown for XL413 and TA®31 treatment.

The effect of shofterm XL413 treatment on the cell cycle has been previously s[8A@357] To verify
that shorterm treatment with TAK931 presents a similar cell cycle effect to stierin XL413 treatment
in MCF10A cells and to identify a concentration of TAR1 that is equipotent to 20M XL413, alterations

in the cell cycle induced by TAR31 were evaluated via flow cytometry.

MCF10A were treated with increasing concentrations of I9&4 and with 20 uMXL413 and samples

were harvested 24 hours after treatment for cell cycle analysis (Bi@4eThe cell cycle profile shoed

that treatment with 20 uM XL413 cawban accumulation of cells in the late S phase of the cell cycle. The
accumulation of cellg the late $phase became more and more pronounced with increasing concentrations
of TAK-931. In particular, the concentration of TA81 of 0.6 pM induces a similar cell cycle profile of

20 pM XL413. This result indicates that shtetm treatment witlXL413 and TAK931caugs a late S
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phase accumulation in MCF10A cells and suggests that the 0.6 uM of9BAKs equipotent to 20 pM
XL413.
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Figure 4.24: The concentration of 0.6uM TAK -931 induces aimilar cell cycle effectto2 0 ¢ M XCHLQA3

cells were treated with 20 eM RB413 000l19”bhcteoadi tdgM]c droa
was added for the last 3@in. A) DNA synthesis and DNA content were assessed bydi@ametry. B) Distribution

of cells in the cell cycle.

Although shortterm treatment with XL413 and TAK31 induce comparable cell cycle alteration, it is
undetermined if longerm treatment with the two inhibitors induces a similar effect in the pratiéer and

cell cycle of MCF10A cells.To assess that the lotgrm treatment with the selected concentration of 0.6
MM TAK-931 displayed a similar phenotype2d pM XL413,MCF10A were treated with 0.6 and 0.8 pM
TAK-931 and 20 uM XL413 and monitored tbell growth and cell cycle at 3 and 6 days after treatment
(Figure4.25.
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Figure 425 Long-t er m treat ment vOB1t imducds .the samn® effdcidAdb the cell cycle and
proliferationast r eat ment wi t.MCF20& cefisMerXttedtdd3or 6 days with 20 uM XL413 or 0.6 or

0.8 uM TAK-931. A) Growth curves for DMSO, XL413 and TAR31 treated cell lines are represented as fold
increase from starting cell count. Points, mean of threepiedent experiments; bars, SEHBJ.EdU was added for

the last 3min before harvesting. The DNA synthesis and DNA content were assessed by flow cytometry. Three
independent experiments were conducted, and one representative experiment's results a€® Shstribution of

cells in the cell cycle. Data are represented as m&#EMs from 3 independent experiments.

While DMSOdid not affect the growth of MCF10A, 20 uM XL413 treatment induaestrongreduction

in proliferation at 3 and 6 days after treatment. Treatment with both 0.6 and 0.8 pM3AKauses a
reduction in cell proliferation similar to 20 pM XL41Bigure 4.25 A) The cell cycle profile of cells treated
with CDCY7 inhibitors was monited at 3 and 6 days after treatment (Figu2® B and Q. Treatment for

3 days with XL413and TAK-931inducel a similar accumulation of cells in the late phase. Treatment

for 6 days with both XL413 and TAR31 causda 50% reduction of cells in the eaf phase of the cell
cycle.The concentrationsf 0.6 and 0.8 pM TAK931 preserda similar decrease of earlyfhase cells
compared to 20 uM XL413 (Figuke25C). These results suggest that the previously selected concentration
of 0.6 uM TAK-931 issuitable forfurther experiments.
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4.3.3 Long-term CDCY inhibition causes growth arrest without eliciting cell death, anda
reduction of cells in the S phase of the cell cycle

To verify that the effects on the cell cycle and proliferation observed aftetéonmgreatment with XL413
were also observed in TAB31 treated samplg§ICF10A were treated for 8 days with either 0.6 uM TAK
931 or 20 uM XL413. Cell proliferation, viability and cell cycle were monitored by harvesting and counting
cells at 14 and 8 days &r treatmentMCF10A cells treated with TAK31 and XL413 for 8 days present
a strong reduction in proliferation (Figute26A). The reduction in cell growth induced by CDCY7 inhibition
was observed starting from 24 hours after treatment, and darbemore marked at 4 and 8 days after
treatment. Interestingly, this reduction in proliferatiasnot associated with a reduction in cell viability
(Figure4.26B). XL413 and TAK931 treatmentid not induce cell death at 1 and 4 days after treatment
(Figure4.26 B). Eight days of treatment with TAR31 caused no effect on the percentage of cell viability
compared to DMSO treated samples. A 15% reduction in the percentage of viability is observed upon
XL413 treatment (Figuréd.26B).

This resultsuggests that CDC7 inhibition induces a strong reduction in proliferation without eliciting cell
death in the MCF10A cell line.
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Figure 4.26: Long-term CDCY inhibition induces proliferation arrest without eliciting cell death. MCF10A cells
were treated for 8 days wBlt A Pralieratorvcur¥ek df MGF1GAEditRhicA & M T AK
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are represented as fold increase from starting cell count. Points, mean of three independent exphkyiimedtas
fold increase from starting cell count. Data are from 3 independent experiments of each sample + SEM. B) Percentage
of viable cells in the different treatment groups. Data are from 3 independent experiments+ SEM.

The reduction in proliferationbserved could be due to a cell cycle arrest, as previously observed in chapter
4.3.1. To investigate whether lofigrm treatment with TAKO31 induces a similar effect on the cell cycle,
MCF10A cells were treated with TAR31 or XL413 for 8 days, and cell cycle analysis was perforized

flow cytometry.

Twenty-four hours of treatment with the CDC?7 inhibitors causes an accumulation of cells in the late S phase
of the cell cycle, as previolysobserved340]. Four days after treatment with XL413 and TAR1, a mild
accumulation of cells in the laf®@ phase and an accumulation of cells in G2/M were observeasit
possible to observe that DMS@ated cells present a substantial accumulation ofineB4, which could
indicate that the cells reached confluency when collected. Eight days of treatment with XL413 caused a
50% reductionof cells in the early S phase, and TARR1 caused a 25% reduction of early S phase cells.
XL413 treatment also indudex1.5fold accumulation of cells in G2/KFigure4.27A, B). While TAK931
treatment caused a 2 fold accumulation of cells in the lateaSe, which was less robust than the phenotype
observed atthe 24 0 u r s ointt(Figorest.27A and B). In additionan increase in the number of sub

G1 cells was observed upon XL413 and T-BKL treatment. The variation in the percentage of EdU
positive cells over the 8 days of treatment was quantified. XL413 and93AKreatment induced no effect

at 1 and 4 days. Haver, a 50% reduction in the number of EdU positive cells was observed after 8 days
of treatment with XL413 (Figurd.27 C). Similarly, 8 days of treatment with TAG31 induce a 30%

reduction in the number of EdU positive cells.

These results suggest ti@DC7 inhibitionpreventscells from entering the-Bhase of the cell cycle and
causes cells to arrest in G1 and a delay in G2/M, which @odichtethat cellsaredelaying their entrance

in mitosis.
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Figure 4.27: Long-term CDCY inhibition causes a reduction in the percentage of Earl$ phase and Edu positive
analysis of MCF10A
Sampleswere collected at 1, 4 and 8 days after treatment. EdU was added for thertasti®Fore harvesting. A)

cells.Ce |l |

DNA synthesis and DNA content were assessed by flow cytometry. The cell cycle profile of one representative
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893d ays

experiment is shown. Bjhe distributionof cells in the cell cyclés shown. Data are representedrasan + SEMs for
each conditionThe data are from 3 independent experime@jsPercentage of Edu positive cellgépresented as
mean = SEMSs for each conditiohhe data are from 3 independexperiments.
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In summary, these results suggest thatiemm treatment with XL413 and TAB31 suppresses cells from
entering the $Hhase of the cell cycle. Thus, causargduction in cell proliferation.

4.3.4 Treatment with CDCY7 inhibitors leads to major transcriptional changes
To further characterize the phenotype induced by CDC?7 inhibition and to assist in providing an explanation

for the proliferative phenotype observed, the effect ofdmmm CDC?7 inhibition on the transcriptome was
investigated. To wterstand the impact of CDC7 inhibition on transcription, an RE&uencing of samples
treated with CDC7 inhibitors (XL413 and TA831) was performed.

MCF10Acellswere treated for 8 days with either 0.6 uM TAR1 or 20 uM XL413 over 8 days. Samples
werecollected at 8 days, and RNA extraction followed by Ré&§uencingvas performedto analyze the

change in transcription induced by CDC?7 inhibition.

The quality of the extracted RNA was evaluated by measuring the concentration and the A260/280 and
A260/230 absorbance ratio at the Nanodrop. The RNA sam@ee run on a denaturing gel to confirm the
integrity of the extracted RNA (Tab#1 and figure 4.28 The Nanodrop readings confirm that the RNA
extraction was successful, with a good RNA concentralibe 260/280 absorbance ratio is around ~1.9

2, suggesting a good purity level of the extracted RNA. Additionally, the 260/230 ratio indicates the
presence of unwanted organic compounds such as Trizol and phenol. The observation of higher values
could suggeascontamination of the compounds mentioned above. The analyzed samples present a low
260/230 ratiowhich isacceptale for RNA-sequencing analysis. Furthermore, RIdA samplesun on

the denaturing gethowed two strong bands, corresponding to e dd 28s ribosomal RNAs, and
suggested thaheextracted RNAvas of good qualityFigure4.28).
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Figure 4.28 Evaluation of the RNA integrity. A)Denaturingagarose gel electrophoresis of total RNA isolated
from the 9 different samples. Visualization of three intact RNA bands for 28 S RNA, 18 S RNA and 5 S RNA.
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Ladder:0.210 kb. B) Electropherogram summary of Agilent 2100 Bioanalyzethi® samples of RNAetected

for further RNAseq analysis. They show the typical eukaryotic profiles with two peaks of ribosomal RNA (18s and

28s), which confirms that goeglality RNA has been extractsi® DO correspond to sample tre
DMSO, fA8X0 @cosamplpontdreated for 8 days wit-98ltkehtedl 3 and 7
samples. AAO0O correspond to samples of the first replic:
third replica.

The RNA samples were also analyzed usirggBioanalyzer, and the RIN nhumlwedis calculatetb ensure

the integrity of the extracted RNA (Figu#e28. The results of the Bioanalyzehowtwo sharp peaks
corresponding to the 18s and 28s of the ribosomal RNAs. The profile observed in the ssetysies
corresponds to the typical profiles observed for whole RNA extraction, sugpestidegradation was
observedThe bioanalyzer allows the calculation of the RNA Integrity Number (RIN). To sequence the
extracted RNA, the RIN number must be equartmore than 6.8. The calculated RIN number, shown in
table 1, suggested that the RNA extracted was of good quality and could be used feedReAcing.

Samples Concentration (ng/ul)  OD 260/280 OD 260/230 RIN

8DA 239.2 2.01 1.38 9.8
8XA 251.3 2.01 1.58 9.8
8TA 213.2 2.02 1.07 9.4
8DB 338.8 2.01 1.56 9.6
8XB 203.7 1.99 1.47 9.5
8TB 306.5 2.01 1.68 9

8DC 458.7 1.97 1.74 10
8XC 333.6 1.98 1.72 9.6
8TC 271.3 1.96 1.79 10

Table 4.1: Evaluation of RNA concentration, quality and integrity.NanoDrop spectrophotometer results from
the RNA extraction of the different samplestal RNA concentration, absorbance ratios (A260/280 and A260/230),
and RNA Integity Number (RIN) for each RNA extraction sample.

Novogene performed the RNA sequencing of the extracted. RNAbioinformatics analysis of the RNA
sequencing results was performed using the bioinformatics tool Galaxy. Before performing the differential

expression analysis, the quality of the RISAquencing performed was examined.

High throughput sequencersrt produce hundreds of millions of sequences in a single run. Before
analysing this sequencing data to draw biological conclusions, it is necessdamaysperform quality

control checks to ensure that the raw data are of good quality.

The per sequencguality score was examined to determine the overall quality of the-§&gfencing

(Figure4.29 A). The sequenced RN#asa Phred score greater than 30, which suggests that the sequenced
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RNA is of good quality. Furthermore, the base content of the seqgeweis investigated. In a normal
library, no or little difference should be observed between the different bases of a sequencing run. The lines
in this plot should run parallel with each other. The sequenced RNA samples displayed lines that ran parallel
with each other, suggesting that there was no biased sequence composition in-egRéi#ing library
(Figure4.29 C, D, E). The GC content distribution was also examined. In a normal random library, you
would expect to observe a roughly normal distributtdiC content where the central peak corresponds

to the overall GC content of the underlying genome. An unusually shaped distribution could indicate a
contaminated library or a biased subset. A normally shaped distribution of GC content wasidhgeeve
RNA-sequencing library, suggesting that the library does not present any contamination ofHijased

4.29 B).

A c
FastQC: Per Sequence Quality Scores D8A_1_fq.gz
—%T
-_%C
— %A
—%G
: @;
/ D T8A_1_fq_gz
&
— —%T
1 20 30 —_—%C
A
Mean Sequence Quality (Phred Score) —%G
B FastQC: Per Sequence GC Content
| ',HI
(]
E X8C_1_fg_gz

—%T
—_—%C

%A
—%G

Count

Figure 4.29: RNA-Sequencing quality.A) Per sequence quality score report, blot the mean sequence quality. The
number of reads with average quality scores. Shows if a subset of reads has poor qualigxiSlehdw reads count

and the yaxis the mean sequence quality (Phred score). Thashifivided into 3 colours to indicate the quality of

the reads: Green > 28 Phred score (Good), Yellow > 20 Phred (Medium level) and red< 20 Phrddh¢éRiitferent
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lines correspond to the different samplBy.The average GC content of readsa¥s isth% of GC, and on the-x

axis, the reads counthe different lines correspond to the different samplgB,E) The proportion of each base
position for each of the four normal DNA bases has been called. C, D, E, F) The proportion of each base position fo
each of the four normal DNA bases has been called.-&Risyis the position (bp), and on the x, the % of reads. In

the different colours, the percentage of different bases: Red % of thymidine (T), Blue % of cytosine (C ), Green % of
adenine (A) and Gredo of guanine (G). A representative example for each treatment is shown.

Once RNAsequencing quality wasonfirmed (Figure 4.29), the readsvere mappedcounted and the
differential analysis of the datasets was completed.

The differential expression analysis of genes (DEGs) was performed in samples treated with CDC7

inhibitors compared to the DMSO treated samples using DESeq?2 to identify differenfiatigsed genes.

The DESeq2 analysis provides a summary of the results that is used to evaluate the quality of the
experiment. To explore the similarity of the analysed samples, the sample level quality control was
performed using the Principal Component Bse (PCA) and the hierarchical clustering methods. This
sample level quality control allows to see whether the biological replicates cluster together and observe
whether the experimental condition used represents the majority source of variation &tatlzad to

identify any sample outliers. The Principal Component Analysis (PCA) is a technique used to emphasize
variation. The PCA is used to reduce the dimensions of a dataset and allow the description of datasets and
their variance with a reduced numlzgrvariables. Samples with similar variations will be plotted close
together. This can be observed in the dataset analyzed (FHg80es and B). It is possible to observe that
biological replicates have a similar PC2 score. In particular, XL413 and-93Kreplicate cluster
together. Two DMSO samples cluster tightly together. On the other hand, one sample presents some
variation from the other two replicates. Nevertheless, the PC2 variance score is ~ 10% which is considered
an acceptable variation betarereplicates. Looking at the PC1, we can observe that DMSO replicates have

a similar PC1 score and cluster together. XL413 and -BAK replicate also present similar PC1 scores

and cluster together. It is also possible to see that the score variancerbBM80O and XL413 is 89%,

while the score variance between DMSO and T34 is 83%. Thisndicatesthat there is a big variance
between DMSO and XL413/TAR31 datasets. The hierarchical clustering is another complementary
method for identifying strong patins in a dataset. The heatmap displays the correlation of gene expression
for all pairwise combinations of samples in the dataset. A heatmap of this distance matrix provides an
overview of similarities and dissimilarities between samples. The hierartigieahdicates which samples

are more similar based on the normalized gene expression values. The colour blocks indicate the
substructure in the data. As expected, the replicates cluster together as a block for each treatment group
(Figure4.30 C and D)While the replicates of different treatments cluster on the opposite sides. Together

these results establish that the datasets are of good quality and the differential analysis performed is reliable.
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Figure 4.30: Differential expression (DeSeq2) analysis qualityA and B) Principal Component AnalygiBCA)

plot, which shows the samples in the 2D plane spanned by their first two principal components. eaxig)en

have the PCXariance (Variance between replicates), and on tagiss the PC1 variance (Variance between
treatments)in pink is the DMSO sample, while in blue the XL413 or TAR1 samplesC and D)Heatmap of sample

to-sample distances using the variance stabiliziagsformed value§.he colour represents the distance between the

samples. Dark blue means shorter distance (closer sagipén the normalized counté8 D6 correspond to
treated for8daywi t h DMSO, fi8X0 correspond to sample treated foc
daysTAK9 31 treated sampl es. AA0O correspond to samples of
ACO sample of the third replica.

The XL413 tratment caused the differential expression of 1523 genes (Higdir&), while the TAK-931
treatment caused the diféatial expression of 675 gen@sgure4.31 A). The results of the differential

expression analysis suggest that CDxibition causes a significant change in the transcriptome.

Figures4.31B and C present upregulated (Red) and downregulated (Blue) genes, while in grey are the non
significant genes. TAKI31 ha 498 statistically upregulated genes and 177 statisticallynagegulated

genes, while XL413 have 9&fatistically significant upregulated and downregulated 583 genes. The level

of upregulation or downregulation is measured using the Log2FC, which is a measure describing the change
in the expression level of a gerNegative values of Log2FC indicate downregulated genes, while positive

values of Log2FC indicate upregulated genes. Interestingly, the level of upregulation is broader in XL413
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treated samples than in TAB31. XL413 treated samples present genes witty2FC of ~ 5 and ~4.

While, TAK-931 treated samples present a lower level of upregulation or downregulation, with a log2FC
of ~3 and 4.These resultsndicate that CDC7 inhibition induces a major transcriptional change in
MCF10A cells.
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Figure 4.31: CDCY7 inhibition induces major alteration in transcription. A) Number of differentially expressed
genes (DEGs, pValue> 0. 0-5 compatd to BMSORNCXLAD3 ahd TAS31 tleategi 2 F C O
samples. B and C) Volcano plot showing the genes that are significantly upregulated (red) or downregulated (blue)
and the nossignificant (Not Sig) genes (grey) in TAK931 or XL413 treated sample€) Hadecl2ange threshold

o1, B e -higclaberg coireted pvalue threshold = 0.05). The log2FC indicates the mean expression level for
each gene. The top 25 genes for TAK931 or XL413 treated samples are labelled.

To identify the general transcriptional response to CDC7 inhibition, the dataset of the DéeBgedbn
TAK-931, and XL413 treatmenterecompared. A Venn diagram with the obtained results is shown in

figure4.32. As previously observed, TAK931 treatment induces a lower number of differentially expressed
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genes than XL413. Furthermore, only a padigerlapping of the DEGs between TAK931 and XL413 was
observed (Figurd.32): only 336 differentially expressed genes were in common, 235 were upregulated,
and 91 were downregulated in both samples. These results suggest that the two inhibitors iffdteat a d
transcriptional response. Nevertheless, 336 differentially expressed genes were observed to be in common,
suggesting that the change in the level of expression detected in these genes could be CDC7 specific.

TAK-931 specific DEGs XL413 specific DEGs

e
Common CDC7i
DEGs
TOT: 336
Up: 235
Down: 91

Figure 4.322 XL413 and TAK-931 do not induce identical transcriptional changesVenn diagram of the
differentially expressed genes for TAK931 and XL413 samples. Each dot corresponds to a gene. In red aredipregulate
genes (Up) and in blue are downregulated genes (Down). In yellow are the genes that are upregulated in one of the
samples but not in the other or vice versa (U/D).

In summary, CDC?7 inhibition indus@ major change in transcription in MCF10A cells. Yet, the XL413

and TAK-931 treatments do not induce exactly the same transcriptional response.

4.3.5 CDC7 inhibition impacts the expression of genes involved in inflammatory pathways
To investigate if there apecific pathways or biological processes that are impacted bydamgCDC7

inhibition, Gene Ontology (GO), Kyoto Encyclopedia of Genes and Genomes (KEGG), and Reactome

analysis on the DEGs observed in XL413 and T8 treated cells were performed.

The GO analysis allows to determine if there is a large amount of differentially expressed genes for a
particular category, in that case, the category is enriched, and the associated pValue is called "over
represented”, while if there are fewer DE genesafgrarticular category, then this category is called

"depleted" and "underepresented".
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The GO analysis disclosed various biological processes, cellular locations and molecular functions, which
were enriched upon XL413 or TAB31 treatment (Figure 4.33 @&nd B). XL413 treatment affects 297
significant overrepresented GO terms, such as defence response, extracellular space, biological adhesion,
cell adhesion, umoral response and cytokine activity. While, -BBK treatment affects 580 significant
overrepresented GO terms, such as biological adhesion, response to stimulus, inflammatory response, cell
periphery, angignalingreceptor activator activity. Interestingly, shared GO terms betweenr933kand

XL413 treatment were found. In particular, the twatneents present 179 GO terms in common (Figure
4.33 C). The stronglywith a highly significanpValue) overrepresented GO term in common between
XL413 and TAK931 are: cytokine activity, defense response, response to cytokineslcatihesion,

cytokinemediatedsignalingpathway.
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Figure 4.33: Gene ontology terms enriched by CDC?7 inhibitionScatter plot of Go terms enrichment statistics for
TAK931 and XL413 treated sample (A). The top 30 @@ns are shown. The GO term shown is part of different

categories CC, MF and BP. Gene ratio is the ratio of the differentially expressed gene number to the total gene number
in a certain GP term. Pad is the correctedhjue. The colour and size of thetsloepresent the range of thev@ue

and the number of differently expressed genes mapped to the indicated pathways, respectively (A and B). C) Venn
diagram of the significative GO term of XL413 and TAR1.

The GO analysis also providasderrepresented GO terms. The undepresented GO terms are
considered of importance if they are "strongly" undgaresented (with a highly significapValue). The
substantial underepresentation of such GO terms could mean that the normal fungtirthat biological
process is necessary for the given condition. No strongly uegegsented pathways were observed in
XL413, though TAK931 displayed 16 strongly undexpresented GO terms (Table 4.2), such as RNA

binding, heterocyclic compound bimgj, organic cyclic compound binding, cellular nitrogen compound
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metabolic process and RNA metabolic process. These results suggest that the normal function of RNA
metabolic processes, RNA binding and other pathways are required for the survival oftlmerespponse
to TAK-931 treatment.

Category Term Ontology | Number of | % DEGs | pAdjust
DEGs

G0:0043229 Intracellular organelle CC 1038 10.98529 | 0

G0:0043231 Intracellular membrane CcC 955 10.93553 | O
bounded organelle

G0:0005634 Nucleus CC 614 10.26413 | 0

G0:0003676 Nucleic acid binding MF 264 8.375635 | 0

G0:0003723 RNA binding MF 107 7.114362 | 0

G0:1901363 Heterocyclic compound bindinf MF 448 9.773124 | 0

G0:0097159 Organic cyclic compound MF 458 9.881338 | 0
binding

G0:0034641 Cellularnitrogen compound BP 507 10.13595 | 3.30E06
metabolic process

G0:0031981 Nuclear lumen CcC 376 9.784023 | 7.60E06

G0:0043226 Organelle CcC 1167 11.45128 | 1.19E05

G0:0005622 Intracellular anatomical CcC 1259 11.59514 | 1.24E05
structure

G0:0006139 Nucleobaseontaining BP 447 10.09485 | 2.10E05
compound metabolic process

G0:0046483 Heterocycle metabolic process BP 459 10.12574 | 2.10E05

G0:0006725 Cellular aromatic compound | BP 462 10.15162 | 2.45E05
metabolic process

G0:0090304 Nucleic acidmetabolic process| BP 403 9.997519 | 3.78E05

G0:0016070 RNA metabolic process BP 355 9.844703 | 5.31E05

Table 4.2: Underrepresented GO terms for TAK-931 treatment.Table of underrepresented GO terms for TAK931
DEGs. The first row corresponds to the GO category, an identification number for a certain GO category. In the
second, we have the GO term, and in the third, the gene ontology, CC is Cellular Component, dliécigai
Function, and BP is Biological Process. In the last 3 rows, we have the statistics, with the number of DEGs found that
are part of the category, the percentage of DEGs anulAtiieis the corrected-palue

The results provided by the GO analysis suggest that CDC7 inhibition affects cytokines and cytokine
mediatedsignalingpathway. However, the GO terms are very broad and general, making it difficult to
determine particular pathways that could be affectetidatment with CDC?7 inhibitors, for this reason, |
performed &KEGG analysis, which consents the identification of pathways or diseases that are impacted

by our treatments (Figure 4.34).
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Figure 4.34: KEGG terms enriched by CDC?7 inhibition. Scatter plot of KEGG term enrichment statistics for
TAK931 and XL413 treated sample. The top 15 KEGG terms are shown. Gene ratio is the ratio of the differentially
expressed gene mber to the total gene number in a certain pathway. pAd;j is the corregtddep The colour and

size of the dots represent the range of thalpe and the number of differently expressed genes mapped to the
indicated pathways, respectively (A and B).\@nn diagram of the significative KEGG term of XL413 and TAK

931.

The KEGG analysis revealddat CD( inhibition causes enrichment of various pathways and diseases.
TAK-931 treatment affected the NGIRe receptorsignalingpathway, apoptosis, p%3gnaing pathway

and malaria, while XL413 treatment affected ribosome biogenesis, phagosome, antigen processing and
presentation of type | diabetes mellitus and asthma. Still, they also present common pathways (6), such as
cytokinecytokine receptor interactiomnd cell adhesion molecules (Figure 4.34). Other common KEGG
terms between XL413 and TAB31 are allograft rejection, grafersushost disease, rheumatoid arthritis

and type | diabetes mellitus. Interestingly, these diseases all involve an immune/ititaynrasponse of

the organism. The KEGG terms for TAI31 and XL413 can be found in table 4.3.
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KEGG term TAK -931 TAK -931 % XL413 XL413 %
pValue genes pValue genes
Allograft rejection 0.030933532 54.54545455| 0.000401531 | 86.66666667
Cell adhesiomolecules 0.000561712 36.36363636| 0.014006798 | 46.05263158
Cytokinecytokine receptor 4.85E05 32.47863248| 0.02573797 39.53488372
interaction
Graftversushost disease 0.000871426 64.28571429| 0.002482725 | 72.22222222
Rheumatoid arthritis 0.007660912 32.72727273| 0.036090406 | 43.07692308
Type | diabetes mellitus 0.030933532 44.44444444| 0.002482725 | 68.18181818

Table 4.3: Common KEGG terms between TAK-931 and XL413 treatment.Table ofcommon KEGG terms

between TAK931 and XL413. In the first row, we have the KEGG term. The first two rows are the statistics for
TAK-931 treated samples (pValue and percentage of DEGs found that are part of the KEGG term), while the last
two rows are the atistics for the XL413 treated samples (pValue and percentage of DEGs found that are part of the
KEGG term).

The KEGG terms are broad and also include diseases. To more precisely determine the pathways affected

by CDC7 inhibition, the REACTOME analysis, which provides more detailed entries, was performed.

The REACTOME analysis is shown in figure 4.35. The amslyslicated that certain pathways were
specific to XL413 or TAK931 treatment. TAKO31 affects the interaction between L1 and Ankyrins,

formation of the cornified envelope, senesces

Ies0ciated secretory phenotype (SASP), interledildnd

-13 signaling and interleukirl0 signaling (Figure 4.35 A). On the other hand, XL413 affects various
pathways, such as the translocation of ZAPto Immunological synapse, phosphorylation of CD3 and
TCR zeta chains, R signaling collagen degradation and chain triimation and crosslink of collagen

fibrils (Figure 4.35 B).
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Figure 4.35. Reactome term enriched by CDC7 inhibition.Scatter plot of Reactome pathways enrichment statistics
for TAK931 and XL413 treated sample (A). The top 15 Reactome pathways are shown. Gene ratio is the ratio of the
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differentially expressed gene number to the total gene number in a certain pathwéasytheacprrected-palue. The
dots' colour and size represent the range of thalye and the number of differently expressed genes mapped to the
indicated pathways, respective(is) Venn Diagram of the significative Reactome pathways of XL413 and-3&K

XL413 and TAK931 treated samples presented 27 common pathways (Figure 4.35 C): interferon pathway

(interferon alfa/beta and gamma), ER phagosome pathway, Endosomal/Vacuolar pathway, Cleavage of the

damaged purine and pyrimidine, Antigen processigss presentation and Antigen presentation: folding,

assembly and peptide loading of class | MHC (Figure 4.35 C and Table 4.4.).

Pathways TAK -931 XL413
DEGs | DEGs | pValue | DEGs | DEGs | pValue
found | ratio found | ratio
ER-Phagosome pathway 37 0.0056| 1.11E16 | 69 0.0121| 2.86E07
38839 22486
Endosomal/Vacuolar pathway 38 0.0056| 1.11E16 | 60 0.0057| 1.11E16
38839 45918
Interferon alpha/beta signaling 51 0.0127| 8.15E11 | 91 0.0130| 2.61E13
90538 33424
Interferon gamma signaling 49 0.0171| 2.28E07 | 107 0.0175| 8.66E15
91583 18044
Antigen Presentation: Folding, assembly g 35 0.0070| 3.23E07 | 62 0.0072 | 2.09E10
peptide loading of class | MHC 14166 17434
Antigen processingross presentation 40 0.0134| 2.40E06 | 74 0.0136| 7.35E08
09435 64074
Assembly of collagen fibrils and oth¢ 12 0.0046| 4.18604 | 23 0.0046 | 7.80E06
multimeric structures 07344 94836
RNA Polymerase | Promoter Opening 8 0.0023| 4.82E04 | 11 0.0023| 0.001788
38055 82454 | 941
Posttranslational protein phosphorylation | 14 0.0074| 7.45E04 | 20 0.0076| 0.007641
9553 37867 | 81
Recognition and association of DN 8 0.0026| 7.84E04 | 11 0.0027| 0.003172
glycosylase with site containing an affect 81887 32815 | 291
purine
Cleavage of the damaged purine 8 0.0030| 0.001407| 11 0.0031| 0.006227
94485 | 812 53248 | 978
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Depurination 8 0.0031| 0.002093| 11 0.0032| 0.009756
63251 | 537 2332 | 547
PRC2 methylates histones and DNA 8 0.0030| 0.002093| 12 0.0030| 0.003698
25719 | 537 83176 | 121
Cleavage of the damaged pyrimidine 8 0.0035| 0.003018| 12 0.0035| 0.005880
07083 | 041 73681 | 466
Deposition of new CENPAontaining| 8 0.0037| 0.004232| 10 0.0037| 0.046379
nucleosomes at the centromere 13382 | 878 83897 | 173
Nucleosome assembly 8 0.0037| 0.004232| 10 0.0037 | 0.046379
13382 | 878 83897 | 173
Defective pyroptosis 8 0.0035| 0.005231| 12 0.0036 | 0.011660
75849 | 179 43753 | 805
DNA methylation 8 0.0024| 0.007756| 12 0.0025| 0.018833
75588 | 683 22598 | 606
HDACSs deacetylate histones 9 0.0043| 0.007965| 15 0.0044 | 0.007524
32279 | 799 14547 | 578
Reversible hydration of carbon dioxide 4 0.0011| 0.008608| 5 0.0011| 0.028663
69028 | 681 91227 | 43
Elastic fibre formation 8 0.0031| 0.010182| 15 0.0032| 0.002015
63251 | 484 2332 | 824
RNA Polymerase | Promoter Escape 8 0.0044| 0.011104| 13 0.0044 | 0.013328
01045 | 095 84619 | 385
Molecules associated with elasfilores 6 0.0026| 0.011797| 11 0.0026 | 0.002639
13121 | 093 62743 | 044
Laminin interactions 5 0.0021| 0.019948| 8 0.0021 | 0.018843
31756 | 084 72237 | 829
Interferon Signaling 62 0.0270| 0.023755| 133 0.0276 | 0.001736
93935 | 848 08437 | 809
Neutrophil degranulation 31 0.0330| 0.044020| 61 0.0336 | 0.033001
07839 | 965 34644 | 951

Table 4.4: REACTOME terms that were found to be in common between TAK931 and XL413 treatment.In

the first row, we have the Reactome term. The firstrioves are the statistics for TAB31 treated samples (pValue

and percentage of DEGs found that are part of the Reactome term), while the last two rows are the statistics for the
XL413 treated samples (pValue and percentage of DEGs found that are pafRe&theme term)
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The REACTOME analysis suggests that different pathways are affected by the two inhibitors. Nevertheless,
common pathways affected by both treatments can be found. Many of the common pathways observed are
related to cytokines and inflammation.

In summarythe GO, KEGG and REACTOME analysis indicate that the two inhibitors do not exactly
induce the same cellular response. Nevertheless, common pathways were also found. Many common
pathways observed upon CDC7 inhibitions are inflammatory pathways or dissadesas cytokines

(Interleukins, Interferon), NOHike receptorsignalingpathways and PL2 signaling

4.3.6 Prolonged CDCY7 inhibition cause upregulation and secretion of various cytokines
To investigate whetheEDC7 inhibitin affects inflammation pathwaythe expression level of various
genes related to different inflammatory pathways was examined. Multiple cytokines, chemokines and
interleukins are upregulated upon treatment with XL413 and -B8K In particular, CXCL1, IL8
(CXCL8), CCL20, CXCL3, CXCL2, TNFB10 and CSF1 are upregulated in both XL413, and -B8K
treated samples. Other cytokines are observed to be upregulated specifically up@&3TAKXL413
treatment. TAKO31 treatmentcaudal pr egul at i on of | L6, | L1O0, |l L1b,
cause upregulation of IL15 and CCL5 (Figu#e36).
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Figure 4.36:CDC?7 inhibition induces upregulation of cytokines genesHeatmap representing colecoded
averaged expression levels (Z score)sefected chemokines, Interleukins (ILs) and cytokines in the different
treatments. Each column in the heatmap is an individual sample: DMSO (line 1), TAK931 (line 3) and XL413 (line
2). A Z-score of-2 corresponds to a low level of expression, while-sa#te of 2 corresponds to a high level of
expression.

CDCY7 inhibition inducd the upregulation of genes of the Tumor Necrosis Factor pathway and the
Interferon pathway (Figurd.37). In particular,TNFSF10 also calledTRAIL was upregulated in cells
treated with CDC?7 inhibitors. TRAIL has been shown to induce apoptosis by bindsegeral members

of the TNF receptor superfami[y#66], while the TNF gene encodes a multifunctional proinflammatory
cytokine that belong® the tumour necrostactor (TNF) superfamily, which is involved in the regulation

of a wide spectrum of biological processes, including cell proliferation, differentiation, and apd@akis

Components of the Interferon pathway, suchF8E2, IFIT3 and IFI27, that are involved in the interferon
response to viruses, are upregulated upon CDC7 inhilpt&xi.
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Figure 4.37: CDCY7 inhibition induces upregulation of TNF and Interferon pathway genesHeatmap representing
colourcoded averaged expression levels (Z score) of TNFirgedieron genes in the different treatments. Each
column in the heatmap is an individual sample: DMSO (line 1), TAK931 (line 3) and XL413 (line 23cAr& of-

2 corresponds to a low level of expression, whilesc@re of 2 corresponds to a high lewBkxpression.

The upregulation of the transcription factors CIITA and of subunits of thkB\iFanscription factor, such
as NFKBID, NFKBIZ and NFKB2, was also observed (Figdi/@8). CIITA is a transcription factor that
regulates the transcription of MHclass Il genes, while the NFKB2 gene encodes a subunit of the

transcription factor complex NFkR26,227] NFKBIZ has been shown to be able to both positively and

negatively regulate NFkiBnediated transcription and induce tinanscription of LCN2 and IL6 genes

[228]. While, NFKBID has been predicted to enable NFkB binding activity and regulate the expression of

various cytokines through the regulation of NFKB actiy&28].
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Figure 4.38: CDC7 inhibition induces upregulation of transcriptor factors genesHeatmap representing coleur
coded averaged expression levels (Z score) of selected transcription factors in the different trézdictectdumn
in the heatmap is an individual sample: DMSO (line 1), TAK931 (line 2) and XL413 (line 3}séo@ of-2
corresponds to a low level of expression, whilescdre of 2 corresponds to a high level of expression.

These resultdemonstratethat the inhibition of CDC7 could induce an inflammatory response in MCF10A
cells.

To confirm that the observed increased expression of the various cytokines genes corresponds to an increase
in the secretion of these cytokines, the secretialifferent cytokines on media collected frord&y TAK-
931 and DMSO treated cells was evaluated (FigL88).

TAK-931 treatment inducethe secretion of various cytokines, which were previously observed to be
upregul ated, such as CXCLS8, 1L10U, CCL20 and CXCL1
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Figure 4.39: Long-term TAK -931 treatment induces secretiorof various cytokines.Cytokine and chemokine

levels in media of MCF10A cells treated with DMSO and F8&K1L for 8 days. (A) Cytokine and chemokine protein

array blots of media of MCF10A cells with DMSO and TAR1. Cytokines and chemokines in MCF10wdia were
detected using the Human Cytokine Array Assay kit (R&D Systems) following the manufacturer's protocol. Media
from DMSO or TAK-931 treated samples were used for each cytokine array blahdE) The quantification of

cytokine and chemokine lelgeof DMSO and TAK931 treated cells were measured by the cytokine protein array

analyses. Each cytokine or chemokine spot on the blots in (A) was quantitated using the LICOR imaging system, and

the results are presented graphically. The amount of eawkirogtor chemokine in TAK31 treated cells was relative

to the mean of the intensity of corresponding DMSO spots. Each cytokine or chemokine has duplicate detection spots.

The graph depicts the fold change of each cytokine or chemokine (mean) compgheeDMSO.

Other cytokines were secreted in TAR1 treated samples (Figute9 C). MIG1, also called GD15, was

observed to be marginally upregulated in 881 treated cells (Log2FC 0.8). MiCis a cytokine part of

the TGFbeta superfamily and is anhibitor of macrophage activatigd68]. The Granulocyteolony

stimulating factor (BCSF) geneCSF3is also upregulated upon TA831 treatment (Log2FC ~1.2). This

gene encodes a member of the IL6 superfamily of cytokines that promote the growth of immy#é3iells

Another secretegrotein whose gene expression was slightly upregulated was VGF (Log2FC 0.5), which

is a factor that can stimulate the formation of blood veg4&(3].
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thatactivates aignalingpathway for cell proliferation, differentiation and developnjéiii]. On the other
hand, despite being secreted, no upregulation of CD147, MIF or CD14 gene was observed3BlTAK
treated cells. Minor or no secretion was observed for other cytokines, such@dlt33 and CSF1, upon
treatmet with TAK-931. These results suggest that TAKL treatment induces secretion of various
cytokines, suggesting that TA831 induce an inflammatory phenotype in MCF10A cells.

To confirm that thesecretion observed in the TAS31 treated cells is a geaéresponse to CDCY7
inhibition, | investigated secretion of CXCL1 and8Lin XL413 treated cells, which were observed to be
highly upregulated both in XL413 and TA®31 treated cells. Furthermore, to investigate the kinetics of
cytokine secretion inducday CDC?7 inhibition, media was collected at 1, 4 and 8 days after treatment with
XL413 and TAK931, followed by ELISA assay for 4B (CXCL8) and CXCL1 (Figurd.40).

TAK-931 and XL413 treatment induce secretion of both CXCL1 arl Ihterestingly, both CXCL1 and
IL-8 present a peak of secretion after 4 days of treatment with934Kand XL413. At 8 days, secretion
of IL-8 and CXCL1 is still detected in TAR31 treatd samples. XL413 treatment induces a minor
secretion increase compared to TAR1 treated samples, and no secretion of CXCL1-8r\las observed
after 8 days of treatment (Figu4e10 A and B).
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Figure 4.40: Long-term CDCY7 inhibition induces secretion of CXCL1 and IL-8. The protein level of secreted-IL
8 (A and B) and CXCL1 (C and D) in the supernatant of cultured MCF10A treated with XL413 (A and C) and TAK
931 (B and D) for the indicated time wasalysed via ELISA assay. Data are expressed as means =S} friest

was performed (pValueO 0. 05-significas®. 0. 05 ***: pValue OO0.

These results suggest that CDC?7 inhibition causes an inflammatory response in MCF10A cells.

In an or@nism, the secretion of cytokines can lead to the recruitment and activation of immune cells. To
understand the effect of the secreted cytokines on immune cells, an experiment was performed on THP1
cells, which is a monocyte cell line that, upon propeattnent, can differentiate in macrophages. A
condition media experiment was performed on THP1 cells as follow. The media from THP1 was replaced
with media fromMCF10A cells treated for 8 days with the CDC?7 inhibitors. The media fralayBtreated

cells werecollected, and the proteipresent in the mediaexe concentrated using a filter column of 10

kDa. The concentrated proteins were resuspended in RPMI media and added to THP1 cells. Differentiation
of THP1 to macrophage was induceas a positive controlvith phorbol myristate acetate (PMA)
treatmentand it is characterized by an enlargement of the cells and adherence of the cells to the surface of
the plates (Figure 3.4]372]. THP1 cells supplemented with condition media from XL413 and -B&K
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wereround and small andid notattach to the surface of the plate, suggesting that condition rfinexfia
XL413 and TAK931treated cells does not induce differentiation (Figuté).

24h 96h

PMA

DMSO |

XL413

TAK-931

Figure 4.41: Long-term CDCY7 inhibition does not induce differentiation of THP1 cellsTHP1 cells were treated
with PMA to induce differentiation or with condition media from MCF10A cells treated for 8 days with XL413 and
TAK-931. Representative pictures of THP1 cells in the different conditions are shown. Scale bar = 50 uM.

This result suggests that the secreted cpkimight not induce activation of immune cells in vivo. In
addition, the timecourse experiment (Figdrd0) revealed that the higher amount of secreted cytokines
was observed at 4 days and not at 8 days. The results observed could be due tarttoaavef cytokine
present in the medi the 8 days timepoint

In summary, CDC7 inhibition indusean inflammatory response in MCF10RMowever, the secreted
cytokine mightnot inducethe activation of immune cells vivo.
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4.3.7 Long-term CDC7 inhibition causes accumulation of micronuclei and cGASTING
pathway activation
The pathways that could cause upregulation and secretion of the cytokiseyed upon CDd#hibition,
wereinvestigated. Recently, it has been shown that replication stress can induce the release of DNA in the
cytoplasm and the activation of the cGASING pathway[135,189,214,215]Because CDC7 inhibition
has been shown to induce replication stress and micronuclei fornfafi0y857] the activation of the

cGASSTING pathway and subsequent cytokine upregulation and secretion was investigated.

MCF10A cellswere treated for 8 days with 20uM XL413 or 0.6uM TAR1, and micronuclei formation
and cGAS dcalization were assessed using immunofluorescence microscopy. The results are shown in
figure 4.42.

Inhibition of CDC7 causgtaccumulation of micronuclei in the cells. After treatment with CDC?7 inhihitors
approximately ~ 20% of the cells present micrdeudhe cGAS staining indicated localization of cGAS
at micronuclei. cGAS was colocalised with ~ 10% of the micronuclei, which means that 50% of the cells

with micronuclei presented cGASsitive micronuclei.
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Figure 4.42: Micronuclei formation and cGAS localization at micronuclei are observed upon CDC?7 inhibition.
MCF10A cells were with 20 pM XL413 or 0.6 uM TAR31 for 8 daysand micronuclei formation and cGAS
colocalization were analyzed via immunofluorescence microscopyRepkpsentative images from
immunofluorescence staining of cGAS. The nucleus has been counterstained with DAPI (blue) while FITC signals
(green) represemGAS. The white arrow shows representative cGAS foci (green spdfcatized with micronuclei
(blue).Scale bar = 50 uM; B) Quantification of micronuclei and of cGAS positive micronuclei (n=150 cells per
condition). Counting of cGAS positive and negativieronuclei was performed manually by counting the micronuclei

that colocalize with cGAS staining (Green) and the ones that did not.
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These results suggest that CDC7 inhibition induces the formation of micronuclei and activation of the
CGAS-STING pathway.

cGAS activation causes the production of cGAMP, which binds and activates STING. STING activation
causs phosphorylation of various downstream targets, such as TBK1 and[18B214,215,473475]

To determine whether CDC?7 inhibition induces the activation of the e&GHNG pathway, a preliminary
experiment was performed to investigate the accumulation of phosphorylated IRF3tfechincleus of

cells treated for 8 days with XL413 and TAR1 (Figure4.43).

DAPI pIRF3 MERGE

DMSO

XL413

TAK-931

Figure 4.43. Long-term CDCY7 inhibition induces the formation of pIRF3 foci. MCF10A cells were with 20 uM

XL413 or 0.6 UMTAK-931 for 8 days, and pIRF3 foci formation was analysed via immunofluorescence microscopy.
A)Representative images from immunofluorescence staining of pIRF3. Punctate nuclear patterns or pan nuclear
staining. The nucleus has been counterstained with D#&) while FITC signals (green) represent the pIRF3 foci.

Red arrows show representative fismall o plRF3 foci, whi
Scale bar = 50 yM.

XL413 and TAK931 treatment cause an accumulation of phosphed/lRF3 (Ser 396) foci in the
nucleusIn particular, CDC7 inhibition causes the formation of larger and more intense foci in the nucleus
compared to the DMSO treatmdRigures4.43 and4.44).

The number of foci in each cell's nucleus and the number of the larger and more intense foci observed upon

CDCY7 inhibition were quantified. The number of phosphorylated IRF3 foci in the nucleus is increased by
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3-fold in XL413 treatment and by 2 times iretf AK-931 treatment (Figuré.44 A). In addition, a 6old
increase in the number of the large and more intense pIRF3 foci is also observed upon CDC7 inhibition
(Figure4.44B). XL413 treatment induces a greater increase in pIRF3 foci compared t&FAkeatment.

These results suggest that CDC7 inhibition induces activation and recruitment of pIRF3 in the nucleus,

where it can induce transcription of its target genes.
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Figure 4.44: Long-term CDC?7 inhibition induces accumulation of pIRF3 foci. Quantification of phosphorylated
IRF3 foci in the nucleus of MCF10A treated for 8 days with XL413 or T3 (n=150 cells per condition). A)
Number of pIRF3 foci observed in the different treatments. Dateepresented as the mean (red line) with ~ cells.
(n=1); B) Number of large pIRF3 foci observed in the different treatmPats. are represented as the mean (red line)
with ~ cells.

In summary, these results suggest that CDC7 inhibition sagtigationof the cGASSTING pathway.

4.3.1 Long-term CDCY7 inhibition induces a senescenelke phenotype in the MCF10A cell
line
Cytokine secretion, as well as growth arrest, are common characteristics of senescent cells. The previous

results suggest that CDC7 inhibiticould induce senescence in MC10A cells.

Senescence cells present upregulation of various cytokines. UsiR§lth&eqdata the upregulation of
genes involved in senescericd AK-931 (Tablet.5) and XL413 (Tabld.6) treated cells wagvestigated.

Gene log2(FC) P-adj
IL1B 3.677234 3.92E53
IL1A 2.718495 6.93E33

153



Results

CCL20 1.69723 2.54E17
AREG 1.487409 5.25E15
CXCL3 2.503871 7.51E14
CDKN1A 1.315861 8.52E11
MDM2 1.384457 3.43E10
PGF 1.576782 9.92E10
GRN 1.403476 3.66E08
MMP14 1.038384 2.74E06
IGFBP7 1.080494 3.80E06
CXCL1 2.010966 9.20E06
NFKB2 1.043575 9.35E06
CSF1 1.348477 5.78E05
CXCL2 1.757616 9.64E05
ITGA2 1.117242 0.000121
CXCL8 1.746976 0.000178
ICAM1 1.173045 0.000224
IL6 1.720873 0.000226
TNF 1.60091 0.000482
BMP2 1.073766 0.000816
IGFBP2 1.477869 0.000921
NRG1 1.007352 0.004052
MMP3 1.223249 0.019131
SOD2 1.128875 0.033226

Table 4.5: TAK -931treatment induces upregulation of genes involved in senescendable ofupregulated
senescence genfesg TAK931 treatment The first row corresponds to tgene nameln the second, we have the
Log2FC which indicates the mean expression level for each gedén the third theAdj, whichis the correctedp

value

Gene log2(FC) P-adj

IL32 3.348242 2.07E31
EGF 2.991713 1.21E10
CCL5 2.94989 5.24E08
CXCL10 2.729828 6.64E08
TNF 2.643729 5.66E08
SOD2 2.37455 1.40E05
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CXCL1 2.223761 4.58E05
CCL20 2.108424 7.33E23
CCL2 2.036211 0.000638
CXCL3 2.0124 2.12E06
CSF1 1.743242 1.17E07
IQGAP2 1.687269 1.18E07
IL15 1.598034 8.08E06
JUN 1.591686 1.30E07
C3 1.475036 0.019982
NFKBIA 1.433812 3.06E13
ICAM1 1.407626 2.97E05
STATS5A 1.391526 1.01E05
NFE2L1 1.381613 6.18E07
FOXO4 1.31351 0.000275
GRN 1.30577 4.69E06
NFKB2 1.281807 1.54E07
APOE 1.270636 0.035677
CXCL2 1.249074 0.038155
CXCLS8 1.209688 0.048474
NGFR 1.172338 0.014205
HBP1 1.083558 0.000255
GSTA4 1.07577 0.000147
BMP2 1.056035 0.003117
CTF1 1.031321 0.022614
TOP2A 1.02627 4.64E05

Table 4.6: XL413 treatment induces upregulation of genes involved in senescengable of upregulated

senescence genes for TAK931 treatment. The first row corresponds to the gene name. In the second, we have the
Log2FC,which indicates the mean expression level for egateand in the third th@Adj, which is the corrected-p

value.

The results obtained show that in both XL413 and 19 treated cells upreguilan of genes involved

in senescends observedin particular, TAK-931 treatment induce upregulation2&fgeneswhile XL413
treatment oB1 genes. Interestingly the tvirghibitorsalso present 12 common upregulated geG&<L3,
CXCL1, CXCL2, CXCL8, CCL20, TNF, GRN, CSF1, ICAM1, SOD2, BMP2, NFEB2L3, CXCL1,
CXCL2, CXCL8, CCL20, TNF, CSFare various cytokines, whose upregulation and secretion was also
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shown in section 4.3.6. These cytokines are part of the SASP and their upregulation is regiN&t&8 by

One of thesubunitsof NF-kB, NFKB2. Is also observed tae upregulated upon CDC?7 inhibition (Section
4.3.6). GRN is also another secreted protein, that is a key regulator of lysosomal function, which regulates
protein trafficking and the activity of lysosomal enzyrj#&6,477] Other genes were also observed to be
upregulatedlICAM1 andBMP2 ICAM-1 is characteristically overexpressed in senescent cells and aged
tissues[478]. BMP2 was also shown to be upregulated in senesc®&MBE2 is a secreted factor that,
together with Smadlplay an important role in Raaduced senescence via epigenomic alterdd@a].

Another upregulated gene 80[2. SOD?2 is thefirst line of anttoxidant defense from radical oxygen
species ROS), located at the mitochondrial matrix. In human senescent fibroblasts an increased in ROS
concentration has been demonstratRdviewed in[480]). This increase in ROS lead to an adaptive
upregulation of the SOD@ZRNA and protein levelReviewed iNf480]). These redts show thatXL413

and TAK-931 treatment induce upregulation of genes known to be upregulated and that have a role in the

senescence phenotype.

Senescence was shown to induce morphological changes in th¢3@8l|lsFor this reason, the cell
morphology of MCF10A treated for 8 days in XL413 and F8&L was examined. LoAgrm treatment

with XL413 and TAK931 causé a change in cell morphagly. The change in cell morphology could be
observed via brighfield microscopy and via an increase in FSC and SSC (Figures 4.45 A, B and C). The
FSC intensity is proportional to the diameter of the cell, while the SSC provides information about the
intemal complexity (i.e. granularity) of a cell. CDC?7 inhibition cause cells to assume a dirdibape
similar to fibroblast, with the formation of long processes (Figure 4.45 A).-B3Ktreatment causes a
~1.4 fold increase in cell size, measured usigFSC. While XL413 treatment did not cause an increase

in cell size. TAK931 and XL413 treatments indutelustering of cells in small groups and an ~thi

increase in the internal cell complexitgeasures using the S35, shown in Figures 4.45 A and C.
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Figure 4.45: Long-term CDCY7 inhibition causes morphological changes in MCF10AMCF10A were treated for

8 days MWXLYUH 32 0r e 0-981. A Blightfialék microscopic representative imagddViCF10A cells

in the different treatments. Scale bar:&50B) Mean of FSC from 4 independent experiments is expressed as a ratio
relative to the XL413reated condition. Red and blue lines show the mea®BEMs. Statistical analysis: ANOVA
analysis (ns: nosignificative, * pValu€®0.05, ** pValue00.01).C) Mean of SSC from 4 independent experiments
is expressed as a ratio relative to the XL-4E&ted condition. Red and blue lines show the means + SEMistiSal
analysis: ANOVA analysis (ns: nesignificative, * pValu€©0.05, ** pValueO0.01.

This result suggests that lotgrm CDC7 inhibition could induce senescence in MCF10A cells. However,
the morphological alterations observed could be an indicafi@ther pathways$pr exampleendothelial

mesenchymal transition.

To confirm thatlong er m CDC7 i nhibition i nducesGalactsidasec enc e
assay, which is considered the gold standard test to identify senescent cells, was used

MCF10A cells were treated for 8 days with XL413 and FAK3 1 and pealf o tmeGhl) dase (
assay.gallhaectm-6aldps as ¢ &y -Ga adtivitycin senescénecelld. Treatment with

XL413 or TAK-931 causea n i n c r-@abpositie oefls cdmpared to the DMSO treatment (Figure

4. 46 A) . Qu aGaltpositivie celist(Figare 4.46 B) inflicate that ~ 60% of the cells are positive
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f o ¥Galktaining in TAK931 and XL413 treated samples. This relutonstratethat CDC7 inhibition

induces senescence in MCF10A cells.

A

DMSO XL413 TAK-931

80 kkkx
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40

20

% X-Gal positive cells

Figure446. CDC7 i nhibition i pgdpositvecelsThe quantification of &4-Gal f b
activity in MCF10A stained celldMCF10A cells were treated for 8 days with 20 uM XL413 or 0.6 uM FOKL
for 8 days. A) Representative images of cytochemicabS2al staining in MCF10A. B) Percentage of 8AGal

positive cells as an indicationof SAg al act i vi ty whBlsellgperaonditiorf. Dagagresentedas = 1
mean and standard error, and the asteri sdgsificahBloyot e st at |
ANOVA test.

Various pathways can be involved in the induction of senescence. In particuld&s3g2lppathway has

been shown to induce senescence in response to DNA d§24&g&76](Section 1.5). The accumulation

of micronuclei observed upon CDC7 inhibition and the knowledge that CDC7 inhibition induces replication
stress, suggest that the senescence phenotype observed could be induced viaZheppB88vay. This
pathway inducesemescence by upregulating the transcription factor p53, which targets and induces
upregulation of p21. Furthermore, senescence cells display a reduction in phosphorylated Rb.

To investigate whether the p53 and p21 are involved in the phenotype obseBFAlcells were treated

with XL413 and TAK931 for 8 days and the level of p53, p21 and pR&s analysedia western blot
(Figure 4.47). Eightlay treatment with CDC7 inhibitors cadsereduction in the levels of pRb, which is
accompanied by an incredsehe protein level of p21 and p53. The increase in p53 and p21 protein levels
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were observed starting from 1 day after treatment, and they gradually increase with increasing time of
treatment. The increase in p53 and p21 protein lewel® more robustn TAK-931 treated samples
compared to the XL413 treatment. Interestingly, XL413 induced a stronger increase in p53 protein level at
4 days compared to 8 days of treatment. A reduction in MCM2 phosphorylation was also observed upon
treatment with XL413 andAK-931, confirming the inhibition of CDC7. These results suggest that the
senescence phenotype observed upon CDC7 inhibition is induced by the pF@Ethway.
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Figure 4.47. CDC7 inhibition induces anincrease in p53 and p21 protein levelsMCF10A cells were treated for

8 days with XL413 or TAK931. Wholecell extraction was performed with the TCA extraction method and analyzed
by western blot with the indicated antibodi&stal protein stain (TPS) dsading control. Data are representative of
at least two independent experiments.

Part of the senescence phenotype is the inability of cells-¢atez the cell cycle once they enter the
senescence state. In the literature, MCF10A were shown to beoalleover from the senescence state
induced by aphidicolin treatmensuggesting that MCF10A enter a senescdikeestate [380]. To
understand whether MCF10A cells can recover from tuay8treatment with CDC7 inhibitors, after
treatment for 8 days with XL413 or TAB31, cell cycles of cells from which the treatment was removed
were monitored at &nd 4 days after the release (Figure 4.R8jt of the cells were kept in the treatment
with CDC7 inhibitors as a controhlthough few cells were observed in S phase 24 hours after release, 4
days after the release, an increased amount of cells inphase of the cell cycle was detected, which
suggests the cells-enter the cell cycle after release from CDC?7 inhibitigigure 4.48). MCF10A cells

were also kept in the treatment with CDC7 inhibitors as a control. Cells that were kept in treatment with
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XL413 and TAK931 present an accumulation of cells in SubG1 and a reduction ofSeplnigse cells. The
XL413 treated cells present a reduction of early and lggkaSe cells, while TAK31 treated cells show
an accumulation of cells in the latep8aseof the cell cycle. These results suggest that MCF10A can
recover after prolongedrrest induced by°DC7 inhibition, implying that CDC7 inhibition induces a
senescenckke state in MCF10A cells.
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Figure 4.48: MCF10A are able to recover after 8 days of treatment with CDC?7 inhibitorsCell cycle analysis of
MCF10A released after treat ment f-981 Sanplesaverescollected &t 1,20 ¢ M
and 8 days after release from CDC7 inhibitions. EdU was added for the lash 3@fore harvesting. A) DNA

synthesis and DA content were assessed by flow cytometry. The cell cycle profile of one representative experiment

is shown. B) The distribution of cells in the cell cyideshown. Data are representednasan + SEMs for each
condition.The data are from 3 independerperiments.

The experiment described above (Figure 4.48), does not provide information on whether the whole
population of cells r@nter the cell cycle or only a fraction of the cells recover after the treatment. For this
reason, cells were treated foddys with 0.1 uM EdU and EdU incorporation was monitored by performing
flow cytometry analysis on days 1, 2, 3 and 4 after the release from the CDCY7 inhibition (Figurieatt49).

of the cells vere kept in the treatment with CDC?7 inhibitors as a contfolgradual increase in the
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percentage of EdU positive cells was observed after the release of cells from the 8 days treatment with
CDCY7 inhibitors. An almost complete recovery is obtained 4 days after release from ttexhotiggatment

with CDCY7 inhibitos. Yet, cells released from XL413 recover slightly better than -BBK treated ones.
Continuous treatment with CDC7 inhibitors for 4 days results in 50% EdU negativeTtee results
indicates that the whole population of cellserger the cell cyclafter being released from the growth arrest
induced by CDC7 inhibition and suggest that CDC7 inhibition induces a transient state of growth arrest,
which presents the typical hallmark of senescence. In addition, CDC7 inhibition causes a cell cycle arrest

in ~50%o0f the cells.
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Figure 4.49: The majority of the cells population recover from 8 days of treatment with CDC7 inhibitors.

MCF10A cells were released after0.t6 eahDBibvie labeledfor8 day s
days with 0.1 €M EdU. Samples were collected at 1, 2, 3
DMSO XL413 or TAK931treated cells or from cells released from the XL413 or ‘BBK treatment weres

perfamed via flow cytometry. The percentage of Edu positive and Edu negative cells were blotted. Data represented

as mean + SEM.

In summary, these results suggest that{mmg CDC7 inhibition induces in MCF10A a senescelila
phenotype. The senescence itgpe observed is induced by the gB&L pathway, nonetheless, they can
recover and start replicating again after release from theténgtreatment.

4.3.2 The senescenckke phenotype observed is p53 dependent
Because of the critical role of p53 in growth arrest and senescence, the role of p53 in the selilescence
phenotype observed in MCF10A cells was investigat&b3knock out MCF10A cell line, which was
created by Aisling Quinlarusing CRISPRCas9 techology, was used. ThEP53knockclone 4 presents
a homozygous 5 bp deletion in thE53gene.
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Preliminary experiments were performed using-WA53andTP53 clone 4 MCF10A cells. The cells were
treated for 8 days with 0.6 uM TAR31 or 20 uM XL413, andhe cell cycle was monitored by harvesting
cells at 1, 4 and 8 days after treatment.

The cell cycle analysis indicates tHEP53" cells displayed after 1 day of treatment a strong late S
accumulation observed in WTP53MCF10A (Figure4.50). Treatment vthh CDC?7 inhibitors for 4 days

caused a reduction of@hase cells in both XL413 and TA®31 treated in WATP53cells. TP53" cells

displaya substantial accumulation of cells in the late S phase.-Biyhtreatment with XL413 and TAK

931 of WT-TP53MCF10A caused a reduction in@ase cells in XL413 treated, while TAX31 displays
astronglate hase accumul ation that wasnot -dayrtreatmerdaus | y
with XL413 or TAK-931 of TP53" cells caused an accumulation of cellshe subG1, G1 and G2/M

phases and a loss ofpBase cellsThese results suggest thags ofp53might induce cell death upon long

term CDCY7 inhibition
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Figure 4.50: Long-term treatment of TP53* causes loss of S phase cells and accumulation of cells in subG1.

Cel | cycle analysis of MCF10A tr eat ©3l Sampies v@redotlegtsd wi t h
at 1, 4 and 8 days after treatment. EAU was @dotethe last 30nin before harvesting. A) DNA synthesis and DNA
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content were assessed by flow cytometry. B) The distribution of cells in the cell cycle is shown. Data are represented
as the mean of each condition. C) Percentage of Edu positive celisésented as the mean for each condition.

Loss of p53 has been associated with impaired senedd&i¢eTo understand if loss of p53 could prevent

the induction of a senesceAdceé ke phenotype observeagdh!|wuxrdoGaA)dasei f!
assay was performed on cells treated for 8 days with the two CDC?7 inhibitors. XL413 anr@3TLAK

treat ment i nduc eGahpositieecalsimWITRSIMCBLOA. Orf the fzontrary, lack of

t h eGaltaining was observed Ti?53-knock out ells (Figure4.51 A and B. These results suggest that

p53 is responsible for the senescelike phenotype observed in MCF10A upon CDCY7 inhibition.
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Figure 451 Lossof pS53pr event s t h e-Gdl positiveacellsThenquantification of SA-Gal activity in

MCF10A stained cells. MCF10A cells were treated for 8 days with 20 uM XL413 or 0.6 uMIAKor 8 days. A)
Representative images of cytochemicat&&al stainingn MCF10A and MCF10A p58. B) The percentage of SA

b-Gal positive cells as an indicationof 9. al acti vity was quantified in n = 1
presented as the mean.
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The previousobservatios suggesthat loss of p53could prevent upregulation of p21 and, in turn,
senescencesampes were collected at 1, 4 and 8 days after treatment with XL413 or9B34Kand the
protein level of p53 p21 and pRb were examined via western blot (Fidiz)e

In WT-TP53MCF10A, as previously observed, a reduction of the level of pRB and an increase of the p53
levels were observed upon CDCY7 inhibition. The increase in p53 and p21 protein levels is more marked
upon TAK-931 treatment. Treatment ®P53knock out cells with X413 and TAK931 did not cause a
reduction in the levels of pRB protein. No p53 or p21 protein was obserdi@®bBi cells Reduction in
phosphorylated MCMZ2 is present in both TP53 WT and krmdkcells upon treatment with XL413 or
TAK-931, confirming ®C7 inhibition. These results confirm the lack of the p53 protein imE&S cell

line. They also suggest that the loss of p53 prevents the expression of p21, as previously observed in the
literature[482,483] possibly preventing the senescefike phenotype observed in WT cells.
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Figure 4.52: Loss of p53 prevents p21 accumulatiorMCF10A cells were treated for 8 days with XL413 or TAK
931. Wholecell extraction was performed with the TCA extraction method and analyzedestern blot with the
indicated antiboigs Total protein stain (TPS) as loading control.

Part of the senescence phenotype is the secretion of various cytokines (SASP). To investigate whether the
loss of p53 prevents the cytokines secretion observed upon CDC7 inhibitieelinainary ELISA assay

was performed on media collected at 1,4 and 8 days after treatment with XL413 é33IAKI reatment

with CDCY7 inhibitors induced in WETP53 the secretion of H8 at 4 and 8 days, with a peak at thead'

time point (Figure4.53). The TP53 cells treated with TAK931 also showed secretion of-8.at 4 days.

No IL-8 secretion was observed in XL413 treated cells. In additie8,d&cretion is not maintained at the
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8-day time point inTP53"cells(Figure4.53. This result suggestsat the loss of p53 affects-& secretion
in cells treated with CDC?7 inhibition.
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Figure 4.53. Loss of p53 causes reduced CDC7 induceskcretion of IL-8. The protein level of IL8 in the
supernatant of cultured TP58I. 4 and TP53 WT treated with XL413 10 uM and TAR1 0.3 uM for the indicated
time.

In summary, preliminary results suggest that transcription factor p53 has a key role in the sefigscence
phenotype observed upon CD@hibition. These preliminary results suggest that loss of p53 prevents the
induction of the senescentike phenotype observed in MCF10By affecing cytokine secretion.
Furthermore,TP53" cells treated with CDC7 inhibitors present a stra@egumulation of subG1 cells,
suggesting that loss of p53 causes cell death upon treatment with CDC?7 inhibitors.

4.3.3 The senescenckke phenotype observed is a general response to CDC7 inhibition
CDC?7 inhibition induces in the MCF10A cell line a senescédikee phenotype. Longerm CDC7
inhibition causes a reduction in proliferati@strong reduction of early Sphasglls accumud ati on
Gal positive cells and secretion of various cytokines. CDC7 inhibitors have been developed as potential
chemotherapdics. For this reason, it is important to understand whether the observed response to CDC7

inhibition is specific to MCF10A or a general response.

To investigate whether the senescence phenotype observed upon CDC7 inhibition is specific to MCF10A

or a geeral response to treatment with the CDC7 inhibitors, MCF7, MIBY31 and U20S cells were

treated with XL413 and TAW 31 for 8 days. The cel |l c y c-dale , pr ol
positive cells were monitored at 24 and 8 days after treatmenheFuore MDA-MB231, MCF7 and

U20S have been shown to be able to undergo the canonical senescence pswHHgsE.
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To investigate if longerm CDC7 inhibition causes a reduction in proliferation in MCF7, | treated MCF7
cells with XL413 and TAK931 for 8 days andtudiedthe effect of CDC?7 inhibitors on cell proliferation.

The concentratioof CDC7 inhibitorsused for MCF7 was reduced to 10 uM XL413, and 0.3 pM TAK

931 since lethality was observed upon treatment for 4 days with 20 pM XL413 and 0.6 PMJIAK
Treatment with the CDC7 inhibitors XL413 and TA¥1 inducd a strongreduction in cell growth in

MCF7, similarly to what was observed in the MCF10A cell line (Figarg4). Furthermore, CDC7
inhibition causes a ~10% reduction in the percentage of viability at 1, 4 or 8 days after treatment. These
results suggest that CDC7 inhibition causes a reductipmoiiferation in MCF7, which is comparable to

the one observed in MCF10A.
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Figure 4.54: CDC7 inhibition induce arrest in proliferation without eliciting cell death in MCF7. MCF7 cells

were treated for 8 days -861LA)Gro&tb cuvdd weted obtdingd far eactOpopéilationM T A K
by haemocytometer cell counting. Results are expressed as mean fold increase of cell counts. B) Viability was obtained

for each populion by haemocytometer cell counting and trypan blue staining. The percentage of viable cells in
different treatment groups is shown. Data are represented as Theadiots represent values from two independent
experiments

To investigate whethe€DC?7 inhibition induces a similar cell cycle effesct MCF7, MCF7 cells were
MCF7 were treated 10 uM XL413 and 0.3 uM TAK31 for 8 days and the effect on the cell cycle was
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monitored via flow cytometry. Twentfour hous treatment wth CDC7 inhibitor induced an accumulation

of cells in the LateS phase. In contrast, at thel8y time point, a ~60% reduction of eaByphase cells

was observed upon treatment with CDC7 inhibitors (Figdte5 A and B). Furthermore, XL413, and
TAK-931 treatment induced an increase in EdU negative and subG1 cells. CDC?7 inhibitors were also
shown to induce a ~40% reduction in the percentage of Edu positive cells-ddigtreatment.

Figure 4.55. CDC7 inhibition causes a reduction of earlyS-phase cells in MCF7 Cell cycle analysis of MCF7
treated for 8 days with CDC7 i-93%h $amplds werescollecie® at ¢, ManX 8 4 1 3
days after treatent. EdU was added for the last 30 min before harvesting. A) DNA synthesis and DNA content were
assessed by flow cytometry. The cell cycle profile of one representative experiment is shown. B) The distribution of
cells in the cell cyclés shown. Data areepresented as theean for each condition. The dots represent values from

two independent experimen@) Percentage of Edu positive cellsépresented as mean for each condition. The dots
represent values from two independent experiments.
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