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Cells store their genetic informatiomhich contansthe instructions required to carry out all cellular actieg in the
form of DNA. Inside the cells, the DNA is wrapped around special pratalfesjhistones, to form a complex structure
called chromatin. Chromatin is more compacted than naked DKikh allows the DNA to be stored inside the restricted
volume of the nucleus. Different chromatin domains exist around the genome, characterized by differences in function
and structural elemets. The two main chromatin domains are euchromatin and heteromatin. Euchromatin is
assembled in areas of the genome that are rich in genes, which are sequences of DNA that contain information to guide
the production of proteins. Euchromatin is chara@ted by an open structure that allows the access of geading
proteins to the DNA. Proteins that compose euchromatin contribute to the regulation of this open structure. On the other
hand, heterochromatin is a much denser structure, containing vengfaves. Heterochromatin is enriched for repetitive
DNA sequeces which are potentially dangerous for DNA integrity, and its compacted nature represents a strategy to
maintain control over this possible threat. Similarly to euchromatin, heterochromatin oaemts are important for the
proper performance of its funains.

Many cellular processes and external cues can cause the formation of DNA damage. For instance, UV radiations
and DNA duplication can lead to the breakage of both DNA strands, anteverdd double-strand break (DSB). DSBs
are serious lesions that ed to be repaired in order to prevent events such as DNA mutations and structural defects of
chromosomes, which can lead to cancer. Cells can choose between different processes to repaird8BEf aome
of them result in the perfect restoration of theriginal DNA molecule, others can introduce some errors. It is not
completely clear how cells decide to use one repair process instead of the others. Recently, however, it was proposed
that DSBsrising in euchromatin and heterochromatin might be repaidéffierently. In particular, it was shown that
proteinsthat are present irruchromatinor heterochromatin can act as guides to select a repair pathway that works best
for the characteristics dheir particularchromatin domain. In this review, we sumnmgiour current knowledge on the
role of chromatin components during DSB repair. We examine how specific euchroandtiheterochromat- proteins
contribute to the repair of DSBs, focusing ondial repair steps such as the choice between different repaicesses.
We conclude by discussiegucialquestions a well aguture perspectives of the field.



THE NFLUENCE GEHROMATINDOMAINS ONTHE REPAIR MOUBLESTRAND
BREAIS

Abstract

Doublestrand breaks (DSBs) represent particularly dangerous formBNRA damage that can result in the formation

of mutations and chromosomal rearrangements when unrepaired or misrepaired. In order to preserve genome
integrity, DSBs can be processed argpaired through several pathways, including homologous recombinatibtR{

and nonthomologous end joining (NHEJ). As tfieal repair productsdepend on the pathway utilized to restore the
damage, the process of repair pathway choice constitutes a crustap of DSB repair. In eukaryotes, chromatin is
classified into two mdn domains, euchromatin and heterochromatin, each exhibiting differences in protein
composition and function. While both euchromatin and heterochromatin can be subjected to DSB formatidrmas
recently been proposed that the chromatin environment surrodimg the DSB site might contribute to the repair
pathway choice process. Both pexisting and damagénduced histone marks, histone variants and chromatin
associated proteins of euchroatin and heterochromatin have been found to be involved in severalgtef DSB repair

in their respective domains, including the selective recruitment of certain repair proteins to promote the usage of
specific repair pathways. This suggests that the rofeeuchromatin- or heterochromatin proteins during DSB repair

is to promote the usage of repair pathways that suit best the characteristics of their respective domains. Here, we
discuss the influence of chromatin components on DSB repair. More spedificak will focus on the roles covered by
histone marks, histone variats and nonrhistone proteins associated with euchromatin and heterochromatin in
different steps of DSB repair.

1. Introduction

A wide variety of exogenous and endogenous agents, includNhpadiations angroducts of oxidative metabolisptan
cause theformation of different kinds oDNAdamage(Hoeijmakers, 2009; Lindahl & Barnes, 200Doublestrand
breaks (DSBs), which are generated when both strands of the DNA are broken, represent a particularly threatening lesion
that must ke repaired in order to preserve the integrity of the DNA molecule. Failure to properly repair DSBs can lead to
mutations or chromosomal rearrangements, such as aceotriticentric chromosomes and translocations, which in turn
can promote the onset of tuerigenesis(Cannan & Pederson, 2016; Kasparek & Humphrey, 20The two major
pathways used by the cell to repair DSBs lapmologous recombination (HR) and Aososmologous end joining (NHEJ)
(Scully et al., 201p While HRhas traditionally been described as a safe procHss, is able to restore the original
sequence of the damageDNA molecule, NHEJ can lead to small insertions or deletions, and is therefore considered
mutagenigScully et al., 2019 Additional errofprone pathways, termedlternative endjoining (AltEJand single strad
annealing (SSAhave also been shown to contribute to DSB repair, albeit more modestly than HR an(BN&aigdva
et al., 2016; Frit et al., 2004

Whether a DSB will be repaired by HR or NHEJ is dependent on various factors, including the cell cycle and the
cell type where the damage was inducgtkeccaldi et b, 2016; Scully et al., 20)9Interestingly, in recent years it has
been shown that the repair pathway choice process can also be influenced birtbraatin environment surrounding
the damage(T. Clouaire & Legube, 2015; Ferrand et al., 20Zthromatin iggenerally classified into euchromatin,
characterized by the presence of coding sequences and high rates of transcription, and heterochromatin, mainly
composed of repetitive and silenced DNAlIshire & Madhani, 2018 These two chromatin domains display distinct
patterns d histone marks and are enriched with specific chromatin proteins involved in the regulation of chromatin
structure and functior{Morrison & Thakur, 2021; Zhou et al., 2010ncreasing evidence suggests that-psesting and
damageinduced histone marks and chromatin praie present ineuchromatin and heterochromatin cadirectly
promote the use of certain DSB repair pathways by acting as recruitment signals for specific repair froteiosaire
& Legube, 2015; Ferrand et al., 202In addition, it has been shown that chrotimecomponents can contribute to other
processes duringhe DNA damage respons®DR. These include the initiation of signaling pathways that trigger the
recognition and the repair of newly formed DSBs, and therganization of chromatin to facilitatené access of repair
machineries(Ferrand et al., 2021 Through these mech#&ms, histone marks and chromatin proteins contribute to
adapting the DNA damage response to the characteristics and needs of their respective chromatin geereansl et
al., 2022.



In this review, we summarize our current knowledge on the rolewfhromatic and heterchromatic
components, such as histone marks, histone variants and chrorassiociated proteins, during DSB repairthi@ next
two chaptels, we respectivelyintroduce the generalprinciples of chromatin organization and DSB repair pathways.
the following chaptemwe will discuss the general chromatin resporisdSBnductionand how this process is regulated
by ataxiactelangiectasia mutateATM), an essential DNA repair kinagbsequently, weill focus on the roles covered
by specificheterochromatc and euchrmatic proteins in the DSB repair process in their respective domains. Finally, we
end by discussing open questions and future perspectives in the field.

2. Basic Principles of Chromatin Organization
In order tostore their genomes inside thé&mited nuclear space, eukaryotic cetisganizetheir DNA in the form of
chromatin(Kornberg, 197Y. The building block of chromatin tise nucleosome, which consists t47 kasepairs (bp)of
DNAwrapped around two copies of eadore histone protein (H2A, H2B, H3 and H4#)d one copy of the H1 linker
histone (Fyodorov et al., 2018; Luger et al., 199Rucleosomesnd various noshistone proteinsassembldo form a
higherlevel, more complexstructuretermed chromatin.Chromath ensuresthat the DNA is tightly packaged inside the
nucleus, and, iaddition, it regulatesall procesesinvolving DNA With the depositionof posttranslational modifications
(PTMs) like methyl and acetyl groupgo histonetails or the substitution of core historewith different varians, the
compactionof chromatin and the fact recruited therein can be dramaticalijtered (Martire & Banaszynki, 2020; T.
Zhang et al. 2015) Forinstance acetylation of histonegan causes the weakening of contacts betwesstones and
DNA making the DNAccessiblé¢o the transcriptional machinerfT. Zhang et al., 20)5Moreover, chromatin structure
is regulated by the action of chromatin remodelers, which are enzymes able to affect chromatin accessibility by mediating
nucleosome eviction, histone variant deposition anatleosomespacingTyagi et al., 2016 The combination of histone
PTMs andvariants, together with theaction exerted by chromatin remodelerdefine differental chromatin states
euchromatinand heterochromatir{Figure 3 (Martire & Banaszynski, 2020; T. Zhang et al., 2015

The faction of chromatin containing actv8 Sy Sa NBFSNE (2 |a aSdzOKNRBYIl GAYyY
chromosome arms and displays an open conformation, with histone PTMs and histone variants promoting the access of
transcriptional factors and therefore faitdting the process of transcriptiofiernst et al., 2011; Kharchenko et al., 2011;
Venkatesh & Workma, 2015. These includéhe trimethylatedlysine 4 orhistone H3 H3K4me3} the acetylatedysine
27 onhistone H3KI3K27ay, the methylatedlysine 36 oristone HYH3K36mgandthe histone variant H2A Lreyghton
et al., 2010; Draker et al., 2012; SantB®sa et al., 2002; Strahl et al., 2002

Heterochromatin whichcan cover large percentages of the genome in eukaryi@ssteadcharacterized by a
dense nucleosomal pattern, a scarce presence of genea amatest transcriptional activitfAllshire & Madhani, 2Q8;
Grewal & Jia, 2007; Hoskins et al., 2002; Lander et al., ROd&terochromatin that is enriched in repeatddNA
sequences and constantly maintained in a silerstateisreferedtol & & O2 y & (0 A  deiHayAEho@IKMUBNY | (G A Y
of whatconstituescl S KIF R LINSQGA2dzaf & 0iSiSnbw dieardhstiHet Sdversirdles i @vdmjefy 5 b !
of relevant processes, such asntromere assemblychromosomal segregation, sister chromatid cohasand the
regulationof genome architeatre (Bernard et al., 2001; Dernburg et al., 1996; Folco et al., 2008; Mizuguchi Cdl4;
Ono, 1972. Moreover, heterochromatiization of recombinatiofprone repeated sequences and transposable elements
contributes to the maintenance of genome integrity by avoiding the formation of aberrant chromostmetures &
well asthe disruption ofgenes(Peng & Karpen, 2008; Slotkin & Martienssen, 200he daracteristic PTMs af-Het
include thedi- andtrimethylated lysine 9 orhistone HYH3K9me2 anti3K9me3} the trimethylatedlysine 20 orhistone
H4 (H4K20meBandthe trimethylatedlysine 56 orhistoneH3 (H3K56me3)ack et al., 2013; Riddle et al., 2Qchotta
et al., 2004). Additionally the DNA underlying heterochromatin is enriched with methylation mdBisd, 2002.
Importantly, H3K9me3 recruits ¢h heterochromatin protein 1 (HP1), which participates in the compaction of
heterochromatinthrough the formation ofpolymers (Canzio et al., 2013; James et al., 1989; Lachner et al.,)2001
Spreading o€-Hetis also dependent on HP1, whittteracts withthe methyitransferase SU39, generatinga positive
feedback loop in which new H3K9me3 marks, established by3SLi¥cruit additional HP1 moleculédagaard et al.,
1999; Rea et al., 2000nterestingly, it has beewbservedthat HP1can alsodrive heterochromatin formationand
expansiorthrough phaseseparaton (Larson et al., 2017;t®m et al., 2017. When phosphorylated or bound to DNA,
HP1 is able to induce the formation of liquid droplets which can combine to generate a heterochroteateand
membraneless compartmen{Larson et al., 2017; Strom et al., 201 Factors thatare compatible with this phase
separated domaicanaccess the compartment and interact with heterochromatin, whereas proteins displaying different
physical properties are excludgtarson et al., 2017; Strom et al., 201®hile pravidinga new mechanism for the



formation of heteroclhomatin, thismodel might also explain hotihe access of proteins theterochromatc regions is
regulated.

The uncontrolledexpansion of heterochromatin ounteractedby the existence of various mechanisms that
help to confineheterochromatnization to genepoor regions(Allshire & Madhani, 2018 For instance, the presence of
specific DNA spiences, such as the tRNA genes amdrétruitment sites for the transcriptional factor TFIIC, function
asa border between euchromatic and heterochromatic regiongiitmansand yeat (Noma et al., 2006; Raab et al.,
2012; Scott et al., 2006Another mechanism employed to restridctromatin expansion involves the action of specialized
proteins able to counteradhe deposition oftypical heterochromatic histone markéyoub et al., 2003; Trewick et al.,
2007; Zofall & GrewaR006). Finallythe balance betweenechromatinand heterochromatin can be regulated through
histone turnover(Aygun et al., 2013; Sadeghi et al., 201&rrier et al., 2015

Another mgor type of heterochromatin isacultative heterochromatipwhichcoversgenes that are maintained
silenced until their expression is needed for developmental purposésr processstaking place aspecific phases of
the cell cycle(Trojer & Reinberg, 2007 This domainis enriched for thetrimethylated lysine 27on histone H3
(H3K27me3), which is deposited by thaycomb group (PcG) proteins. PcG protails®contribute to the maintenance
of heterochromatin together with additional factors such as HP1land noncoding RNAdi{cRNA}(Bayne & Allshire,
2005; Maison & Almouzni, 2004Faailtative heterochromatin can occupy large genomic regions, or be restricted to
small domains, as in the case of the Hox gelusters(Forlani et al., 2003; Gendrel & Heard, 2014 classic and
extensivédy studied example of facultative heterochromatin in mamsria theinactivatedX chromosoméXi)of females
which is established to guarantee dosage compensation between the §éeesirel & Heard, 2014 Central to the
establishment of Xi is the transcription thle X-inactive specific transcriphcRNAXis), which accumulates in cis to the
Xi, leading to the recruitment of Polycomb Repressive Complex 1 and 2 (PRC1 and PRC2) and the degppsitifin of
histone PTMssuchasH3K27me&nd the nono-ubiquitinated lysine 119 on histone HZA2AK119ub)l(de Napoles et
al., 2004; Plath et al., 2003; Zylicz et al., 2DZthesehistore marks create a chromatin environment that is inaccessible
to additional transcriptional factorgherebypromotingthe silencing of th&Xchromosome.
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FIGURE Histone Marks Characteristic of Euchromatin and Heterochromaimchromatin localizes to the chromosomenarand

is enriched for the H3K27ac, H3K36me and H3K4me3 histone marks. Additionally, the hisiane H2A.Z can be found ii
euchromatic nucleosomes. Constitutive heterochromatin is observed at the subtelomeric and pericentromeric regit
chromosomesHistone marks typical of constitutive heterochromatin include H4K20me3, H3K56me3 and H3K@ihedi8h the

latter is deposited by the methyltransferase SBY and associates with the heterochromatic protein HP1. DNA packaged
constitutive heterochrenatin is enriched for methyl groups. Facultative heterochromatin is distributed along the choomasms

and is characterized by the presence of the histone mark H3K27me3, deposited by the proteins of the Polycomb groups(F
figure was created oni@&ender.com.
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Different heterochromatn domainsdisplay dstinctlocalizationsnside the nucleu§Padeken & Heun, 2014; van
Steensel & Belmot, 2017). Facultative heterochromatin, for instance, can be observed in the fornudiear clusters,
GSNY¥SR at2f202Y0 02RASAa¢£3I 2NJ A ¥nd kthé dudledlisladiin the/casg bflihk X G K S
chromosomeglLanzuolo et al., 2007; Saurin et al., 1998; L. F. Zhang et al.,)28@&cifically, it has been obsedhat
the localization of the silencedchromosome alternas between the nuclear periphery and the peri nucleolar region,
depending on the cettycle phaséL. F. Zhang et al., 20p7n contrast, the activXchromosome stably associates with
the nuclear peripheryL. FZhang et al., 2007 Constitutive heterochromatin caoe organizel inside the nucleuthrough
different strategies. These include tr@ssemblyof one or multiplenuclear clusters of heterochromatin, known as
G OKNER Y 2 O gaerSiNEnduse cells amtosophila and the formation of heterochromatin domains in close
proximity to the nucleolus or the nuclear periphe(uelen et al., 2008; James & Elgin, 1986; Németh et al., 2010;
Pickersgill et al., 2006; Van Koningsbruggen et 2010; Wreggetet al., 1994. In the latter case, théeterochromatin
regionsarerespectivelyreferred to amucleolusassociated domain®AD3 andlaminaassociated domain& AD$. NADs
and LADs are repressive domagnsd display similar featureNADs are particulyr enriched for repetitive regions
exhibiting low gene density, such as centromeres, and are often sildhegdeth et al., 2010; Van Koningsbruggen et
al., 201Q. LADs, similarly, are composed of transcriptionally repressestdetromatin and are defined by the presence
of H3K9me3 and H3K27meB8hich arehistone marks of constitutive and facultative heterochromaftduelen et al.,
2008; Harret al., 2015; PeridHupkes et al., 2010; Wen et al., 200Amongst the various heterochromatin reg&n
pericentromeres and telomeres have been observed in LAD&lén et al., 2008 However,some heterochromatic
domainscanalternatetheir localizaton between NADs and LADs, indicating that thestially overlap(Kind et al., 2013;
Németh et al., 2010; Solovei et al., 2004; Van Koningsbruggen et al.,)2010

3. DNA Double Strand Break Rep&athways

Exogenous and endogenous mutagens constathtgaten the DNAby causing lesionthat could compromise its
structural integrity and functionalitgKlungland et al., 1999; Lindahl & Barnes, 2000; Phillips et al., 198& formation
of DNA double-strand break§DSBs)where both strands of the DNA are severedparticularly dangerous, asdbuld
eventually resultin mutations or chromosomal rearrangements, such as acentric/dicentric chromosomes and
translocations, which in turn can prwte the onset of tumorigenesi€annan & Pederson, 2016; Kasparek & Humphrey,
2011). To avoid these events, cells have developpdcializecpathways toefficiently detectand repair DSBEiccia &
Elledge, 201D Fourmajor different DSB repair pathways are currently known: Ntmmologous End Joining (NHEJ),
Homologous Recombination (HB)ngle Strand Annealing (SSA) and AlternativeJaiming Alt-EJYFigure 2andFigure
3) (Ceccaldi et al., 2025

DuringNon-Homologous End Joining (NHEW® two ends of a DSBre processed until they ameady to be
ligated(Figure 2 right panel{Pannunzio et al., 200)8Albeit kinetically fast, this pathway is considered to be mutagenic,
since the modifications introduced to the DSB ends byptteeessing enzymes can cause the addition or loss of several
nucleotides Pannunzio et &, 201§. At the beginning oNHE,Jthe DSB ends are bound the heterodimer Ku70/80
leading to the recruitment of the DNéependent protein kinase catalytic subuf@NAPKcs) and the formation of the
DNAPK complexLiang et al., 1996; Meek et al., 2008 his complex phosphorylates itself and seveaxatdrs taking part
in the repair process, contributing to their recruitment and actigatilf the broken DSB ends are blunt, they can be
directlyligated by the complex formed by the DNA ligase 4 and theyXtrosscomplementing protein 4 (LIGYRCC4)
(Grawunder et al., 199) This step is promotedy XRCGCHke factor (XLF) and Paralogue of XRCC4 and XLF (@##etX),
are recruited by LIGXRCC{Brouwer et al., 2016; Ochi et al., 20L%pedfically, PAXXontributes toend ligation by
promoting the stability othe NHEJ compamts at the DSB site, whereas Xhferacts with XRCC4 to maintain the DSB
ends close togethgBrouwer et al., 2016; Ochi et al., 20LRlternatively if the ends cotain overhangs or adducts that
would prevent efficient ligationthey can be processedytifferent enzymes, such #éise kinase Polynucleotide kinase
o Bhosphatase (PNKP) atite nuclease Artemigf which the later isrecruited by the DNAK complexBernstein et
al., 2005; Goodarzi et al., 20p@vioreover, in order to produce ends that can be properly seatekd5 b ! LJ2 f & Y S NI
and > Cbe wtilized to add nucleotidegGu et al., 2007; MdBinny et al., 200%. Importantly, he DSB ends can be
subjected to multiple rounds of processihg these enzymelsefore eventually being ligatett istherefore possiblethat
the repaired DNA molecule will displaynall insertions or deletias) and hus a different sequence from the original
molecule(Pannunzio et al., 2018
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FIGURE 2Homologous Recombination (HR) and Nblomologous End Joining (NHEJ) Repair Pathwag$t Homologous
recombination is initiated by the recruitment of the MRN complex to the DSB site, which leads to the association of £TAtanc
the break. ATM triggers the arrival of the BRCAL w5 m O2 YL SEX 6KAOKZ (23S idadridection
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complex. LIGKXRCCis recruited to the damage site to ligate the DSB ends together with XLF and PAXX, which maintain DS
the correct position during ligation. However, DSB ends can require processing, and therefore various enzymes, suchessthe
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Homologous recombination (HR) is the other main DSB repair patideayrary to NHEBRhas been described
asa slower butconservativeprocesssince it aims at repairing the DSB by using an identical DNA sequencengsate
(Wright et al., 2018. For this reasonHR is predominantlytiized during the S and G2 phaseghenthe sister chromatid
is availablewhereadNHEJ can be employed throughout the cell cfidiestedt & Durocher, 201)7 Although considered
an accurate pathwayin certain cases the results of HR can be draméitibe homologais chromosome is used as a
template, for instance, the repair process could result in loss of heteroitygb®©H)(Moynahan & Jasin2010. The
repair of repeatrich regionsalso represents a challenge for HR, sisgailar sequences could engage in aberrant
recombinant events and lead to the losssgainof repeats(Peng & Karpen, 2008

The completion of HR requires additional processing steps in comparison t¢fMgHES 2 left panel) First, the
DSB is recognized by the hetenmeric complex MREXRADSENBS1 (MRN), fich in turn recruits CtBteracting
protein (CtIP) and thataxia telangiectasia mutated (ATM) kingkanbo et al., 2007; Sartori et 2l2007; Syed & Tainer,

2018; Uziel et al., 2003By phosphorylatng SNAY S mMod 2y KA&d2yS 1 u! - oFftaz2 vyl Y
cascade that leads to chromatin remodeling events (discussed in the next chapter) resulting in the recraftthent

Breast cancer type 1 susceptibility protdRCAJAssociated RINGomain 1complex(BRCABARDI1)YH. Kim et al.,

2007; Rogakou et al., 1998; Sobhian et al., 2007; B. Wang et al.,)20RE11, stimulatety BRCABARD1 and CtIP,

then initiates a shortNJ y 3 S NB & SO A 2 ywhighis latek Smptefed Hy fhe exé@wtciRase EXO1 and the
nucleasehelicase complex DNARLM(Nimonkar et al., 2008; Yun & Hiom, 2009 his results in the formation aflong

0 -&sDN/Aend, whichisrapidlyboundby thereplication protein ARPAromplex(H. Chen et al., 20)3The RPAolecules

are subsequently exchanged with RAD51 molegule ¢ K A O K -ssDRA and giiieShe se@rch for a homologous
sequencgRenkawiz et al., 2014; J. Xu et al., 200 The RPARAD51 exchange is promoted dgomplexconsisting of

Partner and localizer of BRCA2 (PAL&R®) the Breast cancer type 2 susceptibilipyotein (BRCA2JCarreira &
Kowalczykowski, 2011; Esashi et al., 2D@nce a homologous sequence has been identified, the RADSE 2 OA | 1 SR
ssDNA anneals to its complementary strand, causing the displacement othbe strand in the invaded molecule

(hameR 6 2 2 @Hadetal., 20lxb SEGS GKS + FyR (NF yaf S&argolt DNERdyrihessNI & S
F G  (-$6BNA,cefploying the complemeny sequence as a templa{&ane et al., 2012 Finally, the Boop is

dia Y y it SSRDNA@f&to th@complementary strand of the damag&NA moleculand the two DSB ends are

ligated torepristinate DNA integrity.

Single strand annealing (SSA) and alternative-jeimihg (AltEJ) are less characterized pathways vehos
mechanisms are, similgri 2 | wX o6l aSR 2y NB §Cahg ¢t aly20% Bnliké KFS howeyer,5hey. Sy F
have been described as intrinsically mutaggiMendezDorantes et al., 2018; Simsek & Jasin, 2D10is still under
investigation whether SSA and-&lf represet secondary mechanisms that are employed when the main repair pathways
are defective, orficertain cellular contexts specifically rely on their activation to repair [3&%ano & Roth, 2018

Duing AItEJ, simildyii 2 1 wX GKS pQ SyRa 2F (KS 5{. Figue3m$asSonas
(Myleretal.,201Jd ! FGSNJ G KA A &GSLIE & KAIMNA sEn@iscantbRdt@ edch otNBHardg2ty & A Y
al,2a7n® ¢KS LINRUNHRAYI 0Q SyRa FR2IFIOSyid G2 G4KS FyySrkf SR

such as the xeroderma pigmentosum groupxeisiorRepair Cros€omplementation Group 1 (XIHRCC1) and Artemis
(Changetal.,20)® bSEGTX GKS 3JI LA ONBFISR o6& GKS LINR OSRoRADPI | NB
Ribose) Polymerase (PARP) and the dsDNA molecule igdted by DNA ligase 1 or by the DNA ligager@y repair
crosscomplementing protein 1 (LIGS8RCC1) complefkent et al., 2016; Masani et al., 2016; Ray Chaudhuri &
Nussenzweig, 200® { AYAf I NI 82X Ay &aAy3ItS &AGNIYR FYyyShiMREA ad{ { ! 03
9-hm fSFrRa G2 GKS | yyStf Ay IssENAFRigae ¥ dghteSallgzt al.A2D1pdeyeOSa A
homologous regions are longer than those exposed ifEAJtwhich is why this pathway is thought to occur especially in
repeatrich domains$cully et al., 201P In yeast and mammals, the annealing is promoted by RAD52 through the eviction
2F wt !  FNDPNEAlekgariroweDal., 2020; Bennardo et al., 2008; Symington, 2008e excess nucleotides on
i K SssN@ are removed by XERCC(Motycka et al., 200% During both AHEJ and SSA dhaction of nucleases such
as XPHEERCC1 can cause the deletion of nucleotides. For this reason, these repair pathways are considguesherror
(MendezDorantes et al., 2018; Aleksandrov et al., 2020

Different factors, including the complexity of the rdage, cell cycle phase and transcriptional activity all
participate in the complex regulation of D&air pathway choiceScully et al., 2019; Ceccaldi et al., 2Q1Bor instance,
while endresection during G2 and S phase is promoted by cyclin depekdege (CDKs)lependent phosphorylation
of CtIP, ATM and EXO1, in G1 phase the recruitment ebjiling protein 1 (53BP1) to DSB sites impairs the binding of
BRCAL, favoring NH@BLnting et al., 2010; Escribardiaz et al., 2013; Huertas & Jackason, 20B2ayeri et al., 2006;



Tomimatsu et al., 2014 The abundance of Ku throughout the cell cycle also promotes repair through NHEJ, since its
binding to DSB ends blocks the recruitment and activation of resection fgMorstou & Symington, 201D

During DSBepair, change& chromatin organization and dynamics aegried out to promotehe efficientand
timely processing of damagglauer & Gasser, 20)7Recentlyijt has been proposed that chromatin, through its marks,
its compaction state and its nuclear position can also cover auweagtie in the repair pathway choi¢Eerrand et al.,
2021; Kalousi & Soutoglou, 201.6Specific histone PTMs, histone variants and-histone proteirs associatedwith
different chromatin domains mighstrategically promote or limit the access of certain repair factors to the DSB site,
channeling the repaitowards the pathway that suits best the characteristics of that chromatin redifier discussing
the role of ATM in DSB repiirthe next chapterchapternumber Swill discus§ KS SEA &G SP PSS DBIREEA &
a special focus on the existing and the damagkiced chromatin marks that have beeeported to influencethe
response to DSB formation euchromatin and heterochromatin
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4. ATM is the Master Regulator of th&eneral Response to DSBs

In order to create an environment that is accessible to the DSB repair machineries, the activation of dh&HRJ
pathway is preceded by various chromatin remodeling evellitsk&androv et al., 2020 These are indispensabledtow
the recruitment of the repair factors at the site of a broken DNA molecule, and establish the conditions that permit DSB
repair pathway choicélLee & Paull, 2021

The clhomatin remodeling process is orchestrated by #taxia;telangiectasia mutated (ATN)nase, a member
of the PIKK protein family, which in the absence of damage can be found in an inactive and polymeaésiosemdrov
et al., 2020; Bakkenist & Kastan, 2003; Savitsky et al., J99pon the formation 0DSBs, ATM is converted in active
monomers and recruited to the DSB site through its interaction with the MRN corffoteblegeko et al., 2001; Bakkenist
& Kastan, 2003; Uziel etl., 2003. The activation of ATM has been proposed to be dependent on different factors, such
asits binding to theMRN complex, the acetylation carried out by the TIP60 histone acetyltransferase on ATM and the
presence of chromatin marks such as H3K3mn chromatin surrounding the D$Byrapetov et al., 2014; Carson et al.,
2003; Sun et al., 2005, 20p9After multiple autephosphorylation events, ATM catalyzes the addition of phosphate
groups to hundreds of target proteins, leading to their recruitment and activation at p&R®v et al., 2006, 2011;
Matsuoka et al., 200)Y. Through this extensive kinase activity, ATM promotes efficient repair of damage, while also
regulating cell cycle checkpoint activation, cell cycle arrest and, in casaraf fajpar attempts, apoptosigShiloh & Ziv,
2013.

¢KS OKNRYFGAY NBalLkRyaS (G2 5{. T2NMNBAZYNSHKYXDRSAA ¢
transient chromatin reorganization events have to be carried out in order to establisiditionsthat are favorable to
the repair procesgPolo & Almouzni, 201p Thesechromath events, which include the displacement or eviction of
histones to allow the recruitment of repair factors, are reverted after repair is completed so that the original chromatin
composition is restored. ATM contributes to the chromatin respormsB$Bs bgromoting chromatin accessibility and
by recruiting HR and NHEJ repair facigiigure 4 (Kakarougkas et al., 2014; Shanbhagat, 2010; Ziv et al., 2006
Chromatin accessibility is increased by ATM through the phosphorylati@prdssor KRABomain associated protein
1 (KAR), which leads to its dispersion throughout chromatifiv( et al., 2005 Interestingly, specifadly in hHghly
compacted heterochromatin regions, chromatin accessibility is achieved through a specialized mechanism, as
phosphorylation of KAP promotes chromatin relaxation by weakening the interaction betweeAPIK and
Chromodomain Helicase DNBnding Proteir8 (CHD3J thus causing the removal of CHD3 from heterochromatin, which
on its turn promotes chromatin decondensati¢@oodarzi et al., 2008, 20)IMoreover, theformation ofubiquitinated
lysine 120 orhistone H2BKI2BK120u} mediated by the ATM substrate RNF2NF40, has also been described as a
player involved in chromatin decondensation, since H2BK120ub can recruit SNF2H, a remodeling complex able to regulate
the spacing ofiucleosomes to allow access of repairing factgtement et al., 2014; Moyal et al., 2011; Zhu et al.,
2005.

After promoting thedecondensation of the dangged chromatin, ATM participates in the subsequent repair step
by recruiting DDR factors at the site of damage. This is achieved through a cascade of chromatin modifications that starts
with the phosphorylation of Ser139 on the tuse variant H2A. X acrosiromatin surrounding the break, termed yHXA
(Burma et al., 2001; Ryakou et al., 1998 This event leads to the binding of another ATM substrateCMWhich is
required to propagate yH2X to the neighboring chromatin regions and to recruit the E3 ubiquitin ligase enzyme RNF8
(Kolas et al., 2007; Lukas et al., 2004; Stucki et al., 20RBF8 ubiquitinates lysine 63 on the H1 histones, triggering the
binding of another E3 ubiquitin ligase, RM68(Thorslund et al., 2016 The modifications carried out by RNF168 on the
histones H2A and H2A.X, such as ubiquitinatioysifies 13 and 18H2AK13/15b), recruit factors of the HR and NHEJ
pathways (Becker et al., 2021; Doil et al., 2009; Mattiroli et al., 201Zor instance, NHEJ can be stimulated by the
loading of 53BP1 on the site of damage, an event promotethéybiquitirated lysine 15 on histone HZAN2AK15ubp
together with the trimethylated lysine79 on higone H3 (H3K79me3and dimethylated lysine 20 on histone H4
(H4K20ne2) (FradetTurcotte et al., 2013; Huyen et al., 2004; Sanders et al., 208#nilarly, the ubigtination events
carried od by RNF8 and RNF168 seem to facilitate the loading of factors involved in HR. In paittia@anecently
found thatthe BRCABARD1 complex is recruited at DSB sites through the interaction with H2AK 18REuker et al.,
2021; Dai et al., 2021; Hu et al., 202By catalyzing the depositicof ubiquitin molecules otysines 125, 127 and 129
on histone H2AH2AK125/127/12%b), BRCABARDL further triggers the association of the remodeler SMARCAD1, an
event that is crucial toemove 53BP1 and proceed with repair through (BRnsham et al., 2016; Kalb et al., 2014

In addition to modifying chromatin cgponents, ATM directly phosphorylates repair proteins to contribute to
the regulation of their function during DSB repair. ATM targets include NHEJ proteins such as 53BPKcBN¥temis,
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et al., 2016; Bolderson et al., 2010; Bothmer et al., 2011; B. P. C. Chen et al., 2007; Cortez et al., 1999; Imamichi et al.,
2014; Riballcet al., 2004; Sastrdoreno et al., 2017; H. Wang et al., 2013he interplay between many of the proteins
involved in DSB repair reveals the existence of a more complex system for repair pathway choice.

In conclusion, evidence suggests that ATivake activity plays a general supporting role for both HR and NHEJ
by favoring the recruitment and activation of many factorsinvolved G KS (g2 LI (Kgl &ad ! ¢aQa
the repair pathway choice by organizing an environment that endp the access of a multitude of repair proteins.
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FIGURE 4ATM orchestrates the general chromatin response to DS&er DSB induction, the MRNMmplex recruis ATM at the
site of damage. ATM facilitates chromatin decondensation by phosphorylating KAP1, leading to its displacement from chrol
heterochromatin, KAP1 phosphorylation results in CHD3 eviction. Moreover, phosphorylation of RNHEZ0by ATM pmotes

ubiquitination of H2BK120, allowing the association of SNF2H and the consequent chromatin relaxation. In addition togrn
chromatin relaxation, ATM triggers chromatin modifications that allow the recruitment of repair factors. ATM phosg®tikat
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and recruits RNF8. RNF8 ubiquitinylates the linker histone H1 causing the association of RNF168, which in turylatieis|lysines
13 and 15 on H2A. This histone mark represents a recruitment signal for NHEJ and HR proteins alike -fgroenhiittgJprotein

53BP1 recognizes H2AK13/15ub, H4K20me2 and H3K79me3, while the interaction betweerBBRDAland H2AK13/15u
promotes the ubiquitinylation of lysines 125, 127 and 129 on histone H2A. The deposition of these histone marks trigc
F3aa20ArdA2y 2F {al!w/!5mM gKAOK AYKAOAGA po.t mQa NBONHzitl
phosphorylation of HR and NHEJ proteins. This figure was created on Biorender.com.

5. Influence of Heterochromatic and Euchromatic Proteins on DSB Repair

5.1 Impact of Heterochromati Histone Marks and Proteins on DSB Repair in Heterochromatin

The repetitive and compact nature of hetehromatin affects its susceptibility to DNA damage and the efficiency of DNA
repair in this domain. The centromeric and peritemeric regions, in fact, seem to be particularly prone to the
formation of DSBs associated with replication stress, reflgdtue difficulty of successfully replicate repeath regions
(Chakraborty et al., 2020; Croget et al., 2013. Moreover, heterochromatin compaction has been described as an
obstacle for fast and efficient DNA damageair (Fortuny & Polo, 2018 Although access of repair factors is not blocked
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by heterochromatin, several studies have in fact showed that both Nucleotide Excision Repair (NER) and Mismatch Repair
(MMR) are slower in this domai{Adar et al., 2016Han et al., 2015; Jiricny, 2013t is not clear whether repair of DSBs
is also carried out with different kinetics in euchromatin versus heterochromatin, since supporting evidence originally
obtained in mouse cells has not been confirmed in subsequeentiess conducted irbrosophila(Chiolo et al, 2011,
Goodarzi et al., 2008; Janssen et al., 216

HR has been described as a major repair pathwéeiarochromatin inboth Drosophilaand mammalian cells
(Beucheret al., 2009; Chiolo et al., 2011; Kakarougkas et al., J0Hdwever, NHEJ can also be employeekn in higher
percentages than HR, as showrbirosophilassomatic cells and mougdanssen et al., 2016; Tsouroula et al., 2DTthe
mutagenic repair pathwaglt-EJhas also been found to be used to repair CRIS®$® DSBs in heterochroma8chep
et al., 202). InterestinglyAlt-EJ repair plaway usage seems to be higher in heterochromatin than euchronf@thep
et al., 202). Lastly, heterochromatin does not seem toakidy rely on the alternative DSB repair pathway SSA. The use
of this alternative repair pathway has beeggothesized to be reserved for repairing events in the case of defective
canonical repair pathways, such as HR or NHEJ (gpaBsen et al., 2016; Tsouroula et al., 216

Interestingly, research has established that DSB repair pathway usage varies amongsiffearentd
heterochromatin compartments. For instance, in mouse ¢c#isrepeatrich centromeric region reds on HR throughout
interphase(Tsouroula et al., 2016 On the contrary, Hitv heterochromatin surrounding the centromere, known as
GLISNAOSYGNRBYSNBEST Aa (NSBuioildat &.( D6 Talotherds, ke heferothromalidkdbndaBs
located at he ends of chromosomes, are preferentially repaired by HRAdEJ(Doksani & de Lange, 201L6inally,
heterochromatin sequences associated with the nuclear lamiA®g) recruit NHEJ aAl-EJ factors and display a higher
Alt-EJto-NHEJ ratio compared to euchromafiremaitre et al., 2014; Schep et al., 2021

Research focusing on the infloce of chromatin on the DNA damage response has revealed that several
heterochromatin components, such as histone marks, chromatimodelers and heterochromatiassociated proteins
are involved in the organization and the completion of DSB repair irdtmsain (Caran et al., 202). While chromatin
proteins can affect several heterochromatin properties, including its position in the nucleze,spacompaction and its
transcriptional state, they can also participate in DSB processing more directly by modulafhgighaling and the
association of repair factors to the damaged heterochromatin. In this way, heterochromatin proteins can derttibu
the repair pathway choice process and influence the outcome of DSB repair.

5.1.1 Role of Heterochromatin Histone Marks and Prot&iri®epair Pathway Choice in Heterochromatin
Several features of heterochromatin have been identified as involvelemegulation of DSB repair pathway choice in
this domain(Figure5A). For instance H3KREne3, which characterizes facultative heterochromatin, has recently been
linked to the regulation of th&lt-E}to-NHEJ ratio in heterochromati®¢hep et al., 2021 The authors demonstrated
that the use ofAlt-E] in DSB repair decreases when H3K27mi3aaired, suggesting that this histone mark facilitates
Alt-EJ and/or negatively regulates NHEJ.

Studies have also investigated the influence of the other typicadrbehromatin histone mark, H3K9me3, on
the process of repair pathway choice. H3K9meashisched at heterochromatic DSBs in b&ttosophilaand murine cells,
and appears to promote DSB repair through @Bnssen et al., 2019; Tsouroula et al., 2D1Bepletion of H3K9
methyltransferases results in the reduction of cells with Tosca (the homolog of resection EaatdrinDrosophila
enriched at gricentromeric DSBs, hinting that methylation of H3K9 could favor HR repair through the recruitment of
associated factorslanssen et al., 20)9The mechanism through which H3K9me3 promotes HR might inVtHe@, a
factor that has been shown to interastith H3K9me3 irin vitro and in vivoexperiments and that can favor BRCA1
recruitment at the sites of damag@&un et al., 2009; Tang et al., 201 role for H3K9me3 in HR regulation vedso
suggested in mouse cells, wiethe deposition of this histone mark b$ET domain bifurcated histone lysine
methyltransferase 1 (SETDB1) contributes to alternative lengthening of telomeres (ALT), a process that depends on HR
(Gauchier et al., 2019

Enrichment ofmonomethylatedlysine 9on histone H3(H3K9me) and monomethylatedlysine 56on histone
H3 (H3K56me)lwas further eétected upon DSB generation in heterochromaflar(ssen et al., 20)9This accumulation
of H3K9mel and H3K56mel results from the demethylation of H3K9me2/me3 and H3K56me2/me3 at heterochromatic
DSBs, which is mediatéy the demethylase dKDM4&olmenares et al., 203 danssen et al., 20)9While dKIM4A is
important to guarantee the proper repair kinetics in heterochromatin, its demethylation actistimpacts the process
of repair pathway choice in this domain. Since dKDM4A depletion caused increased rectwfnt¢R factors and
decreased NHE&age in damaged heterochromatin, the authors have hypothesized that H3K9mel and H3K56me1 could
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represent recruitment signals for NHEJ proteins, in opposition to thpriiRe role that H3K9me2/3 might covelahssen
etal., 2019.

In addition to the heteochromatic histone marks, the H3K9mbiBding protein HP1 might affect DSB repair
pathway decision in heterochromatin. Although accumulation of HP1 has been documented both in euchromatin and
heterochromatin (se€impact of Heterochromatin Histone Marksdhiklistone Variants on DSB Repair in Euchromatin
and Heterochromati®d) > Ay KSGSNROKNBYlF(GAYy GKS K2Y2f23 1twm' YAIKIDG
repair (Tsouroula et al., 2016

Overall, several components of heterochromatigludinghisone marks andheir ligands are emerging akey
playersin the repair pathway choicprocessn heterochromatin. Further researdbcused on defining the mechanisms
underlyingthe contributions of heterochromatin proteinwill improve our understandingfdheir roles during DSB repair
and determine whether these roles are conserved across different species

Figure 5Heterochromatic Proteins Involved in Heterochromatic DSB Repail/#&ious heterochromatic proteins participatetime

repair pathway choice in heterochromatin. H3K27me3 contributes to the regulation-&JAdr NHEJ, while enrichment of H3K9me3
atDSB&INR Y2 (1 Sa NBLI ANJ KNRIAK Iwd Itm' I gKAOK 0AYRa (2 14AYpYSo3
promotes usage of NHEJ for DSB refitHeterochromatin proteins stimulate heterochromatin decompaction during DSB repair.
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