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Résumé : DNA double-strand breaks (DSB) must be
repaired to ensure genome stability. Crucially, DSB
ends must be kept together for timely repair. In
Saccharomyces cerevisiae, two poorly understood
pathways mediate DSB end-tethering. One employs
the Mrel11-Rad50-Xrs2 (MRX) complex to physically
bridge DSB ends. Another requires the conversion of
DSB ends into single-strand DNA (ssDNA) by Exol,
but the bridging proteins are unknown. We uncover
that cohesin, its loader and Smc5/6 act with Exol to
tether DSB ends. Remarkably, cohesin specifically
impaired in oligomerization fails to tether DSB ends,
revealing a new function for cohesin
oligomerization.

In addition to the known importance of sister
chromatid cohesion, microscopy-based microfluidic
experiments unveil a new role for cohesin in repair
by ensuring DSB end-tethering. Altogether, our
findings demonstrate that oligomerization of
cohesin prevents DSB end separation and promotes
DSB repair, revealing a novel mode of action and
role for cohesin in safeguarding genome integrity.

Title : Cohésines et maintien de I'intégrité des chromosomes aux cassures double brin

Keywords : Cohésine, réparation de I'ADN, recombinaison homologue

Abstract : Il est essentiel que les extrémités du DSB
soient maintenues ensemble pour une réparation
rapide. Chez Saccharomyces cerevisiae, deux voies
mal comprises interviennent dans I'attache finale du
DSB. L'un utilise le complexe Mrell-Rad50-Xrs2
(MRX) pour relier physiquement les extrémités DSB.
Un autre nécessite la conversion des extrémités DSB
en ADN simple brin (ssDNA) par Exol, mais les
protéines de pontage sont Nous
découvrons que la cohésine, son chargeur et
Smc5/6 agissent avec Exol pour attacher les
extrémités du DSB. Remarquablement, la cohésine
spécifiquement altérée lors de I'oligomérisation ne
parvient pas a attacher les extrémités du DSB,
révélant une nouvelle fonction pour
I'oligomérisation de la cohésine.

inconnues.

En plus de I'importance connue de la cohésion des
chromatides des expériences
microfluidiques basées sur la microscopie dévoilent
un nouveau réle de la cohésine dans la réparation
en garantissant I'attache des extrémités du DSB.
Globalement, nos résultats démontrent que
I'oligomérisation de la cohésine empéche Ila
séparation des extrémités du DSB et favorise la
réparation du DSB, révélant ainsi un nouveau mode
d'action et un nouveau réle pour la cohésine dans
la sauvegarde de l'intégrité du génome.
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Preface
Each cell is subject to many assaults against its genome each day. These assaults arise from

both endogenous and exogenous sources and can lead to aberrations in the DNA at the site
of attack. The formation of single-strand DNA breaks, double-strand DNA breaks, or the
chemical alteration of a nucleotide base can all lead to mutagenesis of the DNA code. The
downstream consequences of mutagenesis can lead to cell death, or diseases such as cancer
in multicellular organisms. Thus, DNA damage is both highly sensed and highly regulated in all

organisms, in a robust and generally conserved manner.

Single cell eukaryotes such as the budding yeast Saccharomyces cerevisiae represent ideal
organisms to probe the complex molecular mechanisms of DNA repair. The long-standing
genetic and molecular tools, ease of manipulating, and relatively cheap cost of working with
these organisms has been essential in understanding biological processes. Without this
option, the time, technical constraints and expense required to achieve this explorative work
in mammalian cells alone would have hindered scientific progress. Despite the remarkable
conservation of DNA repair processes, it is important to consider the millions of years of
divergence between organisms such as yeast and humans when interpreting results for the

human context.

Much progress has been made in understanding how the cell adapts to DNA double strand-
breaks (DSBs). In budding yeast, we now know much about the factors recruited to DSB sites,
local chromatin modifications, cell cycle regulation, and repair pathways used in pursuit of
ensuring genome integrity. Two main repair pathways are favoured - non-homologous end
joining (NHEJ) that directly re-ligates DSB ends with little to no DNA processing, and
homologous recombination (HR) that uses a homologous donor sequence to reconstitute the
damaged site. Homologous recombination is typically restricted to S-M phases of the cell
cycle, when a homologous donor is present in the form of the replicated sister chromatid.
Yeast observations have proven remarkably translatable to the human context, lacking only a

few factors, or changing in scale of response due to its smaller genome and Rabl configuration.

An important requirement for DNA repair following DSB is the assurance that the two ends of
the broken chromosome are kept together. This prevents separation of the two ends and
facilitates timely and faithful repair with the correct partner. As a result, DSB end-tethering

represents one of the initial steps in the DNA damage response. In yeast, DSB end-tethering is



partially achieved by one of the first DSB binding factors, the protein complex Mre11-Rad50-
Xrs2NPs1 (MRX). MRX plays a complex role in regulating DNA repair in response to DSBs. Beyond
end-tethering, MRX initiates DNA damage signalling, facilitates repair as an essential member
of the NHEJ complex, and initiates the ssDNA formation required for repair by homologous

recombination.

Once DNA ends are resected, a second DSB end-tethering pathway has been identified, which
requires the ssDNA forming activity of the exonuclease Exol. Herein lies the focus of the work
presented in this thesis. Despite the observation of this Exol pathway, the bridging proteins
responsible for holding two resected DNA ends together remain unknown. Using genetics and
a microscopy-based assay, | was able to demonstrate that the structural maintenance of
chromosomes (SMC) complex, cohesin, and another SMC complex, Smc5/6, act with Exol to
tether DSB ends. With a modified microscopy-based approach, | was able to show that two
cohesin populations act at DNA DSBs. The first population compacts DSB adjacent chromatin,
and does not depend on the cohesin regulator Pds5. The second population tethers DSB ends
in a Pds5 and cohesin oligomerization dependent manner. Our work therefore identifies a new

role for cohesin in DSB repair, as well as for its poorly understood oligomerization capability.

Furthermore, microfluidic experiments allowed us to follow the real-time repair kinetics and
frequency of inducible DSBs. In addition to the known importance of sister chromatid
cohesion, we unveiled a specific role for cohesin intra-chromosomal end-tethering in repair.
Together, our findings demonstrate that oligomerization of cohesin prevents DSB end
separation and promotes DSB repair, revealing a novel mode of action and role for cohesin in

safeguarding genome integrity (https://doi.org/10.1101/2023.11.08.566226). Our findings

correlate with a growing body of research that implicates cohesin in DNA repair processes, as

reviewed in 2022 by Karine and me (https://doi.org/10.3390/genes13020198), and developed

further in this thesis.

Beyond this, | was also fortunate enough to make minor contributions to two other DNA repair
and genome integrity related projects. The first investigated the role of the Rad51 paralogs
Rad55 and Rad57 in promoting HR repair of UV induced ssDNA damage
(https://doi.org/10.1371/journal.pgen.1010639). The second demonstrated stalling of loop

extrusion by telomere protein arrays (https://doi.org/10.1101/2023.10.29.564563).
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Chapter 1: Introduction

1) DNA repair — dealing with DNA double-strand breaks

DNA DSBs are surprisingly frequent, and predicted to occur at each cell cycle (Vilenchik and
Knudson, 2003). Endogenous sources of DSB include stresses received during DNA related
processes such as replication. However, extrinsic sources including ionising radiation and
genotoxic agents also generate DSBs (Vignard et al., 2013). If unrepaired, DSBs can result in
chromosome loss, and if repaired incorrectly can lead to point mutations, loss of
heterozygosity, and chromosomal rearrangements (Jackson and Bartek, 2009). All of which

could lead to oncogenesis or cell death (Tubbs and Nussenzweig, 2017).

In eukaryotes, including yeast and humans, DSBs are predominantly repaired by two
mechanisms: Non-Homologous End Joining (NHEJ), and Homologous Recombination (HR;
Figure 1). NHEJ ligates two DSB ends in a homology independent manner (Emerson and
Bertuch, 2016). Although accurate when re-ligation takes place without DNA processing, NHEJ
can lead to genome alteration by the loss or addition of nucleotides (Tseng et al., 2008), or
chromosomal translocations (Yu and Gabriel, 2004). In contrast, HR uses an intact homologous
donor sequence to reconstitute broken DNA. Typically, use of the homologous sister
chromatid during HR results in faithful DSB repair (Wright et al., 2018). However, transfer of
mutation or loss of heterozygosity can occur if HR is performed between alleles or
heterologous sequences. Although NHEJ and HR are the predominant pathways used for DSB
repair, other less faithful mechanisms are observed. If NHEJ is compromised, repair by
Alternative End Joining (a-EJ) pathways can take place. For example, repair by
Microhomology-Mediated End Joining (MMEJ) is dependent on the annealing of roughly 4-
20bp of microhomology close to both ends of the DSB, which are exposed after limited end
resection, and generates small deletions (Figure 1; Sallmyr and Tomkinson, 2018).
Alternatively, Single Strand Annealing (SSA) can be used for repair if resection unmasks longer
direct homologous repeats, in a process which also removes the genomic sequence which

separated them (Figurel; Sallmyr and Tomkinson, 2018).
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Figure 1. DNA double-strand break repair pathways. DNA double-strand breaks (DSBs) can
be repaired by direct re-ligation of broken ends (non-homologous end joining, NHEJ), or
through using a homologous template (homology-directed repair, HDR). Upon DSB, DNA
damage response factors Ku, MRX, Tell and Rad9 are recruited to the damaged site. For NHEJ,
Lif1, Nej1 and Lig4 are recruited, and broken DNA is re-ligated. HDR requires formation of 3’
single-strand-DNA (ssDNA) overhangs at the DSB site in a process known as resection.
Resection is initiated by the endonuclease activity of Mrel11 upon stimulation by Sae2. Mrel1l
exonuclease activity then generates a small ssDNA overhang. Long-range resection proceeds
due to the activity of the redundant exonucleases Exol and Sgsl/Dna2. The 3’ ssDNA
overhangs are stabilised by replication protein A (RPA). Rad52 mediates replacement of RPA
for Rad51. Typically, resected Rad51-bound DSB ends undergo repair by homologous
recombination (HR). The resultant nucleoprotein filament invades the DNA duplex of the
replicated sister chromatid for use as a template for faithful repair. Although NHEJ and HR are
the canonical DSB repair pathways, other mechanisms are also observed. Repair by
microhomology-mediated end joining (MMEJ) is dependent on short ~2—-20 bp homologous
sequences situated close to the DSB on either side of the break. These short homologous
sequences can anneal with one another, sealing the DSB, but generating small deletions (in
red). Alternatively, unmasking of longer direct homologous repeats (in orange) can lead to
repair by single-strand annealing (SSA), a process that also sees the loss of the genomic

sequence that once separated them (in red; Phipps and Dubrana, 2022).

11



1A) DNA repair prior to resection

NHEJ

Repair by NHEJ is homology independent, and is achieved through assembly of a large protein
complex, which senses, bridges and re-ligates free DNA ends. In yeast and humans, the
Ku70/80 heterodimer is the first protein complex to bind DSBs (Zhang et al., 2007; Wu et al.,
2008). This forms a ring complex and engages DNA in a sequence independent manner
(Mimori and Hardin 1986; Walker et al. 2001). Ku acts both to protect DNA ends from
degradation (Mimitou and Symington, 2010; Shao et al., 2012), and as a landing platform for
recruiting other members of the NHEJ complex (Ma et al., 2004). The structural maintenance
of chromosome (SMC) complex Mre11-Rad50-Xrs2Nst (MRXMRN) also senses and binds DSB
ends shortly after but independently of Ku (Wu et al., 2008).

The NHEJ complex
Other factors responsible for forming the NHEJ synaptic complex and driving the re-ligation

process in yeast are Dnl4YG4-Lif1XRC4 and Nej1*'f, while the recruitment of TellA™ and
Rad9>3fP1 to the DSB site is important for signalling and chromatin modification (Lisby et al.,
2004). MRX is also an essential NHEJ factor in yeast (Chen et al., 2001). Dnl4 contains the ligase
activity for the complex, and is active primarily in canonical NHEJ (cNHEJ; Wilson et al.,1997;
Zhang et al., 2007). Dnl4 interacts with Lif1, which is crucial for stabilisation of Dnl4 (Herrmann
et al., 1998). Interaction between Ku and Dnl4-Lif1 is essential for Dnl4 recruitment and NHEJ
at DSBs (Palmbos et al., 2008). Lifl and Xrs2 of MRX interact, which is also important for Dnl4
stabilisation at DSBs (Matsuzaki et al., 2008). To achieve ligation, ATP binds Dnl4, leading to
auto-adenylation of its active site. Consequently, activated AMP is transferred to the available
5’ phosphate on DNA, and the adjacent 3’ hydroxyl group attacks the bond created by this to
re-ligate the DNA (Ellenberger and Tomkinson, 2008).

Nejl does not interact directly with Dnl4, but instead with Lifl and Ku70 (Deshpande and
Wilson, 2007; Chen and Tomkinson, 2011). It is important for stabilising the NHEJ complex,
and promoting reactivation of Dnl4 following ligation by enhancing deadenylation of the Dnl4
active site (Chen and Tomkinson, 2011). Beyond NHEJ, Nej1 also plays a role in regulating end-
processing factors by inhibiting the interaction between Mrel1 and Sae2, and Sae2 dependent

recruitment of the Dna2 nuclease (Mojumdar et al., 2019; Mojumdar et al., 2022).

12



The yeast NHEJ complex does not include other mammalian NHEJ factors such as Paralogue
of XRCC4 and XLF (PAXX), MRI, Cyren and DNA-PKcs, which in conjunction with Ku forms an
active protein kinase (Tang et al., 2022). Among these, DNA-PKcs appears to play particularly
important roles, including DSB end synapsis (DeFazzio et al., 2002; Chen et al., 2021; Buehl et
al., 2023), and recruiting other factors such as the NHEJ DSB end processing nuclease, Artemis
(Leiber et al., 2003). However, many of these proteins appear to play redundant roles, with
their loss not abolishing the cells ability to perform cNHEJ at some breaks (Gao et al., 1998;

Zhang et al., 2011).

The MRX complex
Structural work from S. pombe MRN originally lead to the conclusion that MRX stoichiometry

consists of two copies of each of the three subunits (M2R2Xz; Schiller et al., 2014; Tisi et al.,
2020; Figure 2A). However, recent Cryo-EM maps of Chaetomium thermophilum (Ct) and
human MRN revealed a stoichiometry of M2R2N1, complicating this prediction (Rotheneder et
al., 2023). Rad50 contains long coiled coil (CC) arms, which separate a globular Walker ATPase
head domain and a hinge-like zinc hook at the apex of the CCs (Hopfner et al., 2002). Rad50
dimerization through the zinc hook, and association between the globular head domains,
generates a large closed ring of approximately 50nm in length (Hopfner et al., 2002). Mrell
and Xrs2 sit near the globular ATPase head domain of Rad50 (Schiller et al., 2014; Rotheneder
et al., 2023). Whereas the Mre11-Rad50 complex exists in most organisms, the Xrs2Nbs!
subunit is exclusive to eukaryotes. Mrell provides both 5’ endonuclease and 3’ exonuclease
activity to the MRX complex (Paull and Gellert, 1998). In its resting state, the catalytic domain
of the Mrell dimer makes many contacts with the Rad50 globular domain, preventing the

nuclease from accessing DNA for cleavage (Kashammer et al., 2019).

Xrs2 is a key regulator of MRX in eukaryotes, and is essential for MRXs import into the nucleus
(Desai-Mehta et al., 2001; Tsukamoto et al., 2005). In its N-terminus, it contains two key
domains, an FHA domain and a BRCT domain, both important for interactions with
phosphorylated proteins (Becker et al., 2006; Callebaut and Mornon, 1997; Sun et al., 1998;
Yu et al., 2003). The Xrs2 C-terminus contains important motifs for its interaction with Mrel1
(Schiller et al., 2014; Tsukamoto et al., 2005), and other factors such as the DNA damage

signalling kinase Tel1A™ (Nakada et al., 2003). The FHA domain promotes interaction with
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other MRX partners including Lif1*“* (Zhang et al., 2007), and Sae2“® (Oh et al., 2016),

important for activation of Mrell nuclease activity.

Stable binding of DNA by MRX is dependent on its ability to hydrolyse ATP, with recent
structural work of Escherichia coli MR showing DNA clamped between Rad50 heads and the
base of the CCs (Figure 2B-C; Kashammer et al., 2019). However, MRX can translocate along
DNA molecules in which DNA ends are blocked, suggesting that alternative binding between
MRX and DNA might be possible (Myler et al., 2017). Alternatively, MRX might assemble as a

complex on DNA itself, circumventing the requirement for unblocked DNA ends.

MRX in NHEJ
In yeast and humans, MRX is important for repair by both cNHEJ and homologous

recombination, through distinct activities and mechanisms. As a cNHEJ factor, MRX modifies
the DSB adjacent chromatin and coordinates the DSB response (Casari et al., 2019).
Furthermore, MRX stabilises the NHEJ complex and tethers DSB ends by physically bridging
either side of the DNA break (Chen et al., 2001; Lobachev et al., 2004). MRX promotes accurate
NHEJ in yeast (lwasaki et al., 2016), and its absence abolishes NHEJ (Chen et al., 2001). In
mammals, the role of MRN in cNHEJ is less clear. Most MRN literature focuses on its role in
DNA damage signalling, through both recruitment of ATM, and the initiation of resection
through its nuclease Mrell (Anand et al., 2016; Uziel et al., 2003). However, a role in both
cNHEJ and a-EJ has been described (Dinklemann et al., 2009; Rass et al., 2009; Xie et al., 2009).
In line with a role in bridging DNA ends, structural studies have demonstrated the ability of
two Rad50 dimers to oligomerize through their apices in both yeast and humans (Kissling et
al., 2022; Rotheneder et al., 2023). Fittingly, human Mrel1-Rad50 was shown to tether short
DNA oligos by atomic force microscopy (AFM; Moreno Herrero et al., 2005); as was also

demonstrated by Cryo-EM in yeast (Kissling et al., 2022).
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Figure 2. MRX Structure and different MR states. A) Schematic representation of the Mrell-
Rad50-Xrs2 (MRXMRN) complex. Rad50 homodimers assemble through interactions in its
Walker ATPase head and Zn hook domains, generating a ring compartment. Two ATP binding
sites are located in the Rad50 heads (grey). Mrel1 binds Rad50, and Xrs2 binds Mrel1 through
domains in its C terminus, completing the complex. B) Structural representation of Escherichia
coli Mrel11-Rad50 globular domain in its resting state (absence of DNA) and cutting state
(presence of DNA). Of note, DNA binding stimulates rotation of the Mrell subunit towards
DNA, whilst liberating the nuclease site for cutting. C) Schematic representation of Mrell-
Rad50 in its resting state with coiled coils separated, and DNA bound state with coiled coils

closed. (Adapted from Kashammer et al., 2019).
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1B) Cell cycle arrest and pathway choice
In yeast and humans, MRXMRN remains essential for proper DNA damage response through

Tel1A™ activation (D’Amours and Jackson, 2001). DSB dependent recruitment of the PI3
kinase Tell leads to phosphorylation of the local histone population to form yH2Ax (Shroff et
al., 2004; Jackson and Bartek, 2009). This identifies the chromatin domain as damaged to
downstream factors, and recruits the adaptor protein Rad9 (Hammet et al., 2007). Tell
phosphorylates Rad9, which negatively regulates DNA resection by inhibiting Dna2/Sgs1
activity (Bonetti et al., 2015). Rad9 also acts as a scaffold for recruitment of effector
checkpoint kinases such as Rad53“"%2 and Chk1"K!, leading to their phosphorylation (Sanchez
et al., 1999; Schwartz et al., 2002; Vialard et al., 1998). DNA damage signalling is handed over
to the P13 kinase Mec1”™ following resection. Formation of ssDNA recruits Mec1-Ddc2A™R" to
DNA damage through interaction with the ssDNA binding RPA (Deshpande et al., 2017; Paciotti
et al., 2000). As such, Mecl is also important for checkpoint activation at stalled replication
forks, and other ssDNA lesions (Friedel et al., 2009). Mec1 also targets many of the same
targets as Tell, including H2A, Chk1, Rad9 and Rad53 (Sanchez et al., 1996; Sanchez et al.,
1999; Sweeney et al., 2005). Whereas Tell dependent phosphorylation is proposed to occur
in cis, Mecl is able to phosphorylate target proteins in trans and has been proposed to reach
its target by 3D diffusion (Li et al., 2020). This assists in the extensive spreading of yH2Ax in
the surrounding 50kb in yeast (Shroff et al., 2004), and 1Mb in humans (Rogakou et al., 1999).
Mecl mediated activation of Rad53 plays an important role in limiting resection, through
phosphorylation and inactivation of Exol (Chappidi et al., 2019), which ultimately prevents
gross chromosomal rearrangements (Xie et al., 2023). Thus, the Tell and Mecl dependent

DNA damage response arrests the cell cycle and is crucial for mediating DNA repair.

In humans, DSBs are also detected by PARP, which is important for PARsylation of the
surrounding histones, further promoting the recruitment of PAR sensing repair factors
(Chaudhuri and Nussenzweig, 2019). Ultimately, DDR, through the action of effector kinases,
is highly regulated to ensure cell cycle arrest until damage is resolved. Subsequent repair
pathway choice is largely defined by the cell cycle stage upon DSB, the condition of the DNA

ends, and the chromatin context of the DSB (below).
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Resection and its initiation
A key determinant of repair pathway choice is the process of resection. Resection involves the

nucleolytic degradation of one of the dsDNA strands, to form a ssDNA 3’ overhang (Cjeka and
Symington, 2021). Once ssDNA is generated, DNA ends are no longer competent for NHEJ and
overhangs are instead used for homology directed repair mechanisms, through pairing with a
homologous sequence (Wright et al., 2018). During HR, the ssDNA overhang forms a
nucleoprotein filament that is used as a guiding sensor to search for and identify a homologous
donor sequence, eventually leading to faithful restoration of chromosome integrity (Wright et
al., 2018). However, if cNHEJ and HR fail, mechanisms such as MMEJ and SSA can be used to
restore genome integrity through simple annealing with other ssDNA direct homologous
repeats (Sfeir and Symington, 2015; Sallmyr and Tomkinson, 2018). Although these pathways

save the chromosome, they are known as error prone due to the deletions that they incur.

Many checks and balances exist to regulate the decision to resect DNA or not. Crucially, the
activity of cell cycle dependent kinases ensure HR is generally restricted to S-G2 phase cells,
ensuring an undamaged donor sequence is present (the recently replicated sister chromatid).
Furthermore, DSB ends produced by ionising radiation cannot be re-ligated without some
level of resection, demonstrating that the condition of DNA ends is important for pathway

choice (Vogt et al., 2023).

Resection initiation at the DSB site is due to the activity of an already present actor at the NHEJ
step, MRXMRN As a HDR factor, MRXM®N jnijtiates resection upon interaction with Sae2¢t?
(Cannavo and Cjeka 2014; Cannavo et al., 2018; Clerici et al., 2005). Short-range resection
removes end protection by Ku, allowing exonucleases access to generate long ssDNA tracts
(Mimitou and Symington, 2010). To do this, Mrel1l endonuclease forms a ssDNA nick typically
60-70bp from a DSB site, which is then processed from 5’ to 3’ towards the DNA end by its
exonuclease activity (Bazzano et al., 2021). Interaction between Mrell and Sae2’ rotates
Mrel1 within the complex, allowing it to cleave DNA (Kashammer et al 2019). Sae2 activity is
negatively regulated in G1 by the absence of Cdkl, which activates Sae2 through
phosphorylation (Yu et al., 2019). This in turn promotes NHEJ and protects heterochromatin
from unscheduled HR (Bordelet et al., 2022). Ultimately, this means that NHEJ is promoted in

G1, and HDR inhibited. Following initial short range resection, the task of unmasking long
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tracts of single-strand DNA is undertaken by the exonucleases Exol and the flap endonuclease

Dna2 with assistance from the helicase Sgs1 (Zhu et al., 2008).

Chromatin context and pathway choice
Breaks induced in different chromatin contexts lead to varied responses to DSBs, supporting

a role of pre-established chromatin marks in DSB repair choice. Indeed, DSB repair pathway
usage and efficiency in various chromatin environments has been addressed. These studies
employ genome-wide analysis of repair in euchromatic DSB sites (Aymard et al., 2014), or the
repair of specific heterochromatic sites (Bordelet et al., 2022; Chiolo et al., 2011; Goodarzi et
al., 2008; Peng and Carpen, 2009; Noon et al., 2010; Lemaitre et al., 2014; Ryu et al., 2015;
Janssen et al., 2016; Tsouroula et al., 2016). The various forms of chromatin interfere with the
recruitment of DSB repair proteins, thus contributing to DSB processing and DNA repair
pathway choice. HR was shown to be the prevalent repair mechanism for endonuclease
induced DSB sites in transcriptionally active genes in human cell lines, while noncoding or
silent euchromatic sequences exhibit a preference for NHEJ (Aymard et al., 2014; Clouaire et
al., 2018). The H3K36me3 histone mark, typical of actively transcribed euchromatin, promotes
HR through the recruitment of the protein LEDGF, which mediates the recruitment of CtIP,
triggering ssDNA formation, Rad51 loading and HR initiation (Aymard et al., 2014; Clouaire et
al., 2015; Pfister et al., 2014). In parallel, the active chromatin mark H4K16-Ac, catalysed by
the TIP60 acetyltransferase, inhibits binding of the anti-resection and pro-NHEJ factor 53BP1,
favouring resection and HR commitment (Tang et al., 2013). In contrast, H3K27me3-
associated heterochromatin and chromatin targeted to the repressive nuclear lamina was

shown to favour NHEJ or alt-NHEJ through an undefined mechanism (Lemaitre et al., 2014).

In S. cerevisiae, Sir3, the mammalian HP1 functional ortholog, suppresses resection initiation
through direct interaction and inhibition of the MRXMRN activator Sae2®” (Bordelet et al.,
2022). The compacted chromatin structure of heterochromatin modulates long-range
resection through a still unknown mechanism (Batté et al., 2017; Bordelet and Dubrana, 2019).
Notably, although delayed by resection inhibition, HR repair is proficient in yeast
heterochromatin. Resection is limited at subtelomeric DSBs (which are heterochromatic),
which avoids loss of chromosome end sequences and favours repair by conservative HR (Batté

et al.,, 2017).
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1C) DNA repair after resection

MMEJ

If DNA resection is initiated at the break site by the Mre11-Sae2®” complex, homologies
present as direct repeats in DSB flanking DNA can be used in multiple ways for repair. Some
of these mechanisms, unlike classical homologous recombination, lead to unfaithful repair,
often presented as deletions. The extent of deletions depends largely on the extent of DNA

resection and the position of the homologies used to seal the break.

In the case of MMEJ, short 3’-ssDNA overhangs of 60-70 bp may unmask short direct repeats
that can be used for repair (Bazzano et al., 2021; Tisi et al., 2020; Cejka and Symington 2021).
MMEJ was first identified in Ku deficient cells and requires >6bp in budding yeast and as little
as 2bp in mammalian cells (Lee and Lee 2007; Koole et al., 2014; He and Yang 2018; Villarreal
et al., 2012). Once direct repeats anneal, the Rad1-Rad10 complex removes the 3’ non-
homologous tail generated by this ectopic alignment (Ma et al., 2003). Flap removal is
followed by DNA synthesis by DNA polymerases Polé and Pol4 in budding yeast (Pol 8 in
mammals; Sallmyr and Tomkinson, 2018). In mammals, ligation then takes place in a primarily
Lig3 dependent manner, however Ligl is also sufficient for some MMEJ reactions (Simsek et
al.,, 2011). Interestingly, a Lig3 ortholog does not exist in yeast. Therefore, it should be

assessed if Ligl is responsible.

HR
If resection proceeds further, longer 3’-ssDNA overhangs are generated that can engage in HR.

Long 3’-ssDNA overhangs are rapidly stabilised by Replication Protein A (RPA), which in turn is
replaced by the Rad51 recombinase via the Rad52 recombinase mediator (Andriuskevicius et
al., 2018). The resulting right-handed helical filament is used for repair by searching for and
invading the homologous donor DNA duplex. This ultimately leads to DNA synthesis and
sealing of the DSB, followed by resolution of intermediate recombination structures (Wright
et al., 2018). As the homologous donor is typically the sister chromatid, this leads to faithful

repair of the damaged site.

Despite work describing the exchange and dynamics of the proteins involved in nucleoprotein

filament (NPF) formation in vitro (Roy et al., 2021), the dynamics and regulation of homology
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search in vivo has traditionally been difficult to follow. However, various groups have now
successfully begun investigating these properties in a range of bacterial and eukaryotic
systems (Wiktor et al., 2021; Horikoshi et al., 2021; Liu et al., 2023; Chimthanawala et al.,
2022).

A recent budding yeast study used a functional fluorescent Rad51 tag to provide important
insights into the characteristics and behaviour of the Rad51 NPF in vivo (Liu et al., 2023). After
as little as two hours, induction of a single DSB frequently resulted in the formation of
strikingly long Rad51 filaments, sometimes exceeding the diameter of the yeast G1 nucleus
(2um; Hozé et al.,, 2013). Rad51 enrichment around DSBs correlated with the level of
resection, indicating that a 1um filament corresponds to roughly 2kb of ssDNA (Liu et al.,
2023). Crucially, only one filament per DSB was described, demonstrating that the ssDNA from
either side of the DSB remains aligned. These filaments were able to go through cycles of
contraction and elongation, in multiple directions, allowing the Rad51 filament to explore vast

areas of the nucleus in search of a homologous donor sequence.

Ultimately, this work demonstrates that homology search in yeast is an active process, and
does not exclusively rely on passive diffusion of the NPF through the nuclear space.
Interestingly, DSB dependent increase in mobility of homologous donor sequences has also
been demonstrated, coupled with reduced nucleosome occupancy and chromosome
decompaction through INO80 dependent remodelling (Cheblal et al., 2020; Hauer et al., 2017).
If this represents a mechanism for homology identification or facilitates strand invasion

remains to be deciphered.

Beyond the NPF, an increasing number of studies have highlighted the contribution of higher-
order chromosome organization to DNA damage signalling and repair. The successive layers
of genome folding—from topologically associated domains (TADs), TAD cliques,
compartments and whole chromosome territories, as well as chromosome positioning within
the nucleus—each constrain contacts between genomic sequences. These structures also
regulate HR, which is highly dependent on contact between the damaged DNA and the

homologous template (Bordelet and Dubrana; 2019; Dumont et al., 2023).
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SSA
Long-range resection on either side of the DSB may also unmask longer direct repeats that,

unlike MMEJ, anneal in a Rad52 dependent manner to mediate repair by SSA (Mortensen et
al.,, 1996; Reddy et al., 1997; Ivanov et al., 1996). Resolution of SSA intermediates is also
achieved by Rad1-Rad10 cleavage of 3’ non-homologous tails (Ma et al., 2003; Decottignies et
al., 2007), before ligation by unknown ligases. This pathway does not require the invasion of

a donor DNA duplex, and is therefore Rad51 independent.
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2) DNA DSB end-tethering — Keeping two DNA ends together
Bringing two DNA ends together for DSB repair is one of the first and most crucial steps in the

DSB repair process. If the ends fail to find each other, genome integrity cannot be restored,
and harmful events such as chromosome translocations may occur. As such, ends must be

kept together for both NHEJ and HR.

This is particularly important when considering the dynamic nature of chromatin. A number
of studies have described changes in chromatin motion in response to DNA damage. In S.
cerevisiae, both the damaged DNA site and the whole undamaged genome increase mobility
(Figure 3A; (Dion et al., 2012; Miné-Hattab et al., 2012), with increased DSB motion also
described in Drosophila and mammalian cells (Chiolo et al., 2011; Krawczyk et al., 2012).
Enhanced chromatin movement was first proposed to increase the probability that separated
DSB ends find each other prior to NHEJ (Dimitrova et al., 2008). However, in the absence of
efficient end-tethering, increased movement could drive ectopic repair events between

multiple DSBs.

Numerous studies using in vitro and in vivo assays have tried to decipher how DSB end-
tethering takes place. Recent theoretical work demonstrated that this task is unlikely achieved
through passive diffusion (Yang et al., 2023). Instead, active DSB end tethering mechanisms
have been identified. These studies implicate members of the NHEJ complex using Xenopus
and human proteins (Graham et al., 2016; Zhao et al., 2019), as well as MRX and pathways
involving Exol and ssDNA formation in yeast (Lobachev et al., 2004; Nakai et al., 2011).
Generally, the techniques used highlight DSB end tethering on two levels. The first
concentrates on the synapsis that takes place prior to re-ligation during NHEJ, which tethers
DNA ends on an Angstrom scale (Vogt and He, 2023). The second follows DSB ends in vivo,
demonstrating DSB end-tethering in the nuclear context, and as such represent a larger scale

(Lobachev et al., 2004; Lee et al., 2008; Nakai et al., 2011).
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2A) Tethering by the NHEJ synaptic complex
In yeast and humans, MRXMRN and Ku are two of the factors most rapidly drawn to broken

DNA ends, and both are implicated in DNA DSB end-tethering and cNHEJ. Ku plays a key role
in forming the cNHEJ structure necessary for bridging broken ends and re-ligating DNA (Vogt
and He, 2023). The mammalian and Xenopus NHEJ synaptic complex has been extensively
studied, using both intricate single molecule FRET (smFRET), biochemical assays, and
structural approaches. Using Xenopus egg extracts, an initial long-range complex between two
DNA ends, followed by a short-range synaptic complex was identified (Graham et al., 2016).
Since then, this has been described using human proteins, and various compositions of the

NHEJ complex (Zhao et al., 2019).

The first smFRET assays performed using Xenopus egg extracts described a long range complex
which forms in the presence of Ku, DNA-PKcs, XLF, XRCC4, and LIG4 (Graham et al., 2016). This
transitions to a short-range synaptic complex in which DNA-PKcs is evicted and re-ligation of
DSB ends occurs (Chen et al., 2021). Cryo-EM structures confirmed this, with the distance
between ends defined as 1154, in accordance with the >100A observed by smFRET (Graham
et al., 2016; Chen et al., 2021; Chaplin et al., 2021). LIG4, XRCC4, XLF, were all found alongside
DNA-PKcs in such structures. Other interactions within the complex generate a complex
scaffold across the DSB and include XRCC4-XLF, XRCC4-LIG4 (complex dubbed X4L4, the
flexibility of which allows LIG4 access to DNA ends), and LIG4-Ku70 (Chaplin et al., 2021; Chen
et al., 2021; Hammel et al., 2011; Ropars et al., 2011; Wu et al., 2009). Interestingly PAXX,
generally considered as an accessory factor for NHEJ, stabilises synaptic complex formation
and improves the efficiency of end joining (Tadi et al., 2016; Yano et al., 2011). PAXX overlaps
with the position/role of XLF in the synaptic complex to some degree. Both contain the same
Ku binding motifs, and structures indicate that they interact similarly (Chen et al., 2023; Seif-
El-Dahan et al., 2023). Further evidence they may be redundant for synapsis comes from XLF
deficient Xenopus egg extracts, which form synapsis (Graham et al., 2016). Despite this, PAXX

alone in the absence of XLF does not form a ligation competent complex (Chen et al., 2023).

Interestingly, a structure of DNA-PKcs dimers holding two DNA ends has also been solved,
indicating that the NHEJ scaffolding proteins are non-essential for synapsis (Chaplin et al.,
2021). In addition, although DNA-PKcs is frequently described in these structures, it is not

essential, with X4L4-XLF interactions sufficient for tethering DNA molecules in vitro (Brouwer
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et al., 2016; Graham et al., 2018). Furthermore, DNA-PKcs was not required for synapsis in
SmFRET experiments with human proteins (Zhao et al., 2019). These results imply that the
NHEJ proteins facilitate multiple redundant ways in which it can hold DSBs together. Each
might demonstrate steps along the path to re-ligation, or that different complexes are

required depending on the nature of the DSB.

In summary, the current literature points towards the formation of a long range complex
containing only Ku and DNA-PKcs, which transitions to a long range complex containing XRCC4,
LIG4 and is mediated by XLF or PAXX (Figure 3; Chaplin et al., 2021; Chen et al., 2023; Seif-El-
Dahan et al., 2023). This complex transitions to a short-range synaptic complex without DNA-
PKcs, which is capable of ligation (Figure 3; Chen et al., 2021). How such conformational and
compositional changes are mediated has to be deciphered. Ultimately, in vivo work using
separation of function mutants will be essential for understanding the contribution and

necessity of DNA-PKcs and other NHEJ factors to efficient DSB end tethering and repair.
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Figure 3. Mammalian NHEJ synapsis and re-ligation. A-B) Upon DNA DSB, KU rapidly binds
DNA ends. DNA-PKcs is then recruited to the KU bound DNA ends and forms the DNA-PK
complex with KU. C) Together, DNA-PK dimers form an initial long-range synaptic complex,
bridging the broken DNA molecule. D) Next, XLF, XRCC4 and LIG4 join the long-range synaptic
complex. E) The short-range synaptic complex is formed following autophosphorylation and
ejection of DNA-PKcs, leaving the complex competent for ligation. (Adapted from Chaplin et

al., 2021).
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2B) Tethering by MRX
Strikingly, DNA-PKcs, which has been the focus of many studies in human NHEJ synapsis, is not

present in budding yeast. DNA-PKcs is dispensable for repair of nuclease induced DSBs in
mammals (Gao et al.,1998), but essential for cell survival upon irradiation, which necessitate
processing of DSB ends (Rooney et al., 2002; Riballo et al., 2004). As DNA-PKcs is dispensable
for some end-joining structures, it might be essential for transitioning the synaptic complex to
provide access for processing factors (Buehl et al., 2023). As such, the lack of DNA-PKcs in
yeast might be explained by compensation through other yeast NHEJ factors which can
facilitate these functions. One candidate is the MRX complex, which is a core NHEJ factor in
yeast. Although the same is less clear in humans, MRN’s ability to maintain DNA ends in
proximity has not been tested by smFRET. However, the MRX complex has been shown to play
an early and important role in budding yeast DSB end-tethering (Figure 5; Lobachev et al.,
2004; Lee et al., 2008). In contrast, yeast NHEJ factors Ku and Nej1 play moderate roles in DSB
end-tethering (Rinaldi et al., 2023; Mojumunder et al.,, 2019), and Dnl4 is not required
(Lobachev et al., 2004).

The mechanisms that facilitate the tethering of DSB ends have been characterized in
Saccharomyces cerevisiae using a live-cell fluorescence microscopy approach (Lee et al., 2008;
Lobachev et al., 2004; Kaye et al., 2004; Nakai et al., 2011; Mojumdar et al., 2019). Arrays of
the ectopic Lacl transcription factor binding sequence (LacO) and/or TetR transcription factor
binding sequence (TetO) are positioned either side of an inducible DSB. Using this assay, some
cNHEJ factors have been demonstrated to affect separation of DSB ends. However, the core
members of the synaptic complex as observed in mammalian cells and Xenopus extracts, do
not have the strongest phenotypes. This indicates that in vivo something else keeps DSB ends
in proximity beyond the synaptic complex, potentially facilitating synaptic complex formation

by keeping broken ends in proximity.

These studies demonstrate that MRX is particularly important for early time point end-
tethering, independently of its nuclease activity (Lobachev et al., 2004), and that Exo1l is
important for late time point end-tethering, through its nuclease activity (Nakai et al., 2011).
Double knockout of these two genes leads to increased separation of DSB ends at late time
points, but not at early time points where Exol deficiency has no effect (Nakai et al., 2011).

As such, these two factors appear to act through separate mechanisms to hold DSB ends
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together. Tel1A™ is also important for DSB end-tethering, acting in the same pathway as MRX

likely by stabilising MRX at DSBs (Cassini et al., 2016; Lee et al., 2008).

These observations imply that MRX might play a larger scale role than the NHEJ synaptic
complex in DSB end-tethering. Through grabbing adjacent dsDNA around DSBs, MRX could
keep the two sides of the chromosome in proximity so that the NHEJ synaptic complex can
form. This hypothesis is supported further by observations that MRX is enriched away from
DSBs by ChIP (Cassani et al., 2016; Zhang et al., 2007), the formation of Mrel1 foci at DSB sites
(Lisby et al., 2004), and bridging structures seen between dsDNA and MRXMRN complexes by

electron microscopy (Kissling et al., 2022; Rotheneder et al., 2023).

MRX nuclease activity is dispensable for in vivo DSB end-tethering (Lobachev et al., 2004).
Instead, the ZN-hook domain and ATPase activity of Rad50 are essential, suggesting a physical
bridging mechanism by stably bound MRX dimers (Lobachev et al., 2004). Fittingly, MRXMRN jg
able to oligomerize through interactions between head domains, or the CC/zinc hook region
(Figure 4; Kissling et al.,, 2022; Rotheneder et al., 2023). Dimerization events have been
observed in the presence or absence of DNA using electron microscopy in vitro with yeast
MRX, and Chaetomium thermophilum (Ct) MRN (Kissling et al. 2022; Rotheneder et al., 2023).
The same structures have yet to be solved using human MRN, but would provide insights into

the possibility of the complex playing a similar end-tethering role in humans

Multiple MRX complexes can also oligomerize through Rad50 heads in vitro (Kissling et al.,
2022), with disruption of a Rad50 beta sheet abolishing this property (Kissling et al., 2022).
Loss of Rad50 head oligomerization prevents MRX foci formation following DSB in vivo, and
disrupts the complexes endonuclease activity. In contrast, exonuclease activity is unaffected
in vitro (Kissling et al., 2022). This suggests that clustering of MRX at DSBs may be important
for endonuclease activity. Although this mutant was deficient for repair after
Camptothecin and hydroxyurea DNA damage, its ability to perform DSB end-tethering or NHEJ

was not determined.

Zinc-hook tetramerization is essential for repair of ROS-mediated DNA damage in human cells,
which increases DSBs formed by replication stress (Rotheneder et al., 2023). This indicates
that oligomerization through both Rad50 heads and the zinc hook are required for effective

DNA repair (Kissling et al., 2022; Rotheneder et al., 2023). In line with this, the MR subunits of
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Ct MRN form Velcro like structures with many MR molecules forming large assemblies with
CC-CC and head-head interactions. This correlates with observations that the zinc hook is
required for DSB end tethering in yeast (Lobachev et al., 2004). Interestingly, disrupting CC-CC
dimerization in human cells had less of an effect on HR efficiency than it did on repair of ROS
mediated damage using a comet assay (Rotheneder et al., 2023). This may be due to the apex
mutant still being able to drive resection and downstream repair by HR, despite losing its DSB

end-tethering and NHEJ capacity.

With all of these mutants it is important to consider the effects of such mutations on functions
beyond the targeted disruption. Structural changes may not only affect the dimerization
ability of the complex, but also the stability of the protein, the DNA binding affinity, or the
ability to initiate endonuclease and exonuclease activity. For example, the human Rad50 zinc
hook has now been shown to be important for MRN-DNA binding (He et al., 2012), meaning
loss of end-tethering in this mutant might be due to lack of recruitment to DSBs. As such, these
results should be treated with caution, and appropriate controls for DNA binding, and

nuclease activity should be performed where not previously described.
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Figure 4. in vitro tethering by MRX/N. A) Transmission electron microscopy images and
associated schemes demonstrating ways in which MRX can oligomerize. B) Schematic
representation of Velcro like structures formed between CtMRN complexes. Two DNA
molecules are tethered by direct interactions between MRN head domains, and coiled-coil

apices. (Adapted from Kissling et al., 2022; Rotheneder et al., 2023).
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2C) Exol dependent tethering
Loss of MRX does not completely abolish DSB end tethering in yeast, suggesting multiple

mechanisms or a redundancy between factors (Lobachev et al., 2004). Indeed, tethering of
persistent DSBs also requires Exol and specifically its exonuclease activity (Figure 5; Nakai et
al., 2011). How end-tethering works following end resection is poorly understood. However,
in vivo microscopy based assays in yeast demonstrate that ends remain tethered even as
resection proceeds. This is in agreement with single RPA and Rad52 focus formed per single
DSB (Lisby et al., 2004), and the single Rad51 NPF observed during coordinated homology
search by both sides of an inducible DSB (Liu et al., 2023; Dumont et al., 2023). How alignment
of ssDNA filaments is achieved, and how the adjacent DNA is maintained together in this

context remains to be deciphered.

Rad52 has been proposed as a tethering factor (Kaye et al., 2004), in a different pathway to
MRX, and interestingly presents phase separation properties (Miné-Hattab et al., 2021).
Oligmerization or phase separation of Rad52 could therefore tether Rad52 coated ssDNA. Of
note, Nakai et al. did not look at the effect of RAD52 deletion in the presence or absence of
Exol. If EXO1 deletion in cells lacking Rad52 does not increase end-separation further, it is
likely that these proteins act in the same end-tethering pathway. Lee et al. did not see a
dependence on Rad52 for end tethering, however these experiments were performed in G1

cells in which resection is inhibited.

Interestingly, Sae2 also plays a role in end-tethering, with increased end-separation upon
double deletion with RAD50 (of MRX; Nakai et al., 2011). This provides further evidence that
ssDNA tracts, and not Exol protein interactions per se, are important for DSB end-tethering.
Although Rad52 may play a role in this process, it is unknown if Rad51 shares these same
phase separation properties, and RPA does not (Miné-Hattab et al., 2021), indicating that
tethering of ssDNA ends may require other factors. Furthermore, the 9-1-1 clamp, which sits
at the junction between ssDNA and dsDNA, was recently proposed to tether resected DSB
ends in budding yeast, using chromosome conformation capture techniques (3C; Piazza et al.,

2021).
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Figure 5. Schematic representation of DSB end-tethering pathways in S. cerevisiae. A) Upon
DSB MRX is rapidly bound to DNA ends. In conjunction with Nejl, MRX tether DSB ends,
preventing separation. B) If resection is initiated, a second DSB end-tethering pathway holds
DSB ends together. This depends on Exol and its ability to form ssDNA tracts. However, the

proteins involved in holding ends together in this pathway are unknown.
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2D) Other potential tethering mechanisms
Recent theoretical research has proposed a role for DNA loop extrusion DSB end-tethering

(Yang et al., 2023). Loop extrusion, a property associated with SMC family complexes, has
recently emerged as a conserved mechanism for folding the genome into loops (Yatskevich et
al., 2019). Among SMC complexes, cohesin (comprising Smc1, Smc3, Mcd15¢! and Scc35TA6%/2)
and the Smc5/6 complex are recruited to DNA damage sites in both yeast and mammals
(Sjogren and Nasmyth, 2001; Kim et al., 2002; Strom et al., 2004; De Piccoli et al., 2006; Betts
et al., 2006). In yeast, the loading of cohesin to DSBs involves various factors, including the
cohesin loader Scc2/Scc4, DNA damage factors like MRX, yH2A, Tel1A™, Mec1”™®, and Smc5/6
(Strém et al., 2004, Unal et al., 2004, Lindroos et al., 2006, De Piccolo et al., 2006, McAleenan
et al., 2012). Interestingly, Smc5/6 contains ssDNA binding domains which are important for

DNA repair (Alt et al., 2017), and could explain the importance of ssDNA in DSB end-tethering.

Cohesin is enriched at DSB sites, but also throughout the entire genome. This tightens sister
chromatid cohesion (Strém et al., 2007; Unal et al., 2007; Heidinger-Pauli et al., 2009; Dodson
2009; Kim 2010), locally restricts homology search (Piazza et al., 2021), and aids in DNA
damage checkpoint establishment (Arnould et al., 2021). Given the involvement of cohesin in
DSB response, including restricting translocations (Gelot et al., 2016), the motion of DSB ends
in vivo (Gelot et al., 2018), and its ability to bridge DNA molecules in vitro (Gutierrez-Escribano
et al., 2019), cohesin presents a possible candidate for DSB end-tethering. Of note, cohesin
oligomerization, like seen for MRX, has also been demonstrated, which could provide an
alternative tethering mechanism than cohesin’s ability to form DNA loops (Ryu et al., 2021;
Xiang and Koshland et al., 2021). Cohesin and its roles at DSBs will be explained in detail in

sections 3 and 4.

Other less obvious questions also remain. For example, it is unknown if there is a transient
separation of DNA ends following DSB, or if they somehow constantly stay in proximity. If they
do separate, the time for the ends to come back together, and the mechanism that drives the
attraction are unknown. It is also important to consider DSB in the context of the chromatin
fibre, if a DSB occurs whilst contained within a nucleosome, can the nucleosome assume a
tethering role? Nucleosomes in the proximity of DSBs are actively remodelled (Karl et al.,

2022), however is this facilitates recruitment of tethering factors is unclear. These questions
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will be technically difficult to answer, but are critical to understanding the in vivo context of

DSB end-tethering.
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3) Cohesin — A genome organising complex
Cohesin is a multiprotein, ring-shaped SMC complex, initially identified in budding yeast, and

conserved in almost all eukaryotes. The complex was first described to hold sister chromatids
together from S-phase to anaphase, entrapping them to ensure equal division of
chromosomes (Figure 6B; Marston, 2014). However, cohesin has increasingly been implicated
in novel functions, including the 3D organization of chromatin by the formation of long-range

intra-chromatid loops (Figure 6C; Zuin et al., 2014; Dauban et al., 2020).

3A) Structure
Various forms of SMC complexes exist in viruses, bacteria and eukaryotes, sharing similar

architecture and DNA related activities (Yatskevich et al., 2019). Each of these share the same
characteristic shape. In S. cerevisiae, cohesin consists of four core and essential subunits. The
SMC proteins Smc1°M¢! and Smc3°M® generate the cohesin ring with the kleisin Scc1 5! (also
known as Mcd1), and Scc3°% is constitutively associated to the kleisin (Figure 6A; Haering et
al., 2002; Gruber et al., 2003; Gligoris and Lowe 2016; Yatskevich et al., 2019). SMC proteins
consist of “head” and “hinge” domains, separated by 50nm long antiparallel coiled-coil arms
(Haering et al., 2002). The coiled coils contain two key features. The elbow is 16nm from the
hinge, and facilitates folding of aligned coiled coils (Burmann et al., 2019). A disruption near
the globular ATPase domain is known as the joint (Diebold-Durand et al., 2017). The head
comprises the N and C terminal domains that respectively provide the A and B motifs of a
Walker ATPase (Hopfner et al., 2000). The hinge is generated where the coiled-coil, which
separates the two halves of the head domain, reverse direction. Smcl and Smc3
heterodimerize through their hinge domains, as well as making contacts through their head
domains, which are essential for ATPase activity (Gligoris and Lowe 2016; Weitzer et al., 2003).
The Sccl subunit binds Smc3 at its N terminal and Smc1 at its C terminal, generating separate
SMC (S) and kleisin (K) compartments when ATPase heads are engaged upon binding of two
ATP molecules (Figure 6D). The Scc3 subunit binds to the central domain of Sccl, completing

the cohesin complex (Gligoris and Lowe 2016, Roig et al., 2014).

Various conformations of the human cohesin complex have been identified by advanced
microscopy techniques, which provide insight into how it facilitates both its sister chromatid

cohesion and loop extrusion functions. These in vitro studies indicate that the Smc1/3 heads

34



can either be engaged, separated or juxtaposed, in a dynamic manner which is regulated by
ATP binding (engaged) and hydrolysis (separated/juxtaposed) (Figure 6D; Yatskevic et al.,
2019; Bauer et al., 2021; Davidson and Peterson, 2021). Engagement of the ATPase heads
upon ATP binding confers a conformation with coiled coil arms separated, generating distinct
S and K compartments (Figure 6A). In the ATP unbound state, ATPase heads can be separated
or juxtaposed. When separated, the coiled coil arms do not align, generating one open SMC-
kleisin (SK) compartment (Figure 6D). In the juxtaposed state, the SMC coiled coils align,
generating a rod shaped complex, in which only a juxtaposed-kleisin compartment is present
(Figure 6D). Alignment of the coiled coil is permissive to bending at an elbow region within the
arms, which can bring the hinge domain into close contact with the Smc3 head domain (Figure

2D; Bauer et al., 2021).
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Figure 6. Cohesin structure and molecular functions. (A) The cohesin complex, shown in the
ATP-bound state, has four core subunits: the structural maintenance of chromosomes
proteins, Smc1 and Smc3, the kleisin Sccl and the kleisin-associating Scc35™¢Y/2, The loading
complex Scc2/4NPBLA/NIPBLB-Mau2 jntaracts with cohesin through Sccl. SMC proteins consist of
ATPase head and hinge domains, and a long antiparallel coiled-coil arm. In the ATP-bound
state, closed SMC (S) and kleisin (K) compartments are observed. (B) Cohesin holds sister
chromatids together from S phase to anaphase. (C) Cohesin forms long-range intrachromatid
loops, likely by a symmetrical extrusion process. (D) Cohesin can exist in multiple
conformations determined by ATP binding (Smc heads engaged) and hydrolysis (Smc heads
juxtaposed/separated). When separated, the coiled-coil arms generate one open SMC—kleisin
(SK) compartment. In the juxtaposed state, the Smc coiled coils align, generating a rod-shaped
complex, with a juxtaposed kleisin (JK) compartment. Alignment of the coiled coil is permissive
to bending at an elbow region within the arms, bringing the hinge domain into close contact

with the Smc3 head domain (Phipps and Dubrana, 2022).
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3B) Auxiliary factors
Associating proteins Scc2/Scc4NPBLA/NIPBLE-Mau2  pgGPDSSA/PDSSB g \Wp|1WAPL 3lso bind to the

complex through the Sccl recruitment platform (Figure 7; Kikuchi et al., 2016; Lee et al., 2016;
Hara et al., 2014). Dynamic interactions with these proteins facilitate cohesin loading and
translocation (Scc2/4), releasing (Wpl1), or in the case of Pds5, counteracts loop expansion
and has a dual role in the establishment and maintenance of sister chromatid cohesion, as
well as releasing through recruiting Wpl1 (Ciosk et al., 2000; Murayama and Uhlmann 2015).
Scc2 and Pds5 have a characteristic hook-like shape and HEAT repeats that are also found in
the constitutively kleisin associated Scc3. As such, all three are known as HEAT repeat proteins
Associated with Kleisin (HAWKs). It is described that only two HAWKSs can associate to the
kleisin at any one point (Scc3 and Scc2 or Pds5), and that this composition plays a key role in
regulating cohesin function (Figure 7). Crucially, Scc2 containing complexes are active as
ATPase’s, whereas those containing Pds5 are not (Petela et al.,, 2018). As such, multiple

different populations of cohesin can exist on chromosomes at any one time.

In both yeast and humans, cohesin ATPase activity is negatively regulated by Eco1ESCO1/EscO2
dependent acetylation of Smc3. Ecol is recruited to cohesin through interactions with Pds5
(Chan et al., 2013; Minamino et al., 2015; Noble et al., 2006). Sororin is another cohesin
associated factor, although it is not present in budding yeast. Sororin is common in
multicellular eukaryotes, and is necessary for preventing WAPL mediated releasing of the
cohesin complex (Nishiyama et al., 2010). Sororin is recruited to the cohesin complex through
direct interaction with Pds5, and competes for the same binding site as WAPL (Ouyang et al.,

2016).
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Figure 7. Cohesin and its HAWKs as predicted by Alphafold. In the Absence of ATP, Smc3

and Smc3 heads are not engaged. The kleisin Scc3%A1/5A2 binds to Smc3 through its N-
terminus, and Smcl through its C-terminus. The regions in which cohesin’s HAWKs associate
to the kleisin are highlighted. In the presence of ATP and Scc2, cohesin assumes a folded

state in which it clamps DNA to the Smc3 head. (Adapted from Nasmyth et al., 2023).
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3C) Sister chromatid cohesion - overview
Cohesin is loaded onto chromosomes prior to S phase by Scc2/4 (Ciosk et al., 2000), which

causes a conformational change in the cohesin complex and stimulates its ATPase activity
(Petela et al.,, 2018). When the replication machinery encounters cohesin, it is used to
topologically entrap the newly replicated sister chromatid, in a process known as cohesion
establishment (Figure 8; Srinivasin et al., 2020). This can also be achieved through de novo
loading of cohesin to capture both of the replicating strands (Srinivasin et al., 2020; Minamino
et al., 2023; Murayama et al., 2018). This entrapment keeps sister chromatids together until
cell division, and is protected by Smc3 acetylation (and Sororin in humans; cohesion
maintenance). Cohesin is then completely removed from chromosomes prior to anaphase for
equal division of the replication products between the dividing and daughter cells

(dissociation; Uhlmann et al., 2000; Haering et al., 2008; Ivanov and Nasmyth, 2005).

In humans, cohesin release is regulated by two waves of cohesin dissociation from
chromosomes. In the first wave, cohesin becomes sensitive to WAPL releasing activity due to
inactivation and dissociation of Sororin from Pds5 (Marston, 2014; Peters and Nishiyama
2012). Centromeric cohesin is protected during this initial wave, and is only removed prior to
chromosome segregation and cell division. Cohesin is removed in the second wave through
Sccl cleavage by a cysteine protease, Separase (Marston, 2014; Peters and Nishiyama 2012).
In yeast, cohesive cohesin’s are removed only at the onset of anaphase, through Sccl cleavage

by Esp1l (Separase; Marston, 2014; Peters and Nishiyama 2012).
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Figure 8. Schematic representation of cohesin establishment, maintenance and releasing
to facilitate timely sister chromatid cohesion in humans. Cohesin is loaded on to individual
chromosomes during G1 phase by NIPBL-MAU?2. In a replication coupled process, cohesin
entraps the replicating sister chromatid. The acetyltransferases Escol/2 acetylate cohesin,
preventing its releasing by WAPL. In a first prophase wave of cohesin releasing, chromosome
arm cohesin’s are sensitized to releasing by WAPL. In a second metaphase wave of cohesin
releasing, remaining cohesin complexes are removed from chromosomes following cleavage
by the protease Separase. S. cerevisiae protein names are given in parenthesis. Of note, the
prophase pathway is not present in budding yeast, and cohesin is removed only via the

metaphase pathway. (Adapted from Peters and Nishiyama 2012).
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Sister chromatid cohesion — establishment and maintenance
Two redundant pathways can achieve entrapment of DNA by cohesin (Xu et al.,, 2007;

Srinivasin et al., 2020). The first establishes cohesion by conversion of preloaded cohesin as
replication passes through the cohesin ring (Lengronne et al., 2006; Srinivasin et al., 2020).
Alternatively, cohesin newly captures both the dsDNA synthesized by leading strand
replication, and the ssDNA generated by the lagging strand (de novo capture; Minamino et al.,
2023; Murayama et al., 2018; Srinivasin et al., 2020). These two pathways are not mutually
exclusive, and are genetically separable (Xu et al., 2007). Cohesion by the conversion pathway
requires the replisome associating proteins Chl1, Ctf4, Csm3 and Tof1 (Xu et al., 2007). The de
novo capture pathway requires the replisome associating Ctf18-RFC complex, which loads the
DNA clamp PCNA (Bermudez et al., 2003; Xu et al., 2007). Ablation of either mechanism results
in sister chromatid cohesion defects, which become severe if both pathway are lost (Rolef

Ben-Shahar et al., 2008; Unal et al., 2008; Xu et al., 2007).

Much progress has been made in understanding replication coupled sister chromatid cohesion
(Figure 9). In this instance, a replication coupled process opens the cohesin ring and allows it
to embrace both replication products (Gruber et al., 2006; Collier and Nasmyth 2022;
Minamino et al., 2023). Scc2 and NIPBL are recruited to the replicating chromosome through
a direct interaction with PCNA (Psakhye et al., 2023). Scc2N'*Bt dependent loading depends on
cohesin ATP hydrolysis, which opens the cohesin ring at the hinge interface (Muryama and
Uhlmann, 2014; Petela et al., 2018; Muryama et al., 2018; Srinivasan et al., 2018; Gruber et
al., 2006; Collier and Nasmyth, 2022), although entry though the kleisin-Smc3 interface has
also been reported (Muryama and Uhlman 2015; Higashi et al., 2020). This allows de novo
loading of cohesin on to chromosomes, capturing both replicating strands (Minamino et al.,

2023).

Once loaded, Pds5 bound cohesin stimulates acetylation of Smc3 by the acetyltransferase
Eco1ESCOY/ESCO2 (Npble et al., 2006; Chan et al., 2013). Smc3 acetylation promotes cohesion
maintenance through antagonizing cohesin releasing by Wpl1WAPL (K112 and K113 in yeast,
K105 and K106 in humans; Heidinger-Pauli et al., 2009; Ladurner et al., 2016). Structural
insights have demonstrated that Scc2 binds these two key lysines near the Smc3 ATPase
domain to generate an ATP bound state that grips DNA during cohesin loading (Collier et al.,

2020; Higashi et al., 2020; Shi et al., 2020; Kaushik et al., 2023). Therefore, loading and
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releasing is negatively regulated by acetylation of Smc3, which is recruited to cohesin by Pds5

(Noble et al., 2006; Chan et al., 2013; Kaushik et al., 2023).

As such, the timing of Smc3 acetylation is imperative for ensuring timely opening of the
cohesin ring for establishment of sister chromatid cohesion, and to prevent early cohesin
releasing and sister chromatid separation. Recent work demonstrated that replication coupled
acetylation is not regulated by Ecol post-translational modification or activity of the Smc3
deacetylase (Minamino et al., 2023). Instead, an in vitro reconstitution of DNA replication and
cohesion establishment demonstrated that Ecol interacts with PCNA, through a domain
which is also found in the human ESCO2 (Minamino et al., 2023). Smc3 acetylation was
dependent on active replication, PCNA and Ecol (Minamino et al., 2023). In this case, cohesin
acetylation is not complete immediately after replication, but instead continues to increase

following DNA synthesis (Minamino et al., 2023).

In contrast, the cohesion by conversion pathway establishes cohesion by replication passing
through acetylated Smc3 stabilised cohesins in the absence of Scc2 (Srinivasan et al., 2020).
This was demonstrated in budding yeast using separase resistant cohesin’s loaded onto mini
chromosomes during G2 phase, and following a round of re-replication (Srinivasan et al.,
2020). Converting cohesin associated with un-replicated DNA into cohesive structures
requires Chl1, Ctf4, and Csm3/Tof1 (Srinivasan et al., 2020). Further evidence for this pathway
comes from Smc3 acetylation in humans, where both Escol and Esco2 share roles in cohesion
establishment. Escol acetylates cohesin in a Pds5 dependent but replisome independent
manner, and therefore prior to replication (Minamino et al., 2015). Esco2 on the other hand
requires both PCNA and the MCM helicase of the replication machinery (lvanov et al., 2018;
Yoshimura et al., 2021). Although the yeast observations by Minamino et al. might explain the
role of PCNA for Esco2 dependent cohesion, the importance of the MCM interaction for

acetylation remains less clear.

The chamber within which sister chromatids sit once inside the cohesin complex remains of
debate, with recent evidence suggesting DNA resides in a kleisin sub compartment (Gruber et
al., 2003; Li et al., 2018; Murayama and Uhlmann, 2015; Chappard et al.,2019; Collier and
Nasmyth et al.,2022). Whether the DNA is actively engaged with DNA binding domains within
these compartments is unknown. Many have been shown as essential for loop extrusion

(Bauer et al., 2021), however their role in sister chromatid cohesion remains unclear. A recent
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study demonstrated that disruption of two of these patches inhibited in vitro loop extrusion
activity whilst having little effect of sister chromatid cohesion (Guerin et al., 2023). Therefore,
not all cohesin-DNA interaction are required for establishment and maintenance of sister
chromatid cohesion. Although certain patches are required for cohesion establishment
(Srinivasan et al., 2018), it is possible that these interactions are not required for cohesion

maintenance, or that a redundancy exists.
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Figure 9. Replication coupled establishment of sister chromatid cohesion. Schematic
representation of sister chromatid cohesion establishment at the DNA replication fork in S.
cerevisiae. Cohesin on the double-stranded leading strand captures the adjacent single-
stranded lagging strand DNA. PCNA at flap and nick structures promote Ecol dependent
acetylation of Pds5 containing cohesin, stabilizing sister chromatid cohesion. (Adapted from

Minamino et al., 2023).
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Resolving sister chromatid cohesion
In yeast, protection of cohesive cohesin from Wpl1l releasing is dependent solely on Smc3

acetylation. Once Smc3 is acetylated, this Pds5 bound cohesin population is resistant to
Wpl1WAPL dependent opening of the cohesin ring. Pds5 protects Smc3 from deacetylation by
Hos1HPAC® through G2 phase of the cell cycle, before cohesin is cleaved by Separase at the
onset of anaphase (Beckouet et al., 2010; Borges et al., 2010; Xiong et al., 2010; Chan et al.,
2013; Deardorff, et al., 2012). Cleavage of Sccl by Separase occurs following cell cycle
dependent activation of Cdc5 and the APC complex. This results in phosphorylation of Sccl by
Cdc5, and degradation of the Separase inhibitor Securin by the APC complex (activated by
Cdkl). This removes cohesin from chromosomes, allowing full segregation of sister
chromatids. Smc3 from cleaved cohesin’s is deacetylated by Hos1, while the N and C terminal

fragments of Sccl are degraded (Rao et al., 2001; Beckouet et al., 2016).

In humans, both Smc3 acetylation and Sororin are required for protection from releasing.
Sororin occupies WAPL's binding site with Pds5, preventing WAPL association with the cohesin
complex (Nishiyama et al., 2010). In contrast to yeast, cohesin is removed from chromosomes
in two waves. In the first prophase wave, Sororin is deactivated by Cdkl dependent
phosphorylation. This acts along chromosome arms, but not at centromeres where Sororin is
protected by Shugoshin (Rankin et al., 2005; Nishiyama et al., 2010; Garcia-Nieto et al., 2023).
WAPL binds cohesin in the absence of Sororin, and facilitates releasing through an Scc1-Smc3
interface, leaving only the centromeres connected (Gandhi et al., 2006; Chan et al., 2012). The
second wave, like in yeast, is mediated by Separase dependent cleavage of Sccl, which

removes all remaining cohesin from chromosomes.

Mechanistic insights to Wpl1 dependent releasing
Opening of the Sccl-Smc3 interface was recently described, and requires ATP binding and

Smc1-Smc3 ATPase engagement (Muir et al., 2020). This results in a conformational change
that remodels the coiled-coil domain of Smc3 and disrupts the binding surface for Sccl,
opening the cohesin ring (Muir et al., 2020). The mechanism through which Wpll mediates
cohesin releasing remains unclear. A recent study using AlphaFold structural modeling
provides interesting insights into how this might work. AlphaFold predicts the formation of a

tripartite complex of Wpl1WAPL Scc35TAG and Pds5 that positions Wpl1WAPL such that it
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sequesters Sccl’s N-terminal helices (Figure 10A; Nasmyth et al., 2023). This would prevent
the Sccl N-terminal helices from reengaging with the Smc3 head, resulting in a stable opening

between the Scc1-Smc3 interface, through which DNA could exit the cohesin complex.

Another mechanism by which Pds5 and Wpl1WAPt could mediate the transition between
cohesive and non-cohesive cohesins was proposed in a recent review (Figure 10B; Rowland
and Oldenkamp, 2022). Here the authors consider recent structural data that demonstrate an
interaction between the Pds5 N-terminus and SMC hinge domain, and the Pds5 C-terminus
and Smc3 head domain at the key acetylable lysines (Petela et al., 2021). The authors propose
that maintaining both of these interactions at once would require the cohesin complex to be
in its folded conformation with the elbow bent. In this state, Smc1-Smc3 heads cannot engage
(Bauer et al., 2021). Therefore, ATP binding and head engagement required for opening of the
cohesin ring would not be able to take place (Muir et al., 2020). As Wpl1WAP interacts with the
Pds5 N-terminus (Chan et al., 2012; Ouyang et al., 2016), it could displace the Pds5-hinge
interaction in the absence of Sororin, allowing the SMC arms to elongate, the heads to engage
and the Scc1-Smc3 interface to open. This model provides a satisfactory preliminary step to
Wpl1WAPL mediated ring opening, and it remains feasible that both Wpl1WAPt mediated arm
elongation/head engagement could present a first step in cohesin releasing before the
opening is stabilised by a Wpl1WAPL-Scc1 interaction. However, it should be considered if the

Pds5-hinge interaction is compatible with the presence of Sororin.
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Figure 10. Potential mechanisms for WAPL mediated cohesin releasing. A) Alphafold

predicitions for how WAPL might sequester alpha helices in Sccl’s N-terminus, preventing its
association with Smc3. Holding the Sccl N-terminus would stabilise the opening of the Sccl-
Smc3 interface. Mutations were introduced into the Sccl N-terminus to demonstrate a
potential unfolded form in which alpha helix 1 can embed in WAPL. B) Schematic
representation of how WAPL might disrupt a Pds5 interaction with the cohesin hinge domain.
Disrupting this interaction would allow the coiled-coils to elongate and the Sccl-Smc3

interface to open. (Adapted from Nasmyth et al., 2023; Rowland and Oldenkamp, 2022)
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Protection without Sororin
How budding yeast prevent Wpll dependent releasing in the absence of Sororin has not yet

been demonstrated. However, AlphaFold predicts an interaction between Scc3’s N-terminus
and the surface of Smc3 in which its acetylable residues sit (Nasmyth et al., 2023). Fittingly,
amino acid switches in the same Scc3 surface at D189 and E202 abolish releasing activity by
Wopl1 in vivo (Rowland et al., 2009). Therefore, if Smc3 is acetylated at residues K112 and K113,
and Scc3 interaction with Smc3 at this position is essential for Wpl1l dependent releasing of
cohesin, Smc3 acetylation alone would be sufficient to block interaction with Scc3 and prevent
Wpl1 releasing activity. In humans, Smc3 acetylation alone is not sufficient to protect cohesin
from WAPL induced releasing, instead, acetylation is necessary for Sororin recruitment, and
hence protection from releasing. AlphaFold predicts that Sororin may interact with the Smc3-
Sccl interface to stablise the closed cohesin ring further (Nasmyth et al., 2023). In summary,
acetylation of human Smc3 promotes Sororin-Pds5 interaction, which excludes WAPL and
AlphaFold predicts to stabilise the Scc1-Smc3 interface. In contrast, acetylation of Smc3 in
yeast might protect against Wpl1 releasing activity by inhibiting an interaction between Scc3
and Smc3, which is essential for opening the cohesin ring at the interface between Sccls N-

terminus and Smc3.

Regulating cohesin releasing by complex composition
Scc2/4 containing cohesin complexes are protected from Wpl1WAPL by displacing Pds5, which

facilitates Wpl1WAPL mediated ring opening (Kueng et al. 2006; Sutani et al., 2009; Murayama
and Uhlmann 2015). However, yeast studies have demonstrated that sister chromatid
cohesion is also defective in absence of Pds5. This is partially because Pds5 is required, through
recruitment of Ecol to cohesin and protecting the resultant Smc3 acetylation, for both
establishment and maintenance (Chan et al.,, 2013). This acetylation is important for
counteracting Wpl1, which can also interact with cohesin independently of Pds5 both in vitro
and in vivo (Kueng et al. 2006; Sutani et al., 2009). Despite this, WPL1 deletion in cells
containing a temperature sensitive Pds5 allele (pds5-1) is not sufficient to rescue sister
chromatid cohesion, as is also the case for Wpl1 deletion in cells lacking Ecol (Sutani et al.
2009; Guacci and Koshland 2012). Although it is important to note that Wpl1 deficient cells

presents a modest cohesion defect, it is significantly more severe in pds5-1 cells (Tong and
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Skibbens, 2015). This could be due to opening of the cohesin ring during the ATPase cycle, or

alternative mechanisms for regulating sister chromatid cohesion.

Alternative mechanisms for regulating sister chromatid cohesion
In contrast to WPL1 deletion, ELG1 deletion (which increase PCNA residency on

chromosomes), is able to rescue cohesion in pds5-1 cells, or cells lacking Ecol (Skibbens et al.,
1999; Tong and Skibbens, 2015). As previously described, acetylation of Smc3 stabilises the
closure of the Scc1-Smc3 interface by preventing Scc2/4 binding and opening of the cohesin
ring by ATP hydrolysis (Arumugam et al., 2003; Murayama and Uhlmann, 2015; Beckouet et
al., 2016; Boardman et al., 2023). In addition, this prevents the proposed Scc3-Smc3
interaction required for cohesin releasing (Nasmyth et al., 2023; Rowland et al., 2009). It is
possible that increased PCNA localization (which recruits Ecol to the replicating chromosome;
Minamino et al., 2022) during cohesion establishment in pds5-1 cells rescues Smc3 acetylation
by Ecol. Indeed, Ecol overexpression can rescue survival in pds5-1 cells (Noble et al., 2006),
and Smc3 acetylation is still present, albeit severely reduced, in Pds5 depleted cells (Chan et
al., 2013; Psakhye and Branzei 2021). However, Smc3 acetylation remained low in pds5 elg1
wpl1 triple null cells (Psakhye and Branzei 2021), and this cannot explain how rescue occurs in

Ecol deficient cells.

The ability of ELG1 deletion to rescue survival of cells lacking either Pds5 or Ecol exposes a
pathway that is independent of Smc3 acetylation and Wpl1. Indeed, Scc2 is also recruited to
replicating chromosomes through a PCNA interacting domain (Psakhye et al., 2023). This
interaction is essential for sister chromatid cohesion in the absence of the Chl1 helicase, which
is required for cohesion by the conversion pathway (Srinivasan et al., 2020; Psakhye et al.,
2023). In contrast, Scc2-PCNA interaction is not required for cohesion when only the PCNA
loader Ctf18-RFC is lost, clearly separating these two pathways (Psakhye et al., 2023). By
increasing the replication coupled loading of cohesin on chromosomes, PCNA retention on
DNA may rescue cell viability in Pds5 and Ecol cells, which are sensitive to Wpll dependent
releasing. Crucially, the PCNA-Scc2 interaction is conserved for human PCNA-NIPBL (Psakhye
et al., 2023). Increased PCNA retention also increases recruitment of the Srs2 helicase to

replication forks, which evicts Rad51 from ssDNA. This was demonstrated to further elevate
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levels of cohesin loading (Choudhary et al., 2022), likely due to the increased availability of

ssDNA, which is required for this process (Minamino et al., 2023).

Increased releasing in cells lacking Pds5 could also be explained by its role in preventing
polySUMOlIation of the kleisin subunit, which it achieves in partnership with the SUMO
protease Ulp2 (D’Ambrosio and Lavoie, 2014; Psakhye and Branzei 2021). This would maintain
cohesive cohesin’s on chromosomes through protection from proteasome degradation. The

SUMOligase responsible for Sccl SUMOlylation in this pathway remains to be identified.
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3D) Organising the genome with loops - overview
Eukaryotic genomes are organised at multiple levels, and ultimately exist in a highly folded

state. The first level of chromatin folding consists of the periodic wrapping of the DNA double
helix around a core of histone octamers to form nucleosomal chromatin fibres. These fibres
are further organised into topologically associated domains (TADs), which have defined
boundaries and exhibit increased local interactions within them and decreased interactions
between them (Davidson and Peters, 2021; Sexton et al., 2012). The mammalian genome is
partitioned into a succession of TADs, which range in size from tens of kilobases to 1-2 Mb of
DNA, whereas in yeast, smaller TAD-like structures have been described (50-100 kb in S.

pombe and 5 kb in S. cerevisiae).

Current models propose that cohesin forms TADs by loop extrusion between boundary
proteins such as CTCF in mammals, or CARs (cohesin-associated regions) in yeast (Dauban et
al., 2020; Costatino et al., 2020; Rao et al., 2017; Schwarzer et al., 2017; Wutz et al., 2017).
Cohesin also contributes to the higher-order organisation of TADs, into TAD cliques, in which
increased interactions are observed between distant TADs, in a constitutive or dynamic
manner (Paulsen et al., 2019). The contribution of cohesin to the individualisation of
chromosome domains imposes a constraint on the distance between sequences in the
nucleus. This has explained cohesin’s importance for a broad range of DNA related processes,
which go beyond its role in sister chromatid cohesion. These include regulation of gene
transcription, and significantly, the DNA damage response in both yeast and mammals (Phipps
and Dubrana, 2022). Crucially, this constraint could favour or disfavour contacts between DNA
sequences during DNA repair and modulate both the DNA damage response and outcome (see

Section 4).

Various DNA binding domains throughout the cohesin complex, as well as the loading partner
Scc2NPBL have been shown to be essential for in vitro loop extrusion activity by human cohesin
(Davidson et al., 2019; Bauer et al., 2021). Conformation changes within the cohesin complex
facilitate the passing over of the DNA molecule between DNA binding sites. Although
consensus is building, the full sequence and order of these events remains unclear, with
multiple models being proposed (Bauer et al., 2021; Davidson and Peters, 2021; Dekker et al.,
2023; Shaltiel et al., 2022; Yatskevic et al., 2019).
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Despite this, evidence exists to suggest that cohesin does not form intra-chromosomal DNA
contacts exclusively through loop extrusion, with mutant complexes unable to loop extrude in
vitro still forming cohesin dependent loops in vivo (Guerin et al., 2023). The different ways in
which cohesin may form loops is explored throughout this section, and with strong evidence

for each mechanism, it is reasonable to assume that they are not mutually exclusive.

Other loop extruding SMC complexes
Whereas cohesin primarily organises interphase chromosomes, other loop forming SMC

complexes with distinct functions exist. Notably in eukaryotes, the condensin complex
condenses mitotic chromosomes to facilitate correct segregation upon cell division (Gibcus et
al., 2018; Hirano et al., 2012). Like cohesin, the condensin ring is formed of two SMC proteins
(Smc2 and Smc4), and a kleisin (Brnl; Lee et al., 2020). Unlike cohesin, condensin contains
only two kleisin associating HAWKSs (Ycs4 and Ycgl; Lee et al., 2020). Like cohesin, condensin

is capable of topologically entrapping DNA within its SMC compartment (Tang et al., 2023).

Yeast and humans also contain another loop extruding SMC complex, Smc5/6. The ring is
composed of the SMC proteins Smc5 and Smc6, and the kleisin Nse4 (Taschner et al., 2021).
The Smc5/6 holocomplex is an octamer, with Nsel and Nse3 interacting with the kleisin
(Taschner et al., 2021). Smc5/6 varies from cohesin and condensin in that its associating
factors (kleisin-interacting tandem winged-helix element; Kites) are structurally distinct from
HAWKSs. Instead, Smc5/6 and its associating Kites are closer in composition and structure to
bacterial SMC complexes (Palecek and Gruber, 2015). As such, cohesin and condensin are
likely derived from an ancestral Smc5/6 like complex. Of these three complexes, only Smc5/6
contains enzymatic activity. Its Nsel subunit is a ubiquitin-ligase, and its Nse2/Mms21 subunit,
which interacts with Smc5 CC’s, is a SUMO-ligase (Andrews et al., 2005; Pebernard et al., 2008;
Potts and Yu 2005). Finally, the Nse5 and Nse6 subcomplex appears to modulate ATP
hydrolysis and DNA binding through regulating ATPase activity (Taschner et al., 2021).
Dimerised Smc5/6 hexamers (without Nse5/6) loop extrude symmetrically in vitro, which is
strictly inhibited by Nse5/6 binding (Pradhan et al.,, 2023). Nse5/6 instead favours

translocation of individual Smc5/6 complexes (Pradhan et al., 2023).
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Smc5/6 plays various roles in DNA related processes. However, compared to cohesin and
condensin, its functions remain relatively elusive. To date, it has been implicated in resolving
topological constraints on the genome (Jeppson et al., 2023), and assists in DNA replication
and repair (Agashe et al., 2021; De Piccoli et al., 2006; Tanasie et al., 2022). Bacterial SMC
complexes also form loops as dimers (Liu, Roisné-Hamelin et al., 2022). These organise their
circular genomes and also play important roles in restriction of circular viral DNA, a feature
shared with Smc5/6 (Lioy et al., 2018; Lioy et al., 2021; Liu, Roisné-Hamelin et al., 2022;
Murphy et al., 2016; Yiu et al., 2021).
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Figure 11. Loop extrusion in vitro and cohesin dependent chromosome contacts in vivo. A)
Typical assay demonstrating loop extrusion by human cohesin. DNA attached to a glass slide,
cohesin and its loader are incubated together. A directional flow is applied, and the expansion
of loops in the presence of ATP are observed. Cohesin complexes sit at the base of loops as
they form. B) Chromosome contact maps from Micro-C experiments and the associated
enrichment of Mcd1%¢! in S. cerevisiae. Hotspots of interaction correlate with cohesin ChIP
peaks, and are abolished upon depletion of cohesin complex proteins. (Adapted from

Davidson et al., 2019; Costatino et al., 2020).
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Loop formation by extrusion
Loop extrusion by both the budding yeast and human cohesin complex has been

demonstrated in vitro (Figure 11A; Davidson et al., 2019; Guerin et al., 2023). In these assays,
DNA is attached to a glass slide, incubated with cohesin, ATP and Scc2N'"Bl, and the expansion
of a DNA loop is visualized by microscopy techniques. Before this, conclusions on cohesin’s
ability to form loops were drawn from observations that WAPL depleted human cells
generated super condensed interphase chromosomes (Tedeschi et al., 2013). Hi-C contact
maps then demonstrated long range intra-chromosome contacts, the boundaries of which
correlated with cohesin ChIP peaks, and were lost upon cohesin depletion (Figure 11B; Rao et
al., 2017; Schwarzer et al., 2017; Wutz et al., 2017; Dauban et al., 2020; Costatino et al., 2020).
In vivo evidence for loop extrusion itself then came from the observation that cohesin
dependent loops expand when cohesin residency time is increased or barriers are removed,

by Wpl1WAPL and Pds5 depletion (at centromeres; Dauban et al., 2020; Costatino et al., 2020).

A Perspective in Science synthesizes many of the experimental observations for loop extrusion
by SMC complexes (Figure 12A; Dekker et al., 2023). Loop extrusion has been extensively
studied using cohesin and condensin. The authors propose SMC complexes, which share
similar architecture, use a conserved mechanism. Cohesin and condensin both require ATP
hydrolysis and two HAWKSs for loop extrusion, generating loops at a similar rate of 1kb per
second in a directional manner (Davidson et al., 2019; Ganji et al., 2018). Each round of ATP
hydrolysis induces a step of around 100bp (Ryu et al., 2022), correlating with the ~50nm length

of the SMC complexes themselves. Here, the authors define a new model named reel and seal.

In this model, DNA is not topologically entrapped inside the cohesin ring, based on
observations that a covalently linked cohesin ring can perform loop extrusion (Davidson 2019;
Pradhan et al., 2022). Instead, the HAWK subunits engage the DNA in collaboration with the
kleisin subunit, leading to pseudo-topological entrapment of the DNA inside two newly
formed chambers (Shaltiel et al., 2022). This is coupled with direct DNA-protein interactions
with known DNA binding sites, which are essential for loop extrusion (Shatiel et al., 2022;
Bauer et al., 2021; Guerin et al., 2023). The HAWK closest to the kleisin C-terminus acts as an
anchor, holding onto the DNA as the loop is increased in size during the loop extrusion process.
Upon ATP binding/SMC head engagement, a second contact with the HAWK closest to the
kleisin N terminus clamps DNA onto the SMC ATPase head (Kaushik et al., 2023). ATP binding
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simultaneously elongates the SMC arms, generating an open space inside the SMC ring (Bauer
et al., 2021; Shaltiel et al., 2022; Vazquez Nunez et al., 2021). The force of this conformational
change is believed to induce a power stroke motion that drives DNA into the lumen (Shatiel
et al., 2022), although, if the force of the power-stroke is sufficient to achieve this remains to
be formally demonstrated. Here, DNA still passes into the cohesin ring lumen, despite
interfaces of the ring not opening, by performing a double passage in which the DNA comes

back out in the same direction.

Based on Cryo-EM structures and dynamic AFM imaging of SMC complexes, it is then proposed
that from this elongated position, the hinge grabs a new distal DNA section. ATP hydrolysis
causes the SMC heads to disengage, the non-anchoring kleisin to release from the SMC head,
and the SMC arms to realign (Bauer et al., 2021; Shaltiel et al., 2022; Vazquez Nunez et al.,
2021). This releases the original non-anchored DNA section from the complex, becoming part
of the growing DNA loop. Realignment of the coiled coils simultaneously results in bending at
the elbow, bringing the hinge back towards the SMC heads (Bauer et al., 2021; Blirmann et
al., 2019). The DNA is then passed from the hinge to the non-anchored HAWK and kleisin,
which following ATP binding and head reengagement results in the clamping of the new DNA

section on to the SMC head as the cycle restarts.

Importantly, Shaltiel et al. did not observe the hinge-head interaction (Figure 12B). Instead
they propose that the power-stroke, alongside realignment of the coiled-coils following ATP
hydrolysis, drives the new DNA section into contact with the non-anchoring HAWK and kleisin
in a zipper-like action. Interestingly, a folded structure of Smc5/6 has not yet been identified
(Serrano et al., 2020; Taschner et al., 2021; Yu et al., 2021). If this conformation truly does not
exist, this may favour the zippering model for all SMC complexes, unless different classes of

SMCs use a non-conserved mechanism.

Furthermore, Shaltiel et al. demonstrate that although loading of DNA within the S
compartment is not essential for loop extrusion in vitro, preventing the condensin kleisin-
Smc2 interface from opening in vivo drastically reduces cell viability. As such, it remains
possible that entry of DNA into the S compartment is an important step for condensin
function. However, it remains unclear if this is for loop formation, either through loop
extrusion or another mechanism such as second-DNA capture (Gerguri et al., 2021; Higashi et

al., 2021; Guerin et al., 2023).
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Further discrepancies not explained by this global model for loop extrusion include the
bidirectional nature of cohesin loop extrusion compared to the unidirectional activity of
condensin (Davidson et al., 2019; Ganji et al., 2018). Ultimately, how SMC complexes perform
loop extrusion remains to be fully understood, despite much progress having been made. It
is also possible that loop extrusion by SMC complexes differ slightly in mechanism, with more

work needed to clarify this.
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Structure of SMC complex Putative “reel-and-seal” model for DNA loop extrusion
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Figure 12. Proposed models for loop extrusion by SMC complexes. A) The HAWK subunits
engage DNA in collaboration with the kleisin subunit, pseudotopoligcally entraping DNA inside
two chambers. The HAWK closest to the kleisin C-terminus anchors the complex to DNA. The
HAWK closest to the kleisin N-terminus clamps DNA onto the SMC head upon ATP binding and
head engagement. The SMC arms elongate, generating an open SMC ring. This conformational
change induces a power-stroke motion, driving DNA into the lumen. The hinge grabs a new
distal DNA section, ATP hydrolysis causes the SMC heads to disengage. The non-anchoring
kleisin is released from the SMC head, and the arms realign. The non-anchored DNA is
released, becoming part of the growing DNA loop. Realignment of the coiled-coils results in
elbow folding, bringing the hinge towards the SMC heads. DNA is passed from the hinge to
the non-anchored HAWK and kleisin. ATP binding and head reengagement clamps the new
DNA section to the SMC head as the cycle restarts. B) A model without the hinge-head
interaction. Instead, the power-stroke and coiled-coil realignment is sufficient for bringing the
new DNA section into contact with the non-anchored HAWK and kleisin, in a zipper-like action

(Adapted from Dekker et al., 2023 and Shaltiel et al., 2022).
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Loop extrusion in the chromatin context
To date, in vitro assays have interrogated loop extrusion in the context of naked DNA

(Davidson et al., 2019; Ganiji et al., 2018; Pradhan et al., 2023), or individual nucleosomes (Kim
et al., 2019). However, it is clear from Hi-C experiments that complex chromatin regions are
organised in an SMC dependent manner in vivo (Gassler et al., 2017; Rao et al., 2017; Sanborn
et al., 2015; Schwarzer et al., 2017; Wutz et al., 2017; Dauban et al., 2020; Costatino et al.,
2020). Much progress is required to understand how loop extrusion proceeds in the chromatin
context of the nucleus. If technically feasible, in vitro loop extrusion assays should be modified
to include more complex DNA-protein substrates. This would provide insight into how SMCs
extrude through nucleosomes in the context of euchromatin and heterochromatin. It should
be determined if permissibility to loop extrusion requires the activity of chromatin
remodelling factors. Other biologically relevant questions include how loop extrusion

responds to encountering DNA processing factors such as polymerases.

Loop extrusion through barriers such as nucleosomes, which are relatively small (roughly
11nm diameter) and dynamically remodelled, is easily explained by the model proposed in the
above section. It is harder to reconcile experiments demonstrating that large gold particles of
200nm did not present a barrier to loop extrusion by condensin (Pradhan et al., 2022), as a

double passage of the DNA in and then out of the SMC lumen is still required.

This observation may be explained by the use of Cas9 in tethering the particle to DNA, which
may associate and dissociate with the DNA long enough for the DNA to enter the lumen.
Alternatively, this could be due to the linker between Cas9 and the particle, which could leave
the large particle outside of the SMC ring during this power stroke motion. Incidentally, loop
extrusion by the Escherichia coli SMC complex, WadJET, was shown to be strictly halted by the
covalent linking of large 2.6um particles, but not of those in the 10nm range (Liu, Roisné-
Hamelin et al., 2023). This confirms that some level of passage through the SMC ring likely
takes place during loop extrusion. It will be important to test the ability of covalently linked
particles to stall loop extrusion by condensin, as well as cohesin and Smc5/6. Of note, WadJET
is slightly different to cohesin and condensin, but similar to Smc5/6, in that its kleisin
associating proteins, Kites, vary in structure to HAWKs (Paleck and Gruber, 2015; Wells et al.,

2017). HAWK containing cohesin and condensin complexes could behave differently in the
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presence of covalently linked particles compared to the Kite containing WadJET and

eukaryotic Smc5/6. This would provide important mechanistic and regulatory insights.

Regulating loop extrusion
Loop extrusion activity is dependent on ATPase activity and as such the composition of the

cohesin complex. In yeast, Scc2, Pds5, Wpl1, and Ecol, all play key roles in regulating loop
expansion and accumulation at boundaries (Figure 13; Dauban et al., 2020; Costatino et al.,
2020). Scc2 positively regulates loop expansion by promoting ATPase activity (Davidson et al.,
2019). In contrast, Pds5 negatively regulates loop formation, with its absence expanding loops
compared to wild-type cells, and only the centromere presenting a barrier (Dauban et al.,
2020; Costatino et al., 2020). Genetic analysis demonstrated that this is dependent on both
inhibiting Wpll-mediated releasing activity, and a different Ecol-dependent protection
mechanism (Dauban et al., 2020). Ecol also inhibits loop expansion and mediates loop
positioning. Wpl1 deletion results in strengthening of wild-type cohesin boundaries, indicating
it also negatively regulates cohesin dependent loops, but does not alter cohesin susceptibility
to boundaries (or that cohesin dependent boundaries are not lost; Dauban et al., 2020;

Costatino et al., 2020; Bastié, Chaphard et al., 2023).

Stalling of cohesin at boundaries depends on Smc3 acetylation in yeast (Bastié et al., 2022),
and humans (van Ruiten et al., 2022; Wutz et al., 2020). Fittingly, Smc3 acetylated cohesive
cohesin act as a non-permissive barrier to loop extrusion in yeast (Bastié, Chappel et al., 2023).
Furthermore, in yeast and humans transcriptional activity is proposed to position cohesin at
convergent genes, defining loop boundaries (Busslinger et al., 2017; Glynn et al., 2004; Guerin
et al., 2023; Jeppsson et al., 2022; Lengronne et al., 2004; Ocampo-Hafalla et al., 2016).

Transcription perhaps does this by driving cohesin’s into hotspots (CARs).

In yeast, a Scc1V137K mutation has a super extruding phenotype, similar to that of Pds5
deficiency (Bastié, Chapard et al., 2023). Indeed, this mutant has lost Pds5 binding ability,
whilst maintaining interaction with Scc2 (Chan et al., 2013; Bastié, Chapard et al., 2023; van
Ruiten 2022). As such, this mutant is deficient for Smc3 acetylation and sister chromatid
cohesion, with loops expanding through loss of barriers formed by cohesive cohesin, and

hyperactivity of Scc2 (Bastié et al 2022; Bastié, Chapard et al., 2023). Despite this, Cdc45
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depleted cells, which lack both Smc3 acetylation and a sister chromatid, still form positioned
wild-type like loops (Duaban et al., 2020), confirming that sister chromatid cohesion is not the
only defining factor in loop positioning. This provides further evidence for transcription being

a driving factor in defining loop boundaries in yeast (Jeppsson et al., 2022; Guerin et al., 2023).

In humans, loop formation facilitates interaction between distant enhancers and promoters,
and is stalled by the DNA binding boundary protein CTCF (Hansen, 2020). Interestingly, the
boundary effect of CTCF is dependent on the directionality of the CTCF cohesin interaction
(Fudenberg et al., 2016), indicating that this is the result of a direct interaction between the
two. Indeed, human Shugoshin was recently shown to interact with the same surface of the
Scc1-STAG2 interface as CTCF, indicating an important site for regulating cohesin activity

(Garcia-Nieto et al., 2023).
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Figure 13. Cohesin complex composition regulates loop extrusion activity. Cohesin performs
loop extrusion in the presence of ATP and Scc2. In contrast, loop expansion is prevented by
Pds5-Wpl1l mediated cohesin releasing, or Pds5-Ecol mediated acetylation of Smc3. Loops
expand in the absence of Wpl1, Pds5, and Ecol. (Adapted from Dauban et al., 2020; Bastié et
al., 2022).
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Other models for loop formation
Although loop extrusion by cohesin has been thoroughly demonstrated and is relatively well

characterized, questions remain. These include the in vivo consequences of this mechanism,
if cohesin dependent chromosome contacts are entirely dependent on it, and if cohesin can
work as multimers in vivo. Initial observations that cohesin loop extrusion is bidirectional in
vitro was explained by extrusion through cohesin dimers, each acting in opposite directions
(Davidson et al., 2019; Golfier et al., 2020; Kim et al., 2019). However, directional switching of
cohesin monomers whilst extruding has also been observed (Davidson et al., 2023). These
results suggest that cohesin might be able to switch the DNA anchor point between the two

HAWKSs, in order to change direction (Dekker et al., 2023).

Another possible explanation for bidirectional loop expansion could be based on a different
mechanism for loop formation. One such model predicts expansion by Brownian motion and
cycles of SMC-DNA capture (Gerguri et al.,2021; Higashi et al., 2021; Guerin et al., 2023). In
this model, the mobile chromosome moves into proximity at two distant DNA loci, and SMC
complexes already present at one of these loci captures the other DNA section (Guerin et al.,
2023). The DNA loop could then be held by a gripping state in which the SMC complex is bent
at the elbow (Higashi et al. 2021). Cycles of cohesin capture and release, and DNA related

process such as transcription, would result in expansion of the loop.

Direct evidence that cohesin-DNA capture and loop extrusion might co-exist came recently
(Guerin et al., 2023). This study characterized cohesin mutants that are unable to extrude DNA
loops in vitro, but are sufficient for sister chromatid cohesion and maintain cohesin dependent
intra-chromosomal contacts in vivo (Guerin et al., 2023). Indeed both mechanisms might be
physiologically relevant for chromosome conformation, with tight regulation depending on
the required result. For example, a condensin loop capture mechanism could present a
challenge to dividing cells during anaphase. If condensin does form loops through such a
mechanism, one may imagine that erroneous capture of the sister chromatid during
chromosome condensation would re-establish some level of sister cohesion and hinder

correct chromosome segregation.

Another possibility instead of capturing a distant DNA section is that cohesin’s bound at two

distinct loci bridge the DNA sections through cohesin-cohesin interactions (Xiang and
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Koshland et al.,, 2021; Ryu et al., 2021). Ultimately, loop expansion does not have to be

exclusive to any of these models, and indeed, evidence for each exists.

3E) Cohesin oligomerization
Beyond loop extrusion, in vitro studies have demonstrated the ability of budding yeast cohesin

to bridge and compact DNA molecules through cohesin-cohesin interactions (Gutierrez et al.,
2019; Xiang and Koshland, 2021; Ryu et al., 2021). Although not yet observed for human
cohesin, yeast cohesin forms molecular condensates in vitro upon interactions with DNA,
leading to pronounced clustering (Figure 14; Ryu et al., 2021). Furthermore, recent work using
budding yeast has also demonstrated the formation of cohesin clusters in vivo, through a
proximity ligation assay (Xiand and Koshland, 2021). The biological significance of these
observations remains to be demonstrated. However, recent Cryo-EM observations of budding
yeast MRX revealed it shares an ability to form condensates, which are proposed to be
important for its role in DSB end-tethering and DNA damage signalling. Crucially responsible
protein motifs were identified (Kissling et al., 2021). Whether these motifs in Rad50 are

conserved in cohesin and are relevant for their clustering activity remains to be determined.

Despite evidence for cohesin working as a monomer, cohesin dimerization/oligomerization
has been proposed as a potential method for sister chromatid cohesion and other cohesin
processes (Zhang and Pati, 2009; Xiang and Koshland, 2021). The evidence for cohesin working
as oligomers is mounting. Early evidence came with regards to sister chromatid cohesion. TEM
analysis of minichromosomes purified from M phase yeast cells revealed rod like structures
that appeared to tether chromosomes through tetrameric coiled coil structures (Surcel et al.,
2008). Furthermore, two studies noted interaction between Smc1-Smc3-Sccl and STAGS*3
from different complexes (Zhang et al., 2008; Zhang and Pati, 2009). Dimerization between
STAG®3 is important for Scc1-Sccl interactions in humans by Co-IP, yeast two hybrid and
FRET, with STAG binding motif mutations reducing this interaction (Zhang et al., 2013). This
led to the handcuff model of sister chromatid cohesion being proposed, through two cohesin’s

individually loaded on to each sister chromatid interacting.

Evidence for cohesin oligomerization developed further recently, in a yeast study monitoring

proximity ligation of biotin to differentially tagged domains of the Smc3 protein (Xiang and
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Koshland 2021). To do this, the authors expressed two copies of Smc3, each containing either
an Avi-tag or the biotinylating BirA on different Smc3 domains. Biotinylation of the tag
occurred from S-M phase, and demonstrated Smc3 head-head or head-hinge contacts. This
peaked in the S phase, and was also present in G2/M, but crucially, not in G1 when Sccl is not
expressed. This study identified a dependence on Pds5 and Sccl, but not Ecol, indicating Smc3

acetylation is non-essential. Importantly, all of the interactions are detected in vivo.

Another recent study described budding yeast cohesin oligomerization in vitro using AFM,
demonstrating bridging induced phase separation of cohesin (Ryu et al., 2021). Cohesin and
DNA incubated together created large clusters with physical properties similar to droplets,
including the way they form, and their exchange with the environment. Whilst interactions
between a few cohesin’s were observed, droplets containing many cohesin’s (700-1500), were
also common. How relevant these observations are for the in vivo context remains to be
determined, but this demonstrates that the physical properties exist. Treatment of yeast cells
with hexanediol, which disrupts weak hydrophobic protein-protein interactions and cohesin
oligomerization, decreased cohesin enrichment on chromosomes (Ryu et al., 2021). Crucially,
this did not fully abolish cohesin residency on chromosomes. This could be explained by
presence of a hexanediol resistant population of topologically loaded cohesin’s, alongside a

hexanediol sensitive population of non-topologically loaded cohesin’s.

Interestingly, a body of literature is also accumulating for clustering of condensin. A
theoretical study proposed that condensin loop extrusion alone is not sufficient to reproduce
observed levels of mitotic chromosome condensation (Sakai et al., 2018; Gerguri et al., 2021;
Forte et al., 2024). Furthermore, the authors demonstrate that with bridging condensin’s such
as those observed for cohesin by Ryu et al., and Xiang and Koshland, these characteristics can
be reproduced. Strikingly, condensin clusters have also been visualized on budding yeast and

Xenopus mitotic chromosomes in vivo (Gerguri et al., 2021; Kinoshita et al., 2022).
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Figure 14. In vitro cohesin oligomerization forms pronounced DNA-cohesin clusters.

Representative AFM images of S. cerevisiae cohesin bridging-induced phase separation in the
presence of different length DNA. Images include representation of DNA bridging by a single
cohesin, to pronounced clustering by many cohesin’s. Schematic representation of bridging
induced phase separation below. As the local concentration of DNA increase, more cohesin
complexes bind this region, leading to the formation of a large DNA/cohesin droplet. (Adapted

from Ryu et al., 2021).
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4A) Cohesin and repair
With the emerging importance of cohesin in shaping the genome by loop formation, new

aspects of cohesin contribution to DNA damage signalling and repair are appearing. A role for
cohesin in DNA repair was in fact discovered before its well described role in sister chromatid
cohesion, with the S. pombe Rad21%“! gene providing resistance to ionizing radiation
(Birkenbihl and Subramani, 1992). Since then, cohesin is increasingly implicated in DNA
damage repair. Its function in repair was first linked to its capacity to maintain sister chromatid
cohesion at the DSB site to facilitate HR. Cohesin has also been proposed to regulate NHEJ in
both yeast and human cells (Schar et al., 2004; Gelot et al., 2016). However, loop formation
by cohesin also regulates the DNA damage response and constrains homology search during

HR (Arnould et al., 2021; Piazza et al., 2021).

Studies in yeast and mammals have demonstrated that cohesin is recruited to DSB sites (Caron
etal., 2012; Unal et al., 2004; Strom et al., 2004; Potts et al., 2006), but how cohesin is enriched
and regulated at DSBs remains to be fully described. In yeast and humans, the cohesin loading
complex Scc2/4NIPBL-Mau2 js essential for the enrichment of cohesin at DSBs. However, as
Scc2/4NPBLMaw2 s required for loop extrusion and cohesion establishment (Davidson et al.,
2019; Guerin et al., 2023; Minamino et al., 2015), it is not clear if de novo cohesin loading or
rearrangement of pre-loaded cohesin’s through loop extrusion is responsible (Arnould et al.,
2021; Strom et al., 2004; Unal et al., 2004). Strikingly, key components of the DNA damage
checkpoint are important for recruitment of cohesin to DSBs. MRXMRN and the Tel1A™ kinase
are required both in yeast and humans (Unal et al., 2004, Arnould et al., 2021), and yH2AX,
the Mec1”™, and Chk1 kinases are also important for cohesin enrichment at DSB in yeast (Unal
et al., 2004). SUMOylation of the cohesin subunit Sccl by the SUMO ligase Mms21
(Mms21/Nse2 in humans) also assists the recruitment of cohesin at yeast DSBs (McAleenan et
al., 2012). Cohesin binding at DSBs is kept in check by the SUMO-dependent ubiquitin ligase

Uls1, whose absence increases MRX and cohesin levels at DSB (Cheblal et al., 2020).
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4B) Smc5/6 at DNA DSBs
The Mms21 SUMO ligase is itself recruited to DSBs by the Smc5/6 complex (Andrews et al.,

2005). Smc5/6 was originally identified in S. pombe in genetic screens probing for increased
radiation sensitivity (Fousteri and Lehmann, 2000). Smc5/6 monomers and the holistic
complex including Mms21 have ssDNA binding affinity, through novel and unique hub and
latch domains not found in the other SMC family proteins (Alt et al., 2017). Like cohesin,
Smc5/6 is enriched in the 50kb region flanking the DSB (DePiccoli et al., 2006; Betts Lindros et
al., 2006). Furthermore, knockdown (KD) of the Smc5/6 complex was shown to reduce cohesin
loading at DSB (Potts et al., 2006). Crucially, KD of cohesin alone, or together with Smc5/6,
resulted in the same reduction in HR events by sister chromatid exchange, indicating that
these two complexes act in the same DNA repair pathway (Potts et al., 2006). These
observations may suggest that the Smc5/6 complex acts as a sensor for DSB ends, leading to

the recruitment of the cohesin complex to the DSB.

How Smc5/6 senses DSB ends is unknown. One hypothesis is that ssDNA formed by resection
is detected through the Smc5/6 ssDNA binding motifs (Alt et al., 2017). Another mechanism
could be linked to the deposition of yH2AX in the DSB adjacent chromatin. Indeed, Rtt107, a
YH2AX binding protein with which Smc5/6 can interact, is necessary for its enrichment at DSBs
(Leung et al., 2011; Leung et al., 2016). The full functional role Smc5/6 plays in DNA repair
remains unclear, including the mechanism by which it leads to cohesin recruitment.
Furthermore, it is possible that Smc5/6 plays roles beyond cohesin recruitment, as
demonstrated by the importance of the SUMOylation activity of its Nse2 subunit for relocation
of heterochromatic DSBs in Drosophila (Ryu et al., 2015), and DSB interaction with the nuclear
periphery in yeast (Horigome et al., 2016). Whether cohesin is also relevant to these responses

remains to be tested.

Smc5/6 is also a loop extruding complex in vitro, with important functions in correcting
topological stress on the chromosome (Pradhan et al., 2023; Jeppsson et al., 2023). If this
function could somehow play a role in DSB repair remains to be investigated. However,
cohesin depletion alone abolishes yH2Ax spreading in mammalian cells, demonstrating that
Smc5/6 and its loop extrusion capacities are not sufficient for this function (Arnould et al.,

2021).
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4C) Cohesin loop extrusion and repair
Multiple observations demonstrate that sister chromatid cohesion is not cohesin’s exclusive

role in DSB repair. For example, Scc2 dependent cohesin enrichment is required for efficient
repair of DSBs formed in G2/M blocked cells in which sister chromatid cohesion is maintained
by S phase cohesin (as well as an MRX dependent mechanism; Strom et al., 2004; Potts et al.,

2006; Seeber et al., 2016).

More recently, cohesin dependent loop extrusion has been implicated in DSB signalling and
repair. One of the first signalling events following DSB induction is the phosphorylation of H2A
(yH2AX in mammals) by the P13-kinases Tel1A™, Mec1A™ and DNA-PK (in mammals) (Jackson
and Bartek, 2009; Shroff et al., 2004). yH2AX can spread over 50-100kb in yeast (Lee et al.,
2014; Shroff et al., 2004), and 1-2 Mb of the adjacent chromatin in mammals (Berkovich et al.,
2007; lacovoni et al., 2010), while the kinases appear to be bound close to the DSB ends.
Recent studies in human cells have demonstrated that cohesin dependent TADs are functional
units of the DNA damage response, through yH2AX spreading (Arnould et al., 2021; Collins et
al., 2020). Hi-C and ChIP-seq data have demonstrated that contacts between the DSB site and
distant cis chromosome loci are important for establishing yH2AX domains, with the
interactome of the break site correlating strongly with the density and spread of yH2AX
(Collins et al., 2020). These domains are largely defined to TADs, with TAD disruption
extending yH2AX spreading (Collins et al., 2020). Furthermore, DSB sites act as a cohesin
translocation roadblock in yeast and humans (Arnould et al., 2021; Piazza et al., 2021), with
cohesin extruding loops away from DSB sites. Therefore, a role for cohesin loop extrusion
activity in yH2AX spreading could be imagined, beyond its role in defining TADs (Arnould et
al., 2021). These observations support a model in which cohesin complexes, anchored at DSB
ends where the kinase is located, facilitate phosphorylation of H2Ax as chromatin passes
through the cohesin ring during loop extrusion (Figure 15B). Interestingly, yH2Ax spreading
was not exclusively correlated with individual TADs, with trans spreading in yeast occurring in
a cohesin dependent manner, in this context, a cohesin-DNA capture mechanism may come

into play (Lee et al., 2014).

Cohesin loops also favours repair with proximal DNA sequences by restricting chromosome
interactions and possibly DSB motion. Indeed, the interactome around a DSB is altered in

absence of cohesin, resulting in increased genome wide contacts (Figure 15C; Piazza et al.,
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2021). Furthermore, cohesin depletion increases DSB movement beyond the heightened
movement observed at DSB sites in wid-type (WT) yeast cells (Figure 15A; Cheblal et al., 2020).
Together this data highlights the contribution of DSB bound cohesin. Cohesin drives contacts
between DSB ends and proximal sequences through loop extrusion, participating in DNA
damage signalling by yH2AX spreading and promoting intra-chromosomal repair. Cohesin also
restrains DSB motion, restricting trans interactions, further favouring repair with proximal
sequences. Of note, loss of both loops and sister chromatid cohesion could contribute to

increased motion and inter-chromosomal interactions.

4D) DDR and movement of DSBs into domains
Interestingly, in mammalian cells, cohesin has been shown to play a key role in driving DSBs

into DNA damage domains. Recent literature has demonstrated how DSB dependent
localisation of ATM to DSBs stimulates cohesin dependent loop extrusion at DSB sites, which
act as a barrier to loop extrusion, and that this loop extrusion activity drives further ATM
dependent spreading of yH2Ax (Arnould 2021). This leads to clustering of damaged TADs in
humans, in a 53BP1 dependent manner (Arnould et al., 2023), which has phase separation
properties and forms condensates (Kilic et al., 2019). In this pathway, phosphorylation of the
acetyltransferase ESCO2 by ATM results in recruitment of the MDC1 scaffold to DSB sites,
which in turn acetylates SMC3 and stabilises cohesin at DSBs (Fu et al., 2023). This ultimately
leading to 53BP1 recruitment and the formation of the 53BP1 DNA damage micro domains
(Fu et al., 2023). Such domains might be important for increasing repair efficiency by
concentrating DNA repair factors. However, moving DSB ends into specific DNA damage
domains could also have deleterious side effects. For example, this could facilitate illegitimate
joining of DNA ends from different DSBs by NHEJ, resulting in harmful translocations (Arnould
et al., 2023; Gelot et al., 2016). In yeast, DSBs are known to localise to the nuclear periphery
in a SUMO dependent manner (Nagai et al., 2008). Whether cohesin activity is also an
important factor in driving the required chromatin modification for nuclear periphery

localisation should be studied.
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4E) V(D)J recombination
Loop extrusion by the cohesin complex has also been implicated in the random rearrangement

of antibody gene segments of the mouse immune system through a repair process named
V(D)) (for a detailed review see (Peters, 2021). V(D)J recombination is triggered by the
programmed formation of DSBs by the RAG endonuclease, and results in repair between
distant sequences arranged in tandem. Segments destined for rearrangement are
interspersed by CTCF sites, which Hi-C data has revealed act as loop anchors and boundaries,
limiting contacts and repair between more distant segments (Ba et al., 2020, Dai et al., 2021).
Further supporting a functional role for loop extrusion, depletion of cohesin reduces long-
range interactions and recombination between distal segments (Ba et al., 2020), whereas
down regulation of WAPL, and thus increasing the size of cohesin-mediated loops, favours
repair between more distant segments (Hill et al., 2020). Indeed, loop extrusion by cohesin
appears to favour intra-chromosomal DNA repair between proximal sequences (Piazza et al.,

2021; Dumont et al., 2023).

4F) Chromosome individualization
In addition, enhanced genome wide loading of cohesin could mediate the individualization of

chromosomes, therefore disfavouring ectopic repair events (Piazza et al., 2021). Indeed, Hi-C
experiments upon HO induced DSB in S. cerevisiae demonstrated that HR repair occurs in a
chromatin context spatially shaped at the global level by cohesin (Piazza et al., 2021). Whether
this relies on pre-existing or de novo loaded cohesin remains to be determined. Cohesin
appears to mediate chromosome individualization, reducing overall inter-chromosomal
interactions which may also restrain the homology search process and promote cis dsDNA
sampling (Figure 15C; Piazza et al., 2021). Accordingly, cohesin depletion increases DSB
contacts and favours recombination with the rest of the genome (Piazza et al.,, 2021).
Importantly, biasing the homology search in cis may safeguard the genome against genome
instability by preventing gross chromosomal rearrangements. However, this may also have

the negative effect of biasing ectopic repair events such as SSA.

4G) Sister chromatid cohesion and repair
Cohesin enrichment is also enhanced genome-wide in response to DSB induction (Strom et

al.,, 2007; Unal et al., 2007). In yeast, this enrichment at undamaged sites globally tightens
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sister chromatid cohesion (Heidinger-Pauli et al., 2009; Unal et al., 2007). Like establishment
of S phase cohesion, DSB induced global cohesin loading relies on Scc2/4, Ecol mediated Smc3
acetylation and cohesin SUMOylation (McAleenan et al., 2012; Almedawar et al., 2012).
Additionally, DSB induced phosphorylation of Sccl by the Chk1 checkpoint kinase is required
to allow subsequent Smc3 acetylation by Ecol (Heidinger-Pauli et al., 2009; Heidinger-Pauli et
al., 2008). DSB induced cohesin stabilisation may act redundantly with the Chkl mediated
phosphorylation and stabilization of Pds5, antagonizing the activity of the Espl Separase to
delay the metaphase-anaphase transition. In line with this, cohesin accumulates on chromatin
upon formation of DSBs (Arnould et al., 2021; Potts et al., 2006; Bekker-Jensen et al., 2006),
and is involved in the DNA damage-induced intra-S and G2/M checkpoint activation in human

cells (Watrin and Peters, 2009).

4H) Cohesin in meiosis
Cohesin is also required for another fundamental cellular process — meiosis (Borner et al.,

2023). In this context a meiosis specific cohesin complex is formed, which replaces the kleisin
Sccl with Rec8 (Watanabe and Nurse, 1999). During meiosis, cohesin is essential for axial
element formation (Klein et al., 1999). With cohesin enriched at meiosis specific loop
boundaries (Schalbetter et al.,, 2019). This process is essential for proper meiotic
recombination, in a process that involves controlled DSB formation and recombination
(Borner et al., 2023). Importantly, cohesin promotes inter homolog recombination, as
opposed to inter sister recombination, promoting crossing over between homolog pairs
(Borner et al., 2023). In contrast, the Smc5/6 complex is important for resolving crossover

products (Copsey et al., 2013; Lilienthal et al., 2013; Xaver et al., 2013).
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Figure 15. Cohesin contributes to DNA damage signaling and repair. (A) Cohesion of sister
chromatids restricts chromatin mobility. Cohesin also restricts chromatin mobility in response
to DNA damage, with the nuclear volume explored by DSB ends increasing upon cohesin
disruption. (B) Cohesin dependent TADs are functional units of the DNA damage response,
through yH2Ax spreading. Loop-extrusion activity away from a DSB site drives yH2Ax
spreading by the PI3 kinase ATM, allowing the establishment of yH2Ax domains. (C) Genome-
wide loading of cohesin upon DSB leads to the individualization of chromosomes. Loss of
cohesin leads to an increase in interchromosomal interactions and decrease in cis dsDNA
sampling. Individualization of chromosomes may disfavour ectopic repair events by
restraining the homology search process. Preventing interchromosome recombination
demonstrates a key role for cohesin in safeguarding the genome against genome instability.

(Phipps and Dubrana, 2022).
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41) Cohesin in disease
Ultimately, the importance of cohesin in DNA damage repair can be seen in the human

population through disease. Cohesin mutations present in individuals with Cornelia de Lange
syndrome have been extensively characterized in human cell-lines and budding yeast. These
demonstrated a sensitivity to irradiation, which correlates with errors in sister chromatid
cohesion and loop extrusion (Vrouwe et al. 2007; Revenkova et al. 2009; Bauer et al., 2021;

Kaur et al., 2023).

In most cases, cohesin mutations in cancer are progression rather than initiation events
(Konink and Losada, 2016). Of those that occur, mutations in the kleisin STAG2 effect most of
the cases (Konink and Losada, 2016). Often, these result in loss of STAG2 or presence of a non-
functional protein. In this case, STAG1, which is normally developmentally specific, takes over
(Adane et al., 2021). STAG2 KO cells present longer DNA loops, loss of E-P contacts, and gene
expression misregulation (Adane et al., 2021; Tothova et al., 2021). Replication fork stalling
was also observed, leading to increased R loops and persistence of gH2Ax (Tothova et al.,
2021). Interestingly, changes in expression levels of DNA damage response genes was
observed, and attributed to splicing defects (Wheeler et al., 2022). These DNA damage
response genes were proposed to be particularly sensitive to increased splicing defects due to
their longer than average length. This is interesting, as it demonstrates that cohesin mutations
may also have indirect impacts on the ability of cells to repair DNA damage and cancer

progression.
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Chapter 2: Results
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Results
The results from my doctoral work will be divided into two sections. The first contains my

primary work, in which we identify cohesin as a key player in DNA double-strand break end-
tethering. This finding is particularly important as we detect a mechanism for DSB end-
tethering prior to HDR events that was previously missed. This is in the form of an article,
which was recently published on BioRxiv and is currently out for review at Nature Cell Biology

(https://doi.org/10.1101/2023.11.08.566226).

Some results that did not make it into the final article on cohesin’s role in DSB end-tethering,
but provide important insights into the DSB response in budding yeast, are included after the

article.

Next is a project to which | contributed in collaboration with Stéphane Marcand’s group, which
describes how telomere protein arrays stall loop extrusion by the condensin complex. This is
important due to condensin’s canonical function in condensing mitotic chromosomes. The
absence of a barrier to loop extrusion at telomeres could hinder condensation, with
downstream consequences on chromosome segregation. This article is also published on

BioRxiv, and is currently out for review at Cell (https://doi.org/10.1101/2023.10.29.564563).

My contribution to this project included the construction of the base strain used for the
microscopy experiments in Figure 4, establishment of the pipeline used for the analysis of
these experiments, as well as undertaking and analysing microscopy experiments to finalise
the figure. | also had the pleasure of sharing lab meetings with Stéphane’s group, which led to

many fruitful conversations on this topic and others, to which | am extremely grateful.

| also contributed to the planning of experiments and analysis of microscopy experiments in
another article from Eric Coic’s group, in collaboration with Laurent Maloisel, which were
critical for the revision process. This article, published in PLOS Genetics

(https://doi.org/10.1371/journal.pgen.1010639), describes the key roles of the Rad51

paralogs Rad55 and Rad57 in stabilising the Rad51 filament. Rad55 and Rad57 are thus
important for counteracting error-prone translesion polymerase synthesis at ssDNA gaps and
promoting repair by homologous recombination. This paper is included in the annex of this

thesis.
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Article 1 — Cohesin complex oligomerization maintains end-tethering at DNA double-strand
breaks
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Abstract: DNA double-strand breaks (DSB) must be repaired to ensure genome stability.
Crucially, DSB ends must be kept together for timely repair. In Saccharomyces cerevisiae, two
pathways mediate DSB end-tethering. One employs the Mrel11-Rad50-Xrs2 (MRX) complex to
physically bridge DSB ends. Another requires the conversion of DSB ends into single-strand
DNA (ssDNA) by Exo1, but the bridging proteins are unknown. We uncover that cohesin, its
loader and Smc5/6 act with Exol to tether DSB ends. Remarkably, cohesin specifically
impaired in oligomerization fails to tether DSB ends, revealing a new function for cohesin
oligomerization. In addition to the known importance of sister chromatid cohesion,
microscopy-based microfluidic experiments unveil a new role for cohesin in repair by ensuring
DSB end-tethering. Altogether, our findings demonstrate that oligomerization of cohesin
prevents DSB end separation and promotes DSB repair, revealing a novel mode of action and

role for cohesin in safeguarding genome integrity.
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Main Text:
Introduction

DNA double strand breaks (DSBs) pose a significant threat to genome stability as they disrupt
chromosome integrity. Repair mechanisms, such as NHEJ and homologous recombination are
essential for restoring chromosome continuity by directly rejoining DSB ends or using a donor
homologous template (1). However, before these repair processes can occur, it is imperative
to bring DSB ends together, a task unlikely achieved through passive diffusion (2). Instead,
active DSB end-tethering mechanisms have been identified, and represent a critical step in
preventing joining or recombination events between unrelated chromosome loci, which could

lead to harmful translocations.

The mechanisms that facilitate the tethering of DSB ends were initially characterized in the
budding yeast Saccharomyces cerevisiae (3—5). The MRXMRN complex (Mre11-Rad50-Xrs2NBS?)
is rapidly recruited to DSB ends and plays an early role in end-tethering (3, 5, 6). MRN has
been proposed to serve a similar tethering function, thus preventing translocations in humans
(7-9). In yeast, MRX nuclease activity is dispensable for DSB end-tethering. Instead, the ZN-
hook domain and ATPase activity of Rad50 are essential, suggesting a physical bridging
mechanism by MRX dimers (3). In contrast, during later stages of repair, DSB end-tethering
requires Exol exonuclease activity to reveal single stranded DNA (ssDNA) (4). However, the
proteins responsible for physical bridging of DSB ends during these late stages of repair remain

unidentified.

Recent theoretical research has proposed a role for DNA loops in the tethering of DSB ends
(2). Loop extrusion, a property associated with SMC family complexes, has emerged as a
conserved mechanism for folding the genome (10). Among these SMC complexes, cohesin
(comprising Smc1, Smc3, Mcd15¢! and Scc35™¢%/2) and the Smc5/6 complex are recruited to
DNA damage sites in both yeast and mammals (11-14). In yeast, the loading of cohesin to
DSBs involves various factors, including the cohesin loader Scc2/Scc4, DNA damage factors like
MRX, YH2A, Tel1A™, Mec1”™®, and Smc5/6 (13—17). Cohesin is not only enriched at DSB sites,
but also throughout the entire genome (18—20), contributing to tightening of sister chromatid
cohesion (18, 19, 21-23), locally restricting homology search (24), and aiding in DNA damage

checkpoint establishment (20).
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Given the involvement of cohesin in DSB response (25), its demonstrated ability to bridge DNA
molecules in vitro (26), and the observed gross chromosomal rearrangements and
translocations in cohesin mutants (27), we hypothesized that cohesin and/or Smc5/6 play a

critical role in DSB repair by maintaining proximity between DSB ends.

In this study, we combine genetic and live microscopy-based approaches to demonstrate a
cohesin dependent DSB end-tethering mechanism, involving Exol and Smc5/6. Furthermore,
we show that cohesin compacts DSB adjacent chromatin, beyond compaction observed in
G2/M cells. We expose oligomerization as a key mechanism for both MRX- and cohesin-
dependent tethering through both disruption of protein-protein interactions in response to
hexanediol treatment, and genetic loss of function mutants. Specifically, disruption of cohesin
oligomerization through mutation in the Mcd1°¢“! subunit, maintains compaction at the
vicinity of DSB, but prevents the ability to tether DSB ends. Disruption of oligomerization
between Rad50 heads also leads to loss of MRX dependent DSB end-tethering. Finally, our
real-time microfluidic assay demonstrates that cohesin is essential for efficient repair of DSBs,

through its end-tethering capacity.
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Results
Cohesin Tethers DSB ends

To assess the requirement of cohesin in tethering DSB ends, we developed a microscopy-
based assay in which LacO and TetO repeats were positioned either side of the endogenous
HO endonuclease cleavage site at the MAT locus of Saccharomyces cerevisiae (Fig. 1A; (28)).
Targeted by Lacl-mCherry and TetR-GFP fusion proteins, these arrays allow for visualization of
the regions flanking the DSB site as red and green spots. DSBs were induced by galactose
treatment, which triggers the Gal promoter-controlled expression of the HO endonuclease
(fig. S1A). In individual cells, we distinguished tethering or separation of DSB ends based on
the distance between the spot centers being less than or greater than 400 nm (Fig. 1B). This
threshold was established by quantifying spot separation in the absence of DNA DSB, where
less than 5% of WT cells exhibited spots exceeding 400nm separation (fig. S1B). We confirmed
the assay’s sensitivity to detect the previously described, early MRX-, and late Exo1l-dependent
end-tethering pathways by imaging at 2 hours and 4 hours post-DSB induction. At 2 hours
post-DSB, WT and exolA cells showed less than 10% untethering, while cells lacking Mrell
displayed 31% separation (Fig. 1C). At 4 hours post-DSB, separation remained unchanged in
WT cells but increased to 23% in exo1A cells. Importantly, double deletion of EXO1 and MRE11
led to a significant increase in end separation compared to either single mutation, highlighting

the presence of two pathways of DSB end-tethering (Fig. 1D).

To investigate the role of cohesin in DSB end-tethering, we employed the auxin-induced
degron (AID) system to deplete the cohesin subunit Smcl (29). Following a 1-hour auxin
incubation, Smcl protein levels were substantially reduced and maintained at near
undetectable levels for over 4 hours (fig. S2A). Depletion of Smc1 resulted in the appearance
of cells with separated sister chromatids (Fig. 1E) and impaired cell growth (fig. S2E),
consistent with the essential role of the cohesin complex in sister chromatid cohesion. At 2
hours post-DSB, a non-significant increase in end separation was observed upon cohesin
depletion (Fig. 1E). However, at 4 hours post-DSB, approximately 30% of DSB ends were
untethered (Fig. 1F). To ensure that the increase in spot separation above 400 nm was due to
the lack of DSB end-tethering and not due to the loss of cohesin-mediated chromatin folding,
we quantified the percentage of cells with spots exceeding 400 nm upon Smc1l depletion in

the absence of DSB. No significant increase in spot separation was observed when Smcl was
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depleted in absence of DSB (Fig. 1F), excluding an involvement of cohesin-mediated chromatin

folding. Overall, these results reveal the requirement of cohesin for DSB end-tethering.
Cohesin tethers DSB ends in the Exol pathway

To determine the specific pathway in which cohesin tethers DSB ends, we quantified the
extent of DSB end separation upon depletion of cohesin in cells lacking Mrel1 and Exol. In
contrast to depletion of Smcl alone, loss of Smcl in mrel11A cells significantly increased end
separation at 2 hours post-DSB (fig. S1C). This early Smc1-dependent end-tethering separation
is not seen in mrel11A exolA double mutants, or exolA cells depleted for Smcl (fig. S1D),
suggesting that, at 2 hours, cohesin acts in parallel to MRX, independently of Exol, to maintain
end-tethering. Strikingly, at 4 hours post-DSB, depleting cohesin in mre11A cells significantly
increased end separation (Fig. 1G), recapitulating the separation observed in mre11A exolA
cells (Fig. 1D). In contrast, depletion of Smcl in exolA cells did not further increase end
separation compared to exolA cells (Fig. 1H). These findings suggest that cohesin functions

with Exol to tether DSB ends at 4 hours post-DSB.
Cohesin DSB end-tethering requires de novo cohesin loading

Next, we wondered if the presence of cohesin on chromosomes prior to DSB induction is
sufficient for maintaining DSB end-tethering, or if the DSB-induced de novo loaded population
of cohesin is required for this function. To address this, we arrested cells in G2/M phase using
nocodazole, depleted Scc2 for 1 hour to prevent de novo cohesin loading while maintaining
pre-existing loops (30) and induced DSB (Fig. 2A, and fig. S2B). We observed an increase in
separated ends after 4 hours DSB induction upon Scc2 depletion (Fig. 2B), reaching a similar
level as that observed in Smcl-depleted and exolA cells under the same experimental
settings. These results indicate that preformed cohesin loops are not sufficient and that de

novo loading of cohesin is necessary for DSB end-tethering.

Previous studies have shown the importance of Smc5/6 in enriching cohesin at DSBs (14). To
further explore this, we depleted Smc5 in our DSB end-tethering assay (fig. S2C). At 4 hours
post-DSB induction, Smc5 depletion resulted in a significant increase in DSB end separation
(Fig. 2C). Simultaneous depletion of Smc5 and Smc1l did not increase end separation beyond
that observed upon Smcl depletion alone (Fig. 2C), indicating that cohesin and Smc5/6

function in the same DSB end-tethering pathway. In conclusion, at 4 hours post-DSB, de novo
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cohesin loading at DNA DSB sites, mediated by Scc2/4 and Smc5/6, is necessary for DSB end-

tethering.
Cohesin DSB end-tethering does not require sister chromatid cohesion

Despite efficient cleavage of both sister chromatids in our assay (fig. S1A), which makes
tethering of a cleaved chromatid by its sister unlikely, we aimed to confirm that DSB end-
tethering was independent of sister chromatid cohesion. In absence of Cdc45, G1 cells
progress to G2/M phase and load cohesin on chromosomes without firing replication origins
and synthesizing sister chromatids (31), enabling us to assess the role of cohesin in DSB end-
tethering in the absence of sister chromatid cohesion (Fig. 2D, and fig. S2D and S3A). Depletion
of Cdc45 did not disrupt DSB end-tethering at 4 hours post-DSB induction (Fig. 2E), indicating
that the presence of a sister chromatid is not essential for DSB end-tethering. Additional
depletion of Smcl resulted in increased DSB end separation, reaching levels similar to those
observed in cells depleted of Smc1 alone. This indicates that cohesin can tether DSB ends even

in the absence of DNA replication and a sister chromatid.

Together, these findings unveil a series of events that ultimately result in cohesin-dependent
DSB end-tethering (Fig. 2F). Initially, the MRX complex binds and tethers DSB ends. Later, an
Exol-dependent pathway comes into play with the recruitment and de novo loading of
cohesin at DSBs, facilitated by Scc2/4 and Smc5/6, actively participating in the tethering of

DSB ends within individual chromatids.
Cohesin orchestrates compaction of DSB flanking chromatin

Cohesin has been shown to form DNA loops and we hypothesized this activity could contribute
to DSB end-tethering. To gain insights into the behavior of cohesin in the chromatin
surrounding DSB, we modified our DSB end-tethering system to investigate chromatin
compaction in a 48 kb region flanked by LacO-Lacl-mCherry and TetO-TetR-GFP arrays, located
7 kb upstream of the DSB site (Fig. 3A). We measured the distance between these two signals
in the presence or absence of DSB, to evaluate DSB-induced chromatin compaction (Fig. 3B).
As the occurrence of a DSB triggers the DNA damage checkpoint and a G2/M cell cycle arrest,
we treated all cells with nocodazole to ensure a fair comparison between DSB and no-DSB

conditions.

83



We first examined the impact of cohesin on chromatin folding in G2/M-arrested cells with no
DSB. We observed a significant increase in the distribution of the distances upon cohesin
depletion (fig. S4, A and B), showing that our assay enables detection of the previously
reported cohesin-dependent compaction of chromatin (32, 33). Following 4 hours of DSB
induction, we detected a significant reduction in distances between the two signals compared
to the no-DSB condition, indicative of a compaction of the DSB-flanking chromatin (Fig. 3C;
black versus red). This DSB-induced compaction was abolished upon depletion of Smcl,
demonstrating that cohesin is responsible for the compaction of DSB flanking sequences (Fig.

3C; orange, and fig. S4C).
Pds5 is required for DSB end-tethering but not DSB-induced genome compaction

If loop formation were at the basis of DSB end-tethering, the latter should be challenged by
modulating loop expansion and turn over. To explore this, we tested the role of Pds5, a key
factor responsible for cohesin loop regulation. Pds5 depletion weakens loop boundaries,
reduces defined chromosome contacts/loops, and generate much longer loops in regions such
as those near centromeres (34, 35). We found that DSB induced chromatin compaction still
occurs in absence of Pds5 (Fig. 3D, and fig. S4, D-F). In contrast, Pds5 depletion increased end
separation at 4 hours post-DSB, mimicking the effects of cohesin depletion (Fig. 3E). These
results imply that either the loops formed in absence of Pds5 were not sufficient to support
the function of cohesin in DSB end-tethering, or that cohesin tethers DSB ends independently
of loop formation, through another mechanism requiring Pds5. A recent study has revealed
an essential role of Pds5 in the oligomerization of multiple cohesin complexes (36), opening

the door for a role of Pds5-dependent cohesin oligomerization in DSB end-tethering.
Cohesin and MRX tethering rely on weak hydrophobic interactions

To investigate if protein-protein interactions and the oligomerization of cohesin complexes
participates in DSB end-tethering, we used the aliphatic alcohol 1,6-hexanediol. Hexanediol
has been instrumental in studying the liquid phase separation and oligomerization properties
of various proteins, including cohesin and proteins involved in the DNA damage response

(such as Rad52 and RPA; fig. S5, A and D-E; (37, 38)).

The treatment of cells with hexanediol 10 minutes prior to imaging at 2 hours post-DSB, when

tethering mostly relies on MRX, increased end separation independently of Smcl presence
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(Fig. 3F). Moreover, end separation was not increased by hexanediol in the absence of Mrell
alone. These results suggest a role for weak hydrophobic interactions in MRX-dependent
tethering. In addition, hexanediol had no effect in cells depleted for both Mrell and Smcl,
suggesting that no other weak hydrophobic interactions intervene in DSB end-tethering at this
early stage. Strikingly, hexanediol-treated mre11A cells do not exhibit the separation levels
observed in Smcl depleted mre11A cells (Fig. 3F, and fig. S1C), with or without hexanediol
treatment (Fig. 3F). This finding aligns with a recent in vivo study in S. cerevisiae that
demonstrated the resistance of a subset of topologically important cohesins to hexanediol
treatment (37). As hexanediol is known to disrupt protein-protein interactions, this further
supports our early finding that an Exol-independent population of cohesin can tether DSB

ends that are formed within a cohesin loop (fig. S1, C and D, and fig. S5F).

At 4 hours post-DSB, hexanediol-treated control cells also exhibited untethering (Figure 3G).
In line with our observation at 2 hours that hexanediol disrupts MRX-dependent tethering,
hexanediol and Smcl-depletion have additive effects at 4 hours. Hexanediol also increases
end separation in absence of Mrell suggesting that it also disrupts cohesin-dependent DSB
end-tethering. Strikingly, in contrast to the 2-hour time point, hexanediol increased end
separation in mre11A cells to levels comparable to cells depleted for both Smc1 and Mrel1l
(Fig. 3G). These results indicate that protein-protein interactions play a key role in DSB end-

tethering by both MRX and cohesin (Fig. 3J).

MRX has been shown to form oligomers in vitro and disruption of these oligomers by a
mutation of the hydrophobic interaction patch within the Rad50 head domain (rad50lo
mutant, (39)) led to the disappearance of DSB-dependent Mrel1 foci in vivo. Since hexanediol
also disrupts Mrell-GFP foci formation in our strain background (fig. S5, B and C), we
introduced this mutation in our tethering system. Strikingly, complementation of rad50A cells
with rad50lo, was unable to restore end-separation to WT levels at 2 hours post-DSB, unlike
wild-type RAD50 (Fig. 3H). Therefore, disrupting Rad50 head oligomerization impairs DSB end-

tethering.

The cohesin subunit Mcd1 has been identified as a mediator of cohesin oligomerization, and
a 5 amino-acid insertion at Q266 in its regulation of cohesion and condensation (ROCC)
domain has been shown to abolish cohesin oligomerization potential in vivo (36, 40). To test

the role of cohesin oligomerization in DSB end-tethering, we complemented MCD1-AID cells
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with the mcd1-Q266 mutant in both our compaction and end-tethering strains (fig. S6, A and
B). Critically, mcd1Q266 mutants exhibited strong DSB-dependent genome compaction (fig.
S6, C-H), indicating cohesin is recruited to DSB sites and able to form chromatin loops.
However, unlike complementation with MCD1, mcd1Q266 failed to restore DSB end-tethering
to WT-like levels (Fig. 31), further strengthening our hypothesis that cohesin oligomerization
tethers DSB ends. Taken together, these results indicate that both MRX and cohesin employ

an oligomerization-dependent mechanism to tether DSB ends (Fig. 3J).
Cohesin is required for efficient DNA DSB repair by homology directed mechanisms

Having identified a role for cohesin in tethering DSB ends, we questioned its significance for
repair. We took advantage of our tethering system, which contains direct homologous repeats
flanking the inserted LacO and TetO arrays (Fig. 4A). Following DSB induction and resection
initiation, progressive formation of ssDNA away from the DSB causes loss of the dsDNA
substrate which is necessary for the binding of the Lacl-mCherry and TetR-GFP fusion proteins,
and gradually leads to the disappearance of the fluorescent signals. Resection also unmasks
the direct homologous repeats, which can anneal and be used to resynthesize the broken DNA
strand. This restores chromosome continuity but results in loss of the genetic material that
previously separated the homologous repeats used for repair. Following resynthesis, either
the red or the green signal reappears, depending on the repeats used for repair (Fig. 4, A and
B). After completion of the repair process, cells are released from the DNA damage checkpoint

and proceed through cell division (Fig. 4B).

To assess repair events, we employed a microfluidics system to follow individual cells and
image each fluorescent signal over a 12-hour period after DSB induction. To validate our assay,
we imaged cells lacking RAD52, which is essential for all homology directed repair (HDR)
events. In the absence of Rad52, no instances of spot reappearance were observed (Fig. 4C,
and fig. S7A). Conversely, the loss of Rad51, which impedes gene conversion and promotes
single-strand annealing (SSA), led to an increase in repair events compared to WT-like
condition (SMC1-AID without auxin, Fig. 4, C and E, and fig. S7B), as previously reported (41,
42). This result suggests that inhibiting gene conversion, and favouring repair by SSA, leads to
more detectable repair events in this assay, with unaltered repair kinetics compared to the
WT-like condition (Fig. 4D). In contrast, upon Smcl depletion, we observed a significant

reduction in the frequency of repair events associated with a noticeable delay in repair kinetics
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(Fig. 4, C, D, E and F). This decrease in repair frequency was not caused by a resection defect
(fig. S7C). To separate the dependence of repair events on sister chromatid cohesion from DSB
end-tethering, we employed Cdc45 depletion. Strikingly, despite repair events still taking
place upon Cdc45 depletion, simultaneous depletion with Smc1l resulted in a severe decrease
in both the frequency of repair events and their kinetics compared to cells depleted of Cdc45
alone (Fig. 4, G, H and fig. S7, D-F). This indicates that the specific function of cohesin in DSB

end-tethering is essential for efficient repair between DSB ends.
Discussion

Cohesin enrichment at DSBs has long been known (11-13) with early studies also highlighting
the importance of cohesin for survival after DNA damage inducing radiation (11, 13, 43).
Recent observations have suggested that loop extrusion at DNA DSBs helps establish DNA
damage response related chromatin modifications (20), which ultimately organize DSBs into
microdomains (44). Moreover, sister chromatid cohesion, which is increased in response to

DSB (18, 19, 21-23), prevents promiscuous repair events with far loci (24, 27).

In addition to these functions, we reveal a new cohesin role in tethering DSB ends. Cohesin’s
first contribution, early after DSB formation is independent of MRX and Exo1 and likely relies
on cohesin-dependent genome looping, as predicted by recent theoretical work (2). Later,
cohesin-dependent DSB end-tethering requires de novo cohesin loading, acts in cooperation
with Exol and Smc5/6, is independent of sister chromatid cohesion and loop formation, and
relies on cohesin oligomerization. Importantly, our data provide a biological function to the
recently described cohesin oligomerization mechanism (36, 37) that is independent of

cohesin’s canonical roles in sister chromatid cohesion and loop extrusion.

Strikingly, our results support the existence of two populations of DSB-bound cohesin with
separable functions, namely chromatin compaction and DSB end-tethering, and different
modes of action, namely loop formation and oligomerization. One population of cohesin acts
in a Pds5- and oligomerization-independent manner and compacts DSB adjacent chromatin.
This cohesin-dependent compaction may participate in DSB signaling though a loop extrusion-
mediated spreading of histone H2AX phosphorylation, as previously suggested (20). A second
population requires Pds5 and cohesin oligomerization, and tethers DSB ends. What

distinguishes loop-forming cohesin from DSB end-tethering cohesin, beyond the capacity to

87



form oligomers, is unknown. However the fact that the DSB end-tethering cohesin population
acts independently of MRX, which has been implicated in cohesin enrichment at DSBs (12, 15),

suggests a new mode of recruitment of these cohesin to DSB ends.

Our data supports a role for Scc2, Smc5/6 and Exol mediated ssDNA formation in recruiting
or stabilizing DSB end-tethering cohesin. Whereas Scc2 and Smc5/6 were previously
implicated in the recruitment of cohesin to DSB, the formation of ssDNA by Exo1l is specifically
required for cohesin-dependent DSB end-tethering. Since dsDNA bound cohesin can capture
ssDNA (45), formation of ss-DNA may directly intervene in cohesin recruitment. Bridging
dsDNA with ssDNA could also be sufficient to account for DSB end tethering. Otherwise,
cohesin recruitment could be mediated by Smc5/6, which interacts with ssDNA through its
hinge domain (46, 47), and stably associates with ss-dsDNA junctions (47, 48). Smc5/6, that
bears both ubiquitin and SUMO ligase activity, could then locally modify a pool of cohesin,

promoting cohesin oligomerization and DSB end-tethering.

Our results, which reveal cohesin’s role in DSB end-tethering, contrast with a previous report
suggesting that cohesin is dispensable for contacts between both sides of a DSB as captured
by a Hi-C approach (24). One plausible explanation for this discrepancy is rooted in the
technologies used to make such observations. Single-cell live-microscopy is more sensitive at
this scale considering we detect DSB-induced compaction beyond G2/M and cohesin-
dependent loss of end tethering, both appearing below the detection threshold of the

population-wide Hi-C approach (24).

We also show that Rad50 (MRXMRN) head oligomerization is required for MRX dependent DSB
end-tethering. MRX oligomerization via both the Rad50 heads and coiled coils has been
described in both yeast and humans (39, 49). Our data demonstrates that Rad50 head
oligomerization observed in vitro, is significant for MRX end-tethering in vivo. Alongside the
necessity of the Rad50 Zn-hook for DSB end-tethering demonstrated in vivo (3), our data
supports the Velcro model recently proposed based on structures frequently observed by

electron microscopy for MRX-driven DSB end-tethering (49).

Together, our results suggest that oligomerization of SMC complexes is a conserved and
functionally relevant mechanism for maintaining genome integrity in response to DNA

damage. Interestingly, hexanediol treatment disrupted MRX foci in response to DSB,
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suggesting MRX at DSBs may form condensates. Although, cohesin does not form detectable
foci in response to DSB in yeast, it has been shown to form phase separation condensates in
vitro (37). These observations question the relevance of phase separation in DSB end-

tethering, which should be investigated using single molecule microscopy in the future.

Given the prevalence of chromosome translocations in cancer, and the role of DSB induction
in cohesin sensitive developmental processes such as V(D)J recombination (50) our study gives
further insights into how SMC complex dysregulation may lead to disease in the human

population.

References and Notes

H. Bordelet, K. Dubrana, Keep moving and stay in a good shape to find your homologous
recombination partner. Curr. Genet. 65, 29-39 (2019).

J. H. Yang, H. B. Branddo, A. S. Hansen, DNA double-strand break end synapsis by DNA
loop extrusion. Nat. Commun. 14, 1913 (2023).

K. Lobachev, E. Vitriol, J. Stemple, M. A. Resnick, K. Bloom, Chromosome
Fragmentation after Induction of a Double-Strand Break Is an Active Process Prevented
by the RMX Repair Complex. Curr. Biol. 14, 2107-2112 (2004).

W. Nakai, J. Westmoreland, E. Yeh, K. Bloom, M. A. Resnick, Chromosome integrity at a
double-strand break requires exonuclease 1 and MRX. DNA Repair 10, 102-110 (2011).

K. Lee, Y. Zhang, S. E. Lee, Saccharomyces cerevisiae ATM orthologue suppresses
break-induced chromosome translocations. Nature 454, 543-546 (2008).

J. Oh, S. J. Lee, R. Rothstein, L. S. Symington, Xrs2 and Tell Independently Contribute
to MR-Mediated DNA Tethering and Replisome Stability. Cell Rep. 25, 1681-1692.e4
(2018).

M. De Jager, J. Van Noort, D. C. Van Gent, C. Dekker, R. Kanaar, C. Wyman, Human
Rad50/Mrell Is a Flexible Complex that Can Tether DNA Ends. Mol. Cell 8, 1129-1135
(2001).

E. van der Linden, H. Sanchez, E. Kinoshita, R. Kanaar, C. Wyman, RAD50 and NBS1
form a stable complex functional in DNA binding and tethering. Nucleic Acids Res. 37,
1580-1588 (2009).

89



10.

11.

12.

13.

14.

15.

16.

17.

18.

V. Roukos, T. C. Voss, C. K. Schmidt, S. Lee, D. Wangsa, T. Misteli, Spatial Dynamics
of Chromosome Translocations in Living Cells. Science 341, 660-664 (2013).

I. F. Davidson, J.-M. Peters, Genome folding through loop extrusion by SMC complexes.
Nat. Rev. Mol. Cell Biol. 22, 445-464 (2021).

C. Sjogren, K. Nasmyth, Sister chromatid cohesion is required for postreplicative double-

strand break repair in Saccharomyces cerevisiae. Curr. Biol. 11, 991-995 (2001).

J.-S. Kim, T. B. Krasieva, V. LaMorte, A. M. R. Taylor, K. Yokomori, Specific
recruitment of human cohesin to laser-induced DNA damage. J. Biol. Chem. 277, 45149-
45153 (2002).

L. Strom, H. B. Lindroos, K. Shirahige, C. Sjogren, Postreplicative Recruitment of
Cohesin to Double-Strand Breaks Is Required for DNA Repair. Mol. Cell 16, 1003-1015
(2004).

G. De Piccoli, F. Cortes-Ledesma, G. Ira, J. Torres-Rosell, S. Uhle, S. Farmer, J.-Y.
Hwang, F. Machin, A. Ceschia, A. McAleenan, V. Cordon-Preciado, A. Clemente-Blanco,
F. Vilella-Mitjana, P. Ullal, A. Jarmuz, B. Leitao, D. Bressan, F. Dotiwala, A. Papusha, X.
Zhao, K. Myung, J. E. Haber, A. Aguilera, L. Aragén, Smc5-Smc6 mediate DNA double-
strand-break repair by promoting sister-chromatid recombination. Nat. Cell Biol. 8, 1032—
1034 (2006).

E. Unal, A. Arbel-Eden, U. Sattler, R. Shroff, M. Lichten, J. E. Haber, D. Koshland, DNA
Damage Response Pathway Uses Histone Modification to Assemble a Double-Strand
Break-Specific Cohesin Domain. Mol. Cell 16, 991-1002 (2004).

B. H. Lindroos, L. Strdm, T. Itoh, Y. Katou, K. Shirahige, C. Sjégren, Chromosomal
Association of the Smc5/6 Complex Reveals that It Functions in Differently Regulated
Pathways. Mol. Cell 22, 755-767 (2006).

A. McAleenan, V. Cordon-Preciado, A. Clemente-Blanco, I.-C. Liu, N. Sen, J. Leonard,
A.Jarmuz, L. Aragon, SUMOylation of the a-Kleisin Subunit of Cohesin Is Required for
DNA Damage-Induced Cohesion. Curr. Biol. 22, 1564-1575 (2012).

L. Strém, C. Karlsson, H. B. Lindroos, S. Wedahl, Y. Katou, K. Shirahige, C. Sjogren,
Postreplicative Formation of Cohesion Is Required for Repair and Induced by a Single
DNA Break. Science 317, 242-245 (2007).

90



19.

20.

21.

22,

23.

24,

25.

26.

27,

E. Unal, J. M. Heidinger-Pauli, D. Koshland, DNA Double-Strand Breaks Trigger
Genome-Wide Sister-Chromatid Cohesion Through Ecol (Ctf7). Science 317, 245-248
(2007).

C. Arnould, V. Rocher, A.-L. Finoux, T. Clouaire, K. Li, F. Zhou, P. Caron, P. E.
Mangeot, E. P. Ricci, R. Mourad, J. E. Haber, D. Noordermeer, G. Legube, Loop
extrusion as a mechanism for formation of DNA damage repair foci. Nature 590, 660—665
(2021).

J. M. Heidinger-Pauli, E. Unal, D. Koshland, Distinct Targets of the Ecol
Acetyltransferase Modulate Cohesion in S Phase and in Response to DNA Damage. Mol.
Cell 34, 311-321 (2009).

H. Dodson, C. G. Morrison, Increased sister chromatid cohesion and DNA damage
response factor localization at an enzyme-induced DNA double-strand break in vertebrate
cells. Nucleic Acids Res. 37, 6054-6063 (2009).

B.-J. Kim, Y. Li, J. Zhang, Y. Xi, Y. Li, T. Yang, S. Y. Jung, X. Pan, R. Chen, W. Li, Y.
Wang, J. Qin, Genome-wide Reinforcement of Cohesin Binding at Pre-existing Cohesin
Sites in Response to lonizing Radiation in Human Cells*. J. Biol. Chem. 285, 22784—
22792 (2010).

A. Piazza, H. Bordelet, A. Dumont, A. Thierry, J. Savocco, F. Girard, R. Koszul, Cohesin
regulates homology search during recombinational DNA repair. Nat. Cell Biol. 23, 1176—
1186 (2021).

J. Phipps, K. Dubrana, DNA Repair in Space and Time: Safeguarding the Genome with
the Cohesin Complex. Genes 13, 198 (2022).

P. Gutierrez-Escribano, M. D. Newton, A. Llaur6, J. Huber, L. Tanasie, J. Davy, I. Aly, R.
Aramayo, A. Montoya, H. Kramer, J. Stigler, D. S. Rueda, L. Aragon, A conserved ATP-
and Scc2/4-dependent activity for cohesin in tethering DNA molecules. Sci. Adv. 5,
eaay6804 (2019).

C. Gelot, J. Guirouilh-Barbat, T. Le Guen, E. Dardillac, C. Chailleux, Y. Canitrot, B. S.
Lopez, The Cohesin Complex Prevents the End Joining of Distant DNA Double-Strand
Ends. Mol. Cell 61, 15-26 (2016).

91



28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

A. Mojumdar, K. Sorenson, M. Hohl, M. Toulouze, S. P. Lees-Miller, K. Dubrana, J. H. J.
Petrini, J. A. Cobb, Nejl Interacts with Mrell to Regulate Tethering and Dna2 Binding at
DNA Double-Strand Breaks. Cell Rep. 28, 1564-1573.e3 (2019).

C. Brocas, C. Ducrot, K. Dubrana, Degradation of S. cerevisiae Cohesin with the Auxin-
Inducible Degron System. Methods Mol. Biol. Clifton NJ 2004, 17-24 (2019).

N. Bastié, C. Chapard, L. Dauban, O. Gadal, F. Beckouét, R. Koszul, Smc3 acetylation,
Pds5 and Scc2 control the translocase activity that establishes cohesin-dependent
chromatin loops. Nat. Struct. Mol. Biol. 29, 575-585 (2022).

J. A. Tercero, K. Labib, J. F. Diffley, DNA synthesis at individual replication forks
requires the essential initiation factor Cdc45p. EMBO J. 19, 2082-2093 (2000).

S. A. Schalbetter, A. Goloborodko, G. Fudenberg, J.-M. Belton, C. Miles, M. Yu, J.
Dekker, L. Mirny, J. Baxter, SMC complexes differentially compact mitotic chromosomes
according to genomic context. Nat. Cell Biol. 19, 1071-1080 (2017).

L. Lazar-Stefanita, V. F. Scolari, G. Mercy, H. Muller, T. M. Guérin, A. Thierry, J.
Mozziconacci, R. Koszul, Cohesins and condensins orchestrate the 4D dynamics of yeast
chromosomes during the cell cycle. EMBO J. 36, 2684-2697 (2017).

L. Costantino, T.-H. S. Hsieh, R. Lamothe, X. Darzacq, D. Koshland, Cohesin residency
determines chromatin loop patterns. eLife 9, e59889 (2020).

L. Dauban, R. Montagne, A. Thierry, L. Lazar-Stefanita, N. Bastié, O. Gadal, A. Cournac,
R. Koszul, F. Beckouét, Regulation of Cohesin-Mediated Chromosome Folding by Ecol
and Other Partners. Mol. Cell 77, 1279-1293.e4 (2020).

S. Xiang, D. Koshland, Cohesin architecture and clustering in vivo. eLife 10, 62243
(2021).

J.-K. Ryu, C. Bouchoux, H. W. Liu, E. Kim, M. Minamino, R. De Groot, A. J. Katan, A.
Bonato, D. Marenduzzo, D. Michieletto, F. Uhlmann, C. Dekker, Bridging-induced phase
separation induced by cohesin SMC protein complexes. Sci. Adv. 7, eabe5905 (2021).

J. Mine-Hattab, M. Heltberg, M. Villemeur, C. Guedj, T. Mora, A. M. Walczak, M.
Dahan, A. Taddei, Single molecule microscopy reveals key physical features of repair foci
in living cells. eLife 10, e60577 (2021).

92



39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

V. M. Kissling, G. Reginato, E. Bianco, K. Kasaciunaite, J. Tilma, G. Cereghetti, N.
Schindler, S. S. Lee, R. Guérois, B. Luke, R. Seidel, P. Cejka, M. Peter, Mrel1-Rad50
oligomerization promotes DNA double-strand break repair. Nat. Commun. 13, 2374
(2022).

T. Eng, V. Guacci, D. Koshland, ROCC, a conserved region in cohesin’s Mcd1 subunit, is

essential for the proper regulation of the maintenance of cohesion and establishment of
condensation. Mol. Biol. Cell 25, 2351-2364 (2014).

P. G. Cerqueira, D. Meyer, L. Zhang, B. Mallory, J. Liu, B. X. Hua Fu, X. Zhang, W.-D.
Heyer, Saccharomyces cerevisiae DNA polymerase IV overcomes Rad51 inhibition of
DNA polymerase ¢ in Rad52-mediated direct-repeat recombination. Nucleic Acids Res.,
gkad281 (2023).

G. M. Manthey, A. M. Bailis, Rad51 inhibits translocation formation by non-conservative

homologous recombination in Saccharomyces cerevisiae. PloS One 5, 11889 (2010).

X. Kong, A. R. Ball, H. X. Pham, W. Zeng, H.-Y. Chen, J. A. Schmiesing, J.-S. Kim, M.
Berns, K. Yokomori, Distinct Functions of Human Cohesin-SA1 and Cohesin-SA2 in
Double-Strand Break Repair. Mol. Cell. Biol. 34, 685-698 (2014).

J. Fu, S. Zhou, H. Xu, L. Liao, H. Shen, P. Du, X. Zheng, ATM-ESCO2-SMC3 axis
promotes 53BP1 recruitment in response to DNA damage and safeguards genome
integrity by stabilizing cohesin complex. Nucleic Acids Res., gkad533 (2023).

Y. Murayama, C. P. Samora, Y. Kurokawa, H. lwasaki, F. Uhlmann, Establishment of
DNA-DNA Interactions by the Cohesin Ring. Cell 172, 465-477.e15 (2018).

M.-A. Roy, D. D’ Amours, DNA-binding properties of Smc6, a core component of the
Smc5-6 DNA repair complex. Biochem. Biophys. Res. Commun. 416, 80—85 (2011).

N.-L. Tanasie, P. Gutiérrez-Escribano, S. Jaklin, L. Aragon, J. Stigler, Stabilization of
DNA fork junctions by Smc5/6 complexes revealed by single-molecule imaging. Cell
Rep. 41, 111778 (2022).

J. T.-H. Chang, S. Li, E. C. Beckwitt, T. Than, C. Haluska, J. Chandanani, M. E.
O’Donnell, X. Zhao, S. Liu, Smc5/6’s multifaceted DNA binding capacities stabilize
branched DNA structures. Nat. Commun. 13, 1-11 (2022).

M. Rotheneder, K. Stakyte, E. van de Logt, J. D. Bartho, K. Lammens, Y. Fan, A. Alt, B.
Kessler, C. Jung, W. P. Roos, B. Steigenberger, K.-P. Hopfner, Cryo-EM structure of the



50.

51.

52,

53.

54.

Mrell-Rad50-Nbsl complex reveals the molecular mechanism of scaffolding functions.
Mol. Cell 83, 167-185.€9 (2023).

J.-M. Peters, How DNA loop extrusion mediated by cohesin enables V(D)J
recombination. Curr. Opin. Cell Biol. 70, 75-83 (2021).

S. E. Lee, J. K. Moore, A. Holmes, K. Umezu, R. D. Kolodner, J. E. Haber,
Saccharomyces Ku70, mrell/rad50 and RPA proteins regulate adaptation to G2/M arrest
after DNA damage. Cell 94, 399409 (1998).

H. Bordelet, R. Costa, C. Brocas, J. Dépagne, X. Veaute, D. Busso, A. Batté, R. Guérois,
S. Marcand, K. Dubrana, Sir3 heterochromatin protein promotes non-homologous end
joining by direct inhibition of Sae2. EMBO J. 41 (2022).

A. Batté, C. Brocas, H. Bordelet, A. Hocher, M. Ruault, A. Adjiri, A. Taddei, K. Dubrana,
Recombination at subtelomeres is regulated by physical distance, double-strand break
resection and chromatin status. EMBO J. 36, 2609-2625 (2017).

K. J. Livak, T. D. Schmittgen, Analysis of relative gene expression data using real-time
quantitative PCR and the 2(-Delta Delta C(T)) Method. Methods San Diego Calif 25, 402—
408 (2001).

Acknowledgments: We thank F. Ulhman, S. Marcand, A. Quinet, A. Campalans, P. Radicella
and P. Bertrand for critical reading of this manuscript and members of the Dubrana and
Marcand laboratories for stimulating discussions. We thank Douglas Koshland and Matthias

Peter for sharing plasmids and strains.

Funding: This research was supported by the European Research Council under the
European Community’s Seventh Framework Program (FP7/2007 2013/European
Research Council Grant Agreement 281287), Fondation ARC pour la Recherche sur le
Cancer (PJA-), CEA Radiation biology and Impulsion programs, EDF. JP was supported
by a fellowship from the CEA.

Author contributions: JP, MT, CD, CB and RC performed experiments. KD designed
and supervised the entire project with the help of MT and JP. KD and JP analyzed the
data, assembled the figures and wrote the manuscript with critical input of the other

authors.
Competing interests: The authors declare no competing interests

94



Supplementary Materials

Material and Methods
Fig. S1-S7

Tables S1-S3

References 28-29, 51-54

Movie S1-54

95



Chr 11l

HO site
HimaH—@ @—HrmaH
7.4kb 5.4kb
B + DSB C D
4h DSB
80—
o — —_ ok k ok * %
o X L r T 1
et g 5
g g
@ I
I ]
5 g
: 5 :
o
<
o) WT  exold mrellA mrelld WT  exold mrelld mrellA
0 exolA exold
E 2 and 4h DSB
60
-Smcl - Smcl S . -
- +
DSB DSB 2 20 : - ,
c °
o
°
2 o'
S 20+
] °
o o .
& ° o o
1 :I. e T i
Auxin - - + - - + +
WT SMC1-AID WT SMC1-AID SMC1-AID
DSB 2h 4h no DSB
G H 4h DSB
60
*okokok
;\5\ ;\a ) *% '
- ~ I T T 1
3 & 40 .
5 5 ° LY
° ©
% % o.' ° V '/
5 5 27 % /
o o
[ [
n n / /
0—
Auxin Auxin - + +
WT SMC1-AID mrellA SMC1-AID WT SMC1-AID exolA SMC1-AID
mrellA exold

Fig. 1. Cohesin Tethers DSB ends in the Exol pathway

(A) LacO/Lacl-mCherry tag and a TetO/TetR-GFP tag were inserted at 5 and 7 kb from the HO
DSB site at the MAT locus respectively.

(B) Example of cells with tethered or separated ends. Signals are considered as separated

when the distance between centers is more than 400nm.
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(C-D) Percentage of cells with separated ends in the indicated strains after 2 hours (B) or 4

hours (D) DSB induction.

(E) Examples of cells showing sister chromatid separation and DSB end separation upon Smc1-

AID auxin mediated degradation in absence or in presence of DSB induction.

(F) Percentage of cells with separated ends in WT and SMC1-AID strains in absence (-) or

presence (+) of auxin after 2 hours, 4 hours or no DSB induction as indicated.
(G-H) Percentage of cells with separated ends in the indicated strains after 4h DSB induction.

Black stars indicate statistical differences (* = p<0,05; ** = p<0,01; *** = p<0,005; **** =

p<0,001).
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Fig. 2: Cohesin DSB end-tethering requires de novo cohesin loading but not sister chromatid cohesion

(A) Schematic representation of assay to determine DSB end-tethering in absence of de novo

cohesin loading. DSB was induced after cells were blocked in G2/M with nocodazole for 3

hours, and incubated with auxin or ethanol for a further 1 hour.

(B) Percentage of G2/M blocked cells with separated ends in the indicated strains after 4 hours

DSB induction.

(C) Percentage of cells with separated ends in the indicated strains after 4 hours DSB induction.
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(D) Schematic representation of assay to determine DSB end-tethering in absence of
replication. Cultures were incubated with auxin or ethanol for 1 hour. In the absence of Cdc45,
cells advance through the cell cycle upon DSB induction, and load cohesin onto chromosomes

without undergoing replication.
(E) Percentage of cells with separated ends in the indicated strains after 4 hours DSB induction.
(F) Schematic representation of DSB end-tethering pathways.

Black stars indicate statistical differences (* = p<0,05; ** = p<0,01; *** = p<0,005; **** =

p<0,001).
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Fig. 3: Cohesin compacts DSB flanking chromatin and DSB-ends are tethered by MRX- or cohesin-

oligomerization

(A) LacO/Lacl-mCherry tags and a TetO/TetR-GFP tag inserted at 7 and 55 kb from the HO DSB

site at the MAT locus respectively.

(B) Representative images in presence and absence of DSB.

(C) Relative frequency of distances between the two tags in nocodazole arrested SMC1-AID

tagged cells treated with ethanol (+Smc1) or auxin (-Smc1) after 4 hours and no DSB.
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(D) Relative frequency of distances measured between the two tags in nocodazole arrested
PDS5-AID tagged cells treated with ethanol (+Pds5) or auxin (-Pds5) in after 4 hours or no DSB

induction.
(E) Percentage of cells with separated ends in the indicated strains after 4 hours DSB induction.

(F-G) Percentage of cells with separated ends in the indicated strains treated with auxin or
ethanol, and for 10 minutes with digitonin (-) or digitonin and 1,6-hexanediol (+), after 2 hours

(F) or 4 hours (G) DSB induction.

(H) Percentage of cells with separated ends in WT, rad504, and rad50A cells complemented

with RAD50 or rad50-lo, after 2 hours DSB induction.

(I) Percentage of cells with separated ends in MCD1-AID, and MCD1-AID strains
complemented with MCD1 or mcd1-Q266, in absence (-) or presence (+) of auxin, after 4 hours

DSB induction.
(J) Schematic representation of how loss of oligomerization disrupts DSB end-tethering.

Black stars indicate statistical differences (*= p<0,05; **= p<0,01; ***= p<0,005; ****=
p<0,001). Shaded area indicates the 95% confidence interval of the fitting of 3 experiments

per data set.
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(A) Schematic representation of repair events after resection and disappearance of the spots

followed by resynthesis of one spot. Black and grey triangles show direct repeats used for
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(B) Sequence of images showing disappearance of both spots upon resection and
reappearance of a green spot that is propagated to daughter cells at each division. Time post

DSB is indicated on each frame.

(C) Relative frequency of repair events corresponding to the resynthesis of a spot in rad524,

rad51A and SMC1-AID strains treated with ethanol (+Smc1) or auxin (-Smc1l).

(D) Time taken for a spot to reappear, in rad524, rad51A and SMC1-AID strains treated with

ethanol (+Smc1) or Auxin (-Smc1).

(E-F) Spot characteristics of + Smc1 (C), and - Smc1 (D) individual cells imaged every 10 minutes
during 12 hours after DNA DSB induction. Lines represent individual cell lineages, and each
segment a time point. Colors indicate presence of both spots (yellow), a red spot only (red), a

green spot only (green), or no spots (grey).

(G) Relative frequency of repair events corresponding to the resynthesis of a spot in the

indicated strains treated with auxin. Cells in G1 phase upon induction were imaged.

(H) Time for a spot to reappear in the indicated strains treated with auxin. Cells in G1 phase

upon induction were imaged.

(I) Schematic representation of MRX and cohesin tethering DSB ends. MRX requires
oligomerization through Rad50 head domains, and interaction between Rad50 coiled coils.
Exol drives long-range DNA resection, leads to the recruitment of cohesin that mediates DSB

end-tethering by oligomerization.

Black stars indicate statistical differences (*= p<0,05; **= p<0,01; ***= p<0,005; ****=

p<0,001).
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Materials and Methods

Strains and plasmids

Yeast strains used in this study are derivative of JKM179, JKM139 (51) or yKD809 (28), and

were generated by PCR gene targeting, plasmid transformation or cross (Table S1-S2).

Media and growth conditions

Yeast strains were grown at 30°C in glucose rich yeast extract-peptone-dextrose (YPD)
medium, with appropriate antibiotic, or in synthetic medium (SD) lacking the appropriate
amino acid. YPLGg medium containing 2% lactate, 3% glycerol and 0.05% glucose was used for
DNA DSB induction, by addition of galactose (f.c. 2%), to ON cultures of OD600 0.4 - 0.8 as in
(52). Conditional protein knockdown was achieved in AID tagged strains by addition of IAA in
EtOH to a f.c. of 2Mm (29) 1,6-hexanediol treatment (f.c. 10%) was performed for 10 minutes,

with 10pg/ml digitonin.

Microscopy

Live-cell images were acquired using a wide-field inverted micro-scope (Leica DMI-6000B)
equipped with Adaptive Focus Control to eliminate Z drift, a 100x/1.4 NA immersion objective
with a PriorNanoScanZ Nanopositioning Piezo Z Stage System, a CMOS camera(ORCA-Flash4.0;
Hamamatsu) and a solid-state light source (Spec-traX, Lumencore). The system is piloted by
MetaMorph software(Molecular Device). Images were acquired at indicated time points after
DSB induction. 19 focal steps of 0.20um were acquired sequentially for GFP and mCherry with
an exposure time of 50ms using solid-state 475- and 575-nm diodes and appropriate filters
(GFP-mCherry filter; excitation: double BP, 450—-490/550-590 nm and dichroic double BP 500—
550/600-665 nm; Chroma Technology Corp.). Images were processed using ImageJ software
(National Institutes of Health). 3D images were converted to 2D projections, from which XY
coordinates of the most intense pixels were extracted. Distance analysis between proximal
fluorescent signals in mCherry and GFP channels was performed using an Rstudio script. All

images shown are z projections of z-stack images.
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Quantifications and statistical analysis

Quantifications and statistical analysis were done using PRISM (GraphPad). For the end-
tethering assay, at least 3 independent experiments analysing more than 100 cells were
performed for each genotype and statistical significance was determined by a two-tailed
Student’s t test. ns=not significant p>0,005, * = p<0,05; ** = p<0,01; *** = p<0,005; **** =
p<0,001. For the compaction measurements, distance data of at least 100 cells was sorted
into 200 nm bins, and the bins of 3 independent experiments were fitted with a gaussian curve
using Prism software, with shaded areas representing an interval of confidence of 95%.
Statistical significance was determined by a Kolmogorov-Smirnov test. ns=not significant

p>0,005, * = p<0,05; ** = p<0,01; *** = p<0,005; **** = p<0,001.

Microscopy in microfluidic plates

CellASIC ONIX microfluidic plates (Y04C-02; MilliporeSigma) were used for long duration
movies. HO was induced in YPLGg cultures of OD600nm 0.5 by addition of galactose to a f.c.
of 2%, and incubation at 30°C for 30 minutes. After break induction, cultures were loaded into
the microfluidic plate. The remaining culture was centrifuged at 3000rpm for 3 minutes, and
the conditioned media was loaded into the microfluidic plate for flow over the cells for the
duration of the experiment. After loading the plate, cell positions were defined, and images
were acquired every 10 minutes for up to 24 hours. 19 focal steps of 0.20um were acquired
sequentially for GFP and mCherry with an exposure time of 30ms using solid-state 475- and
575-nm diodes and appropriate filters (GFP-mCherry filter; excitation: double BP, 450—
490/550-590 nm and dichroic double BP 500-550/600-665 nm; Chroma Technology Corp.).
A single bright-field image on one focal plane was acquired at each time point with an
exposure of 10ms. For Cdc45 depleted strains, cells were loaded into the microfluidic plate
immediately following galactose addition, and cells that were in G1 prior DSB induction were

imaged.

Monitoring DSB efficiency

Cells were grown in 2ml of YPD ON. Cultures were then diluted in YPLGg, and grown to an

0D600nm of 0.5-0.8, and incubated with 2mM IAA or EtOH for 1 hour. HO expression was
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induced by addition of galactose to a final concentration of 2%. At 0, 1, 2, 4 and 6 hours post
DSB induction, approximately 4 x 107 cells were collected by 3000rpm centrifugation for 5 min.
DNA was extracted from cell pellets by Winston preparation. Samples were analyzed by qPCR
with primers 1kb upstream of the HO site to analyze resection (200nM), flanking the HO site
to determine DSB efficiency (450nM) or targeting the OGG1 reference gene (200nM). See
Table 3 for primer sequences. Reactions were performed as in (53). Each sample and no
template controls were run in triplicate, and reaction specificity determined by melt curve
analysis. Relative quantitation of resection and DSB efficiency reactions was achieved using

the comparative Ct method (54).

Western blot

Auxin induced protein degradation of AID containing strains was confirmed by Western blot
analysis (Brocas et al., 2019). Cells were grown in 2ml of YPD ON. Cultures were then diluted
in YPLGg, and grown to an OD600nm of 0.5-0.8, and incubated with 2mM IAA or EtOH for 1,
2, and 4 hours (hrs). Approximately 4 OD600nm of cells were collected by centrifugation at
3000rpm for 5 min. Cells were washed in dH20, and collected by centrifugation at 3000rpm
for 5 min. Supernatant was removed, and cell pellets frozen at -80°C. Whole cell extracts were
prepared from cell pellets using a standard Trichloroacetic acid (TCA) extraction protocol and
suspended in Laemmli buffer. Protein concentrations were determined by Bradford assay, and
samples prepared for SDS PAGE by 5 min incubation at 90°C. 20ug of sample was migrated at
100v for 1 hr on 10% SDS polyacrylamide gels in standard running buffer. Nitrocellulose
membrane transfer was performed using the iBlot transfer apparatus as per manufacturers
guidelines (Thermo Fisher). Membranes were washed with TBS-T, revealed by ponceau
staining, and blocked with 5% milk TBS-T for 1hr. Membranes were then incubated at room
temperature with mouse primary anti-myc (1:1000), and anti-mouse secondary antibodies
(1:1000) in 5% milk TBS-T for 1hr each. Membranes were developed by fluorescence using the
Odyssey Clx (LI-COR).

Flow cytometry

0.5 OD600nm of cells were fixed in ethanol 70% and stored at -20°C. Cells were pelleted,

washed, and then incubated in Sodium Citrate pH7.4 50mM with 0.25mg/ml| RNAseA for 1
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hour at 50°C. Proteinase K was then added, to a final concentration of 2mg/ml, and incubated
for further 1 hour at 50°C. Cells were pelleted, and then stained in a pH7.4 50mM Sodium
Citrate solution containing 1uM SYTOX Green Nucleic Acid Stain (Invitrogen — S7020). Cells
were sonicated, and flow cytometry was performed on a Novocyte cytometer (ACEA

bioscience.Inc) machine. Data was analyzed using FlowlJo software.
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Fig. S1. Lacl-mCherry and TetR-GFP spot distance rarely exceed 400nm, and HO induced DSB is fast
and efficient. Cohesin contributes to DSB end tethering at 2 hours post-DSB in absence of MRX.

(A) gPCR detection of the HO cleavage site in WT cells at 0, 1, 2, 4 and 6 hours after DSB
induction. (B) Cumulative distance between Lacl-mCherry and TetR-GFP signals in
exponential WT cells without DNA DSB induction. Red line indicates 400nm threshold, which
97% of distances are under. (C) Percentage of cells with separated ends in WT, SMC1-AID,
mrel IA, mrel 1A SMCI1-AID strains after 2h DSB induction. (D) Percentage of cells with
separated ends in WT, SMC1-AID, exolA, exol A SMCI1-AID strains after 2h DSB induction.
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Fig. S2. Auxin induced degradation of target proteins leads to efficient depletion.

(A-D) anti-myc Western blots demonstrating protein levels of 9myc-AID tagged proteins

treated with auxin or ethanol throughout microscopy DSB end tethering assays. t-1 (before
IAA/EtOH addition), t0 (1 hour IAA/EtOH), t1 (2 hour IAA/EtOH + 1h galactose), t2 (3 hour
IAA/EtOH +2h galactose) and t4 (5 hours IAA/EtOH + 4h galactose). (E) Drop assay of all
tethering strains on YPD and YPD + auxin, incubated for 48 hours at 30°C.Type or paste

caption here.
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Fig. S3. Cdc45 degradation prevents genome duplication whilst allowing cells to proceed to G2/M.

(A) Gating and fluorescent intensity profiles, determind by flowcytometry, of CDC45-AID
and CDC45-AID SMC1-AID strains treated with IAA or EtOH after 4h DSB induction.

Percentage of cells with large buds is indicated above intensity profiles as bud index.
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Fig. S4. Smcl depletion reveals cohesin dependent genome compaction in S-M phase cells. Pds5 is
not required for DSB dependent genome compaction.

(A) Relative frequency of distances measured between two tags separated by 45kb in a SMC1-
AID tagged strain treated with ethanol (+SMC1) or auxin (-SMC1) in cycling cells in which a
bud is present. (B) Distances between 45kb separated tags from three individual replicas for
SMC1-AID tagged strain treated with ethanol (+Smc1) or auxin (-Smcl), represented as a violin
plot. Red line at median, quartiles represented by dashed line. (C-D) Distances between 45kb
separated tags from three individual replicas for SMC1-AID and PDS5-AID tagged strains
treated with noodazole and following 4 hours DSB, treated with ethanol or auxin, represented
as a violin plot. Red line at median, quartiles represented by dashed line. (E) Drop assay of
compaction strains plated on YPD and YPD + auxin, incubated for 48 hours at 30°C. (F) anti-
myc Western blot demonstrating protein levels of PDS5-AID strains treated with auxin or
ethanol throughout microscopy DSB end tethering assay timecourse. t-1 (before IAA/EtOH
addition), t0 (1 hour IAA/EtOH), t1 (2 hour IAA/EtOH + 1 hour galactose), t2 (3 hours
IAA/EtOH +2 hours galactose) and t4 (5 hours IAA/EtOH + 4 hours galactose).
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Fig. S5. Cells recover following hexanediol treatment without growth defect, and Mrel1-GFP foci are
abolished by hexanediol treatment. A hexanediol resistant cohesin population reduces end
separation in the absence of MRX at 2 hour DSB.

(A) Drop assay of strains plated on YPD after no treatment (NT), 10 minutes digitonin (D), or
10 minutes digitonin + hexanediol (D+H) treatment, incubated for 24 and 48 hours at 30°C. (B)
Representative images of Mrell-GFP foci at 2 hour DSB with no treatment (DSB), or 30
minutes digitonin + hexanediol (DSB Hex) treatment. (C) Quantification of cells with Mrel1-
GFP foci at 2 hour DSB with no treatment (DSB), or 30 minutes digitonin + hexanediol (DSB
Hex) treatment. (D) Representative images of Rad52-YFP foci at 2 hour DSB with no treatment
(DSB), or 30 minutes digitonin + hexanediol (DSB Hex) treatment. (E) Quantification of cells
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with Rad52-YFP foci at 2 hour DSB with no treatment (DSB), or 30 minutes digitonin +
hexanediol (DSB Hex) treatment. (F) Schematic representation of cohesin dependent end
tethering in a looping dependent manner. In WT cells, MRX tethers early DSB ends, and the
DSB might be in a cohesin loop. Cohesin depletion following 2 hour DSB doesn't increase end
separation due to MRX compensation. In the absence of MRX, DSB ends that occured within
a cohesin loop rescues some loss of DSB end tethering. In contrast, loss of both MRX and
cohesin leads to increased end separation as both the cohesin and MRX dependent

mechanisms are lost.
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Fig. S6. mcd1Q266 rescues DSB dependent genome compaction in the absence of Mcd1.

(A) anti-myc/anti-flag Western blots demonstrating protein levels of AID-myc and mcd1Q266-

FLAG tagged proteins treated with auxin or ethanol throughout

microscopy DSB end tethering

assays. t-1 (before IAA/EtOH addition), tO (1 hour IAA/EtOH), t1 (2 hours IAA/EtOH + 1
hours galactose), t2 (3 hours IAA/EtOH +2 hours galactose) and t4 (5 hours IAA/EtOH + 4
hours galactose). (B) Drop assay of MCDL1 strains on YPD and YPD + auxin, incubated for 72

hours at 23°C. (C-E) Relative frequency of distances measured

between two tags separated by

45kb in MCD11-AlID tagged strains complemented with nothing, MCD1, or mcd1Q266, treated
with ethanol or auxin and nocodazole after 4h DSB. (F-H) Distances between 45kb separated
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tags from three individual replicas for MCD1-AID tagged strains complemented with nothing,
MCD1, or mcd1Q266, treated with ethanol or auxin and nocodazole after 4 hour DSB,
represented as a violin plot. Red line at median, quartiles represented by dashed line.
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Fig. S7. Cohesin depletion does not alter rate of resection following DSB.

(A-B) Spot characteristics of individual cells in rad52 and rad51 cells during a 12 hour period
after DNA DSB induction (C) Time taken for loss of both spots after DSB induction in
microfluidic experiments for SMC1-AID strains. (D) Time taken for loss of both spots after
DSB induction in microfluidic experiments for auxin exposed CDC45-AID and CDC45-AID
SMC1-AID strains. (E-F) Spot characteristics of individual cells in CDC45-AID, CDC45-AlD
SMC1-AID cells during a 15.5 hour period after DNA DSB induction. DSB was induced in the

microfluidic plate.
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Strain | Strain genotype Strain type | Reference |Figure ID
MATa hml::ADE1 hmr::ADE1 ade3::pGal- Galactose- ] ¢ al
eeetal.,
JKM139 |HO adel leu2-3,112 lys5 trp1::hisG ura3- |inducible HO 1998
52 cleavage
MATa hml::ADE1 hmr::ADE1 ade3::pGal- Galactose- ] ¢ al
eeetal.,
JKM179 |HO adel leu2-3,112 lys5 trp1::hisG ura3- |inducible HO 1998
52 cleavage
. 1B-D, 1F-H,
JKM139, ura3-52A::Lacl-mCherry-URA3, Mojumdar 2¢ 2E. 3E
yKD809 |leu2-3A::TetR-GFP-LEU2, TAF2-LacOpFx- Tethering etal., 3H' Sl'A ’
TRP1, 4.4kb MATa-TetO-LEU2 2019 Y
S1C-D
. . 1C-D, 1H,
yKD1107 | yKD809, exolA::HPH Tethering | This study
2B, S1D
Mojumdar
. 1C-D, 1G,
yKD925 |yKD809, mrel1A::HPH Tethering etal., S1C
2019
yKD2365 |yKD809, exolA::HPH mrel1A::Nat Tethering | This study |1C-D
yKD809, ura3-52A:: OsTIR1-9myc-URA3- . . S1B, S2E,
yKD1175 Tethering | This study
Lacl-mCherry-KanMx S6B
1E-H, 2B-C,
2E, 3E-G, 4B-
yKD1177 |yKD1175, SMC1-AID-9myc-HPH Tethering | This study |F, S1C-D,
S2A, S2E,
S5A, S7C
yKD2318 |yKD1175, SMC1-AID-9myc-HPH mata-inc Tethering | This study | 1F
yKD1175, SMC1-AID-9myc-HPH . . 1G, 3F-G,
yKD1483 Tethering | This study
mrellA::Nat S1C, S5A
yKD1175, SMC1-AID-9myc-HPH . .
yKD1486 Tethering | This study |1H, S1D
exolA::Nat
yKD1488 | yKD1175, SCC2-AID-9myc-HPH Tethering | This study |2B, S2B, S2E
yKD1178 |yKD1175, SMC5-AID-9myc-HPH Tethering | This study |2C, S2C, S2E
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yKD1175, SMC1-AID-9myc-Nat SMC5-AID-

yKD2436 Tethering | This study |2C
9myc-HPH
2E, 4G-H,
yKD2496 |yKD1175, CDC45-AID-9myc-Nat Tethering | This study [S2D-E, S3A,
S7D-E
2E, 4G-H,
yKD1175, CDC45-AID-9myc-Nat SMC1- . .
yKD2497 Tethering | This study |S2E, S3A,
AID-9myc-HPH
S7D, S7F
4.4kb MATa-TetO-LEU2 0.5kb-
CWHA43::lacOpFX-TRP1 ura3A::0sTIR1- . .
yKD2285 Compaction | This study |S4E
URA3-Lacl-mCherry-KanMx leu2-3A::TetR-
GFP-LEU2
. . 3B-C, S4A-C,
yKD2289 | yKD2285, SMC1-AID-9myc-HPH Compaction | This study S4E
yKD2438 | yKD2285, PDS5-AID-9myc-HPH Compaction | This study |3D, S4D-F
yKD2439 |yKD1175, PDS5-AID-9myc-HPH Tethering | This study |3E
yKD809, ura3-52A::Lacl-mCherry-KanMX . .
yKD2484 Tethering | This study |3H
rad50A::Nat
yKD2484, ura3-52A::Lacl-mCherry-RAD50- . .
yKD2549 Tethering | This study |3H
URA3
yKD2484, ura3-52A::Lacl-mCherry- . )
yKD2550 Tethering | This study |3H
rad50L116A/1119A/T127A/L128A-URA3
yKD1175, ura3A::0sTIR1-Nat-Lacl- . .
yKD2485 Tethering | This study |3I, S6B
mCherry-KanMx MCD1-AID-9myc-HPH
yKD2491 | yKD2485, mcd1-Q266-3FLAG-URA3 Tethering | This study |3I, S6B
yKD2492 | yKD2485, MCD1-3FLAG-URA3 Tethering | This study |3, S6B
yKD1172 | yKD809, rad52A::KanMx Tethering | This study |4C-D, S7A
yKD2366 |yKD809, rad51A::Nat Tethering | This study [4C-D, S7B
yKD2285, ura3A::0sTIR1-Nat-Lacl- . .
yKD2552 Compaction | This study |S6B

mCherry-KanMx
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yKD2553 |yKD2552, MCD1-AID-9myc-HPH Compaction | This study |S6C, S6F

yKD2554 | yKD2553, mcd1-Q266-3FLAG-URA3 Compaction | This study |S6E, S6H

yKD2555 |yKD2553, MCD1-3FLAG-URA3 Compaction | This study |S6D, S6G
JKM139, NUP49::NUP49-mCherry-URA3 . .

yKD1598 DDR foci This study |S5B-C
MRE11-yEGFP-HPH, sae2::NAT

yKD282 |JKM179, RAD52-YFP DDR foci This study |S5D-E

Table S1.

Saccharomyces cerivisae strains used in this study
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Plasmid

Plasmid name number Description Source
OSTIR-9myc- Nishimura et al.,
URA3 pKD243 ADH1p-OsTIR1-9Myc 2009

Nishimura et al.,
AID-9myc-NAT pKD244 AID-9myc-NAT 2009

Nishimura et al.,

AID-9myc-HPH pKD245 AID-9myc-HPH 2009
mcd1-Q266-

3FLAG-URA3 pKD511 pVG285 mcd1-Q266-3FLAG Engetal., 2014
MCD1-3FLAG-

URA3 pKD517 MCD1-3FLAG This study

pJT23 pSIVura-Spel-prom-Rad50(L116A, |Kissling et al.,
rad50lo-URA3 pKD513 1119A, T127A, L128A)-term-Kpnl 2022

pJT25, pSIVura-Spel-prom-Rad50-term- | Kissling et al.,
RAD50-URA3 pKD514 Kpnl 2022

Table S2.

Plasmids used in this study

120



Primer | Name Sequence Use
776 FOGG1 |CAATGGTGTAGGCCCCAAAG Reference gene
777 ROGG1 |ACGATGCCATCCATGTGAAGT Reference gene
Quantify DSB efficiency
1124 |FMATa |AGTTTCAGCTTTCCGCAACAG
at MATa
Quantify DSB efficiency
47 R MATa |CGTCACCACGTACTTCAGCATAA
at MATa
Table S3.

gPCR primers used in this study

121




Movie S1.

yKD1177 E S9 Repair, green spot, division
Movie S2.

yKD1177 E S9 Repair, red spot, division
Movie S3.

yKD1177 E S8 No Repair, no division
Movie S4.

yKD1177 E S11 No repair, division
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Results not included in Article 1:
- Cohesin depletion does not alter resection

- Rad17 is not required for DSB end-tethering
- Rtt107 is not required for DSB end-tethering
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Figure 1. Cohesin depletion does not alter resection. qPCR analysis of DNA content in a region
300bp from the inducible HO DSB site. Time points were taken at 0 (no DSB), 2 and 4 hours
after DSB induction. DNA content is presented as a ratio between the value at each time point,
divided by the no DSB control. Strains were incubated with (+) or without (-) auxin as indicated
on graph. Black stars indicate statistical differences (*= p<0,05; **= p<0,01; ***= p<0,005;
***k*= p<0,001). Shaded area indicates the 95% confidence interval of the fitting of 3

experiments per data set.

Result

Exol DSB end-tethering is dependent on its ability to form ssDNA. Therefore, we tested if
cohesin might disrupt end tethering by altering resection. In our qPCR assay, a reduction in
the ratio indicates less DNA was present at the given time point compared to the no DSB
control. Thus we could determine the level of resection. In WT cells, the ratio reduced to 0.68
at 2h post DSB, and 0.48 at 4h post DSB. In mrel1 null cells the ratio reduced to 0.83 and 0.66
at 2 and 4h post DSB respectively, indicating that resection had slowed compared to WT cells.
In contrast, the ratio reduced to 0.66 and 0.51 at 2 and 4h post DSB in Smc1 depleted cells.
This demonstrates that loss of cohesin does not affect rates of resection. As such, loss of end

tethering in cohesin depleted cells is not explained by reduced availability of ssDNA.
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Figure 2. Rad17 is not required for DSB end-tethering. Percentage of cells with separated
ends in the indicated strains after 4 hours DSB induction. Black stars indicate statistical
differences (*= p<0,05; **=p<0,01; ***= p<0,005; ****= p<0,001). Shaded area indicates the

95% confidence interval of the fitting of 3 experiments per data set.

Result

A recent paper used Hi-C to measure chromosome contacts between both sides of an
inducible DSB (Piazza et al., 2021). These contacts were lost in the absence of mrell, and as
such were attributed to the tethering of DSB ends. The authors also implicated Rad17 of the
9-1-1 clamp in DSB end-tethering. Therefore, we tested DSB end-tethering in rad17 null cells
using our live-cell microscopy assay. In contrast to Piazza et al., loss of Rad17 did not increase
end separation in our system. This contradiction is important, as in contrast to our study, they
did not observe loss of contacts upon depletion of cohesin subunits. These discrepancies will
be addressed in detail in the discussion. This experiment was also performed in the presence
of nocodazole, replicating the conditions used in the Piazza et al., study. End separation did
not increase in the presence of nocodazole. However, this was only performed once and

should be repeated.
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Figure 3. Rtt107 is not required for DSB end-tethering. Percentage of cells with separated
ends in the indicated strains after 4 hours DSB induction. Black stars indicate statistical
differences (*= p<0,05; **= p<0,01; ***=p<0,005; ****= p<0,001). Shaded area indicates the

95% confidence interval of the fitting of 3 experiments per data set.

Result

We demonstrate that Smc5/6 is important for DSB end-tethering in the cohesin pathway. In
line with this, cohesin recruitment to DSBs is dependent on Smc5/6. We hypothesized that
two Smc5/6 properties could recruit it to DNA DSBs and be important for cohesin end-
tethering. One possibility is that Smc5/6 senses resected DSB ends through a domain in its
hinge that preferentially binds ssDNA (Alt et al., 2017). The second is through an interacting
partner, Rtt107, which was shown to be important for enrichment of Smc5/6 at DSBs (Leung
etal., 2011). Rtt107 knockout did not increase end separation, indicating that it is not essential
for DSB end tethering. Interestingly, Smc5/6 levels were still moderately elevated in the
immediate vicinity of the DSB in absence of Rtt107 (Leung et al., 2011). This indicates that the
Smc5/6 ssDNA binding affinity might be sufficient for recruitment to resected DNA at DSBs.
These levels are sufficient for performing its role in promoting cohesin dependent end
tethering. It would be interesting to determine if Rtt107 deletion reduces cohesin dependent
genome compaction. It should also be checked if this residual recruitment is dependent on its
ssDNA binding domain. This experiment was only performed once and as such should be

repeated.
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Article 2 — Telomere protein arrays stall DNA loop extrusion by condensin
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ABSTRACT

DNA loop extrusion by SMC proteins is a key process underlying chromosomal organization. It is unknown
how loop extruders interact with telomeres where DNA is covered with a dense array of proteins. Using
complementary in vivo and in vitro single-molecule approaches, we study the interaction between loop-
extruding condensin and Rap1, the DNA-binding telomeric protein of Saccharomyces cerevisiae. We show
that dense linear Rapl arrays can completely halt DNA loop extrusion, where the blocking efficiency
depends on the array length and the DNA gap size between neighboring proteins. In cells, Rap1 arrays are
found to act as contact insulators and to accumulate condensin at their borders, with direct implications
for the resolution of dicentric chromosomes produced by telomere fusions. Our findings show that linear
arrays of DNA-bound proteins can efficiently halt DNA loop extrusion by SMC proteins, which may impact

cellular processes from telomere functions to transcription and DNA repair.

Keywords: telomere; condensin; SMC complexes; loop extrusion; dicentric chromosome; S. cerevisiae;

single-molecule assay; chromatin
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INTRODUCTION

Telomeres are essential protein-DNA complexes that ensure that chromosome ends escape the pathways
acting on broken DNA ends. They consist of long stretches of DNA with repetitions of short motifs tightly
covered by sequence-specific DNA-binding proteins such as Rap1 in budding yeast'™. Because of the tight
packing, access to telomere DNA is restricted for DNA-processing events such as transcription, DNA repair,

and replication®™2,

Here, we aim to shed light on the handling of such a tight DNA coverage at telomeres by a key organizer of
chromosomal structure, the SMC complex (Structural Maintenance of Chromosomes) condensin. SMC
complexes are motor proteins that extrude loops of DNA to organize chromatin into higher-order
structures’3>2%. Condensin compacts chromosomes during mitosis via DNA loop extrusion?2> and is
essential to chromosome segregation?®?’. Condensin consists of two ATPase SMC coiled-coil subunits (Smc2
and Smc4), a kleisin (Brnl in budding yeast), and two HEAT-repeat subunits (Ycs4 and Ycgl in budding
yeast). Yeast condensin acts as a monomeric protein complex that anchors DNA at the Brn1-Ycgl interface
and extrudes DNA into a loop from this anchoring point!>18282% DNA loop extrusion is driven by ATP-

dependent conformational changes and multiple dynamic DNA-protein contacts®30-32,

It is currently intensely studied whether loop extrusion by condensin and other SMC complexes can be
blocked by DNA-binding proteins that may act as roadblocks for loop extrusion33-37. The DNA-binding
protein CTCF, known to demarcate the boundaries of topologically associated domains (TADs)3>38, was
recently shown to block the SMC complex cohesin in a direction- and force-dependent manner through
specific chemical interactions3®. In the absence of a biochemical interaction, SMC complexes were, by
contrast, found to be remarkably efficient at passing isolated physical roadblocks on the DNA in vitro®.
However, in cells, chromosome-bound roadblocks are often not present as single obstacles at low density.
For instance, RNA polymerases have been reported to stall SMC complexes at highly transcribed genes,

perhaps as a consequence of DNA coverage by so-called polymerase trains3339-42,

Our previous work suggested that condensin may stall at telomeres'?. Upon studying dicentric chromosome
breakage in Saccharomyces cerevisiae, we found that dicentrics resulting from accidental telomere-
telomere fusions preferentially broke at the fusion points** during abscission (septum closure in
yeast)124445 This restored the parental karyotype, therefore providing a backup pathway for telomere
protection and genome stability. Breakage at telomere fusions requires two specific actors, namely
condensin and the telomere DNA-binding protein Rapl. Condensin stalling by arrays of Rap1l might favour
their capture at the abscission point, which would explain dicentric preferential breakage at telomere-

telomere fusions?2.
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Here we employ both in vitro single-molecule and in vivo approaches to directly address how arrays of Rap1
impact condensin-driven loop extrusion. Dense and tightly bound telomeric repeats provide a unique
setting to systematically and mechanistically study this interaction. We show that telomere-Rapl arrays
inserted exogenously within a chromosome lead to an accumulation of condensin at their borders yielding
a local boundary to chromatin compaction. By studying encounters between individual loop-extruding
condensin complexes and Rap1 arrays in single-molecule visualizations, we show how ~100 nm arrays can
stall condensin by physically blocking the loop extrusion with near-100% efficiency. Stalling is modulated by
DNA tension and requires a high protein density on the DNA as small intra-array gaps sharply decrease the
blocking. These results (i) impact our mechanistic biophysical understanding of DNA loop extrusion beyond
single objects on the DNA, providing a unique example of linear protein arrays that block loop extrusion
with an unprecedently high efficiency, (ii) provide evidence for the hypothesis that telomere-telomere
fusions preferentially break at fusion points due to a force focusing organized by Rapl-mediated condensin
stalling, (iii) uncovered a new feature of telomeres and (iv) more generally highlight the intricate interplay

between SMC-driven chromosomal structure, local DNA stiffness, and protein occupancy.

RESULTS

Condensin is enriched at the border of Rap1 arrays

Stalling of condensin-driven DNA loop extrusion at dense telomere Rapl arrays would result in a local
accumulation of condensin at the edges of these arrays (Fig. 1A). To test this hypothesis, we engineered
Rap1l binding-site arrays with a site density akin to native telomere sequences'?*® into the genome. These
arrays of 16 Rap1 sites consisted of pairs of two neighboring Rap1 sites (mutually separated by 1 bp) that
were separated by a constant gap that was set at either 6 or 35-bp (Fig. 1B and Methods). Subsequently,
we used chromatin immunoprecipitation (ChlP) to map condensin-DNA interactions in the vicinity of these
arrays (Fig. 1C, Fig. S1A). To maximize the odds of condensin encountering the Rapl-bound array, we
crosslinked cells that were synchronized in late anaphase (30 minutes after release from a cdc15-2%

arrest)!%224 because condensin-dependent chromosome-arm compaction in yeast peaks in anaphase??.

We observed that an array of 16 closely spaced Rap1 sites (i.e., a dense array with 6-bp gaps) led to a 5-fold
increase in the occurrence of condensin at the border of the array, relative to the level observed with an
array made of mutated DNA sites that are incapable of binding Rap1'? (Fig.1C). This condensin
accumulation decreased with the distance from the array, indicating that the accumulation was most

strongly localized at the edge of the Rap1 array. We saw a similar local condensin enrichment at the border
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of a native telomere (Fig. S1B). These data are in agreement with previous reports of condensin enrichment

at the border of telomeres in budding yeast, fission yeast, and vertebrates during mitosis*’=°,

If this higher condensin abundancy resulted from the stalling of condensin-driven loop extrusion at the Rap1
array, a lower density of Rapl sites could potentially alleviate this higher abundancy, for example by
exposing bare DNA segments within the array that condensin could contact during the process of loop
extrusion. To investigate this, we tested an array of 16 Rap1 sites that were spaced with a 35-bp bare DNA
linker between every two successive sites (Fig. 1B). Since Rap1 binds uncooperatively to each site®, such a
spacer length should only impact the Rapl density but not its high affinity>°. As anticipated, lowering the
Rap1 density strongly reduced the condensin accumulation at the border of the array (Fig. 1C). We conclude
that condensin loop extrusion stalls at high-density Rapl telomere arrays, but not at sparse arrays with a
lower Rap1 density. Because the sparse arrays are longer than the dense arrays, this stalling is primarily due

to the high local density of proteins rather than the length of the array.

To assess whether loop extrusion stalling is due to a purely physical blockade of the protein array, as
opposed to possible chemical interactions, we engineered the 35-bp linker sequence to contain a LacO site
that can be bound by lacl, thus filling the gaps between the Rap1 proteins. Notably, Lacl and Rap1 bind their
respective site with similar affinities®®>2. The expression of Lacl in cells harboring these 35-bp linker
sequences resulted in a strongly increased abundancy of condensin at the border of the array, to the same
level as the 6-bp spaced dense array (Fig. 1C). These findings indicate that DNA loop extrusion by condensin
is stalled by the protein array due to mere physical interactions, rather than due to chemical interactions
with Rap1l specifically — implying that any long dense protein array on DNA will stall condensin-driven loop

extrusion.

High-density Rap1 arrays stall loop extrusion in vitro

Previous in vitro experiments showed that, surprisingly, most single DNA-binding proteins hardly pose any
barrier to loop-extruding condensin®’. Condensin can even pass 200 nm DNA-bound beads that are larger
than its ring size and accommodate those into the extruded loop?’. Here, we used the same single-
molecule-visualization assay to test whether high-density Rap1 arrays alone block loop extrusion. To this
end, we inserted a Rap1 array into a long (42-kb) DNA molecule. The DNA constructs were incubated with
purified and fluorescently labeled Rap1l at a 5x to 7x excess of protein to the number of Rapl binding sites.
Then, Rap1-bound DNA was flushed into a flow channel with a pegylated and biotinylated surface to which
the biotinylated ends of the DNA molecules attached via biotin-streptavidin binding (Fig. 2A). Rap1 bound
efficiently and specifically to its binding site under these conditions showing a near-100% binding efficiency

and negligible off-target binding (see methods and Fig. S2A-C), in line with its high affinity in vitro (Kp =
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3 nM)>%>233, The residence time of Rapl was measured under our imaging conditions (see methods and
Fig. S2D-G), showing that Rap1 stayed bound to its binding site for much longer than our acquisition time
for loop extrusion experiments (median residence time: 166 min, compared to <30 min acquisition). From
these data we concluded that our linear Rap1 arrays were saturated with bound Rap1 proteins during the

single-molecule experiments.

After binding our Rap1 protein arrays in the flow cells, we next added condensin (see Methods) to observe
encounters between the arrays and loop-extruding condensin. High-density linear Rapl arrays (16 Rapl
binding sites with 6-bp gap — same as used in vivo) were found to clearly stall loop extrusion. This was first
visualized qualitatively in a buffer flow that was applied perpendicular to the direction in which DNA was
inserted. Figure 2B shows the typical blocking behavior where a DNA loop (cyan) developed and got stalled
as soon as it encountered the Rapl array (red); Figure 2C shows a passing event, where the condensin
bypassed the Rap1l array and accommodated that into the extruded DNA loop. To quantify blocking in the
absence of any flow (avoiding effects of the flow-associated force), imaging was performed after buffer
flow was stopped. Analysis on resulting kymographs (which show the fluorescent intensity along the DNA
versus time) was performed as previously described?. To discern stalling from passing events, we defined
‘stalling’ as an event that displayed a vanishingly small distance between the Rap1l array and the extruded
loop, as well as a plateau in both the loop size and the moving mean squared displacement (MSD) (see
Methods and ref. 37). By contrast, in passing events, the loop continued to grow and the moving MSD
increased upon an encounter (cf. Fig. 2B and Fig. 2C for kymograph analysis). Subsequently, we estimated

the blocking efficiency as the number of stalling events relative to the total number of encounters.

The high-density linear Rapl arrays with 16 consecutively bound Rapl proteins were found to very
efficiently stall loop extrusion, with a blocking efficiency of 83 + 8% (N=84) (Fig. 2F). This is an extremely
high blocking efficiency, higher than measured for any other DNA-binding protein®’, and higher than
measured for encounters between cohesin and CTCF which involve chemical interactions®*. For a block of
only two Rap1l binding sites, the blocking efficiency was by contrast very low (9 + 8%, N=44), allowing
condensin-mediated loop extrusion to simply pass Rap1l into its loop in the vast majority of encounters (Fig.
2F). Furthermore, we found that binding of merely the Rap1 DNA-binding domain (DBD, fragment 310-608
omitting the N- and C-termini of Rap1) to the high-density 16 Rap1l-site array also blocked loop-extruding
condensin with a high efficiency (72 £ 11%, N=65), similar to the full-length protein (i.e., no significant
difference). This shows that it is the coverage of the DNA by protein, be it Rap1 or solely its DBD, which

underlies efficient blocking of loop extrusion.

By contrast, sparse Rapl arrays with 35-bp gaps between Rapl tandems (as in Fig. 1), showed a very low

blocking efficiency (12 + 9%, N=49) similar to that for only two adjacent binding sites. Inserting Lacl protein
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into the gaps of the low-density array did, however, restore a high blocking efficiency (67 + 22%, N=18),
showing that the linear protein filament provides efficient blockage of DNA loop extrusion. In agreement
with the in vivo findings (Fig. 1C), this demonstrates that stalling is primarily due to the high local density of
proteins in the ~100 nm long array. The experiments with truncated Rapl (DBD) and with Lacl insertions
indicate that there is no specific protein-protein interaction between Rapl and condensin, but instead that

stalling is due to a physical rather than a biochemical interaction.

Stalling of loop extrusion depends on array density, array length, and DNA tension

To better understand the underlying biophysical mechanism of loop extrusion stalling by the Rap1 arrays,
we tested the dependence of stalling on a variety of parameters. First, we systematically examined the
effects of array density on stalling. We performed our single-molecule loop-extrusion assay with Rapl
arrays that had increasingly larger gaps in between pairs of Rap1 proteins on the DNA (Fig. 1B). Building on
our prior observation that another SMC complex, cohesin, is blocked by CTCF in a tension-dependent
manner34, we furthermore characterized the blocking efficiency as a function of DNA tension (ranging from
0-0.2 pN) exerted on the DNA at the time of encounter. These forces are well below the stalling force of

condensin, which we previously reported at ~1 pN >4,

We observed an approximately linear dependence of the blocking efficiency on the gap size in all force
regimes (Fig. 3A). While at relatively high tensions (>0.13 pN), a near-100% blocking was observed for the
densest (6-bp gap) array, the blocking efficiency monotonously reduced with increasing gap sizes, to ~10%
for the 35-bp gap array. At lower DNA tension, the blocking efficiency was reduced for all arrays. The
monotonous decrease of the blocking efficiency with gap size did not, within the finite signal-to noise ratio,
show a clear threshold-like behavior that one would expect if there were an enabling gap size that allows

condensin to make contacts within the array.

To dissect the relation between loop extrusion stalling and the length of Rap1l arrays, we next measured
the blocking efficiency of dense arrays (i.e., only 6-bp gaps) with 2, 6, 8, or 16 binding sites, i.e., arrays
whose length ranges from 10 to 93 nm (see Table S2). We observed a strong increase of the blocking
efficiency with array length for all force regimes, see Fig. 3B, where blocking was negligible for a single Rap1
pair, but very pronounced for the 16x Rapl array. Interestingly, the blocking efficiency exhibits a more
pronounced effect of the DNA tension at higher array lengths. This suggests that local bending of DNA,

which is hampered at higher DNA tension, may be important to ongoing DNA loop extrusion'®3132,

These data show that stalling depends on array density as well as array length. Notably, in the lowest force

regime, even the longest of the dense Rap1 arrays (16x Rap1 with 6-bp gaps) can still pass into the loop for
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a sizeable fraction (~50%) of the encounters, which prompts us to hypothesize that condensin can
occasionally grab even beyond the longest 93 nm array, in accordance with our previous measurements of
the step sizes that showed that condensin occasionally makes steps larger than its ~40 nm diameter>*>>,
The biophysical process of loop extrusion likely involves a large conformational change of the SMC
complex!®3032 35 well as the polymer dynamics of the DNA (with its local Rap1 array) which is set by thermal
fluctuations and polymer stiffness. Hence, we next turned to investigate how Rap1 influences the polymer

properties of DNA.

To investigate how the stiffness of the Rap1 arrays depends on their density, we analyzed the structure of
the arrays using atomic force microscopy (AFM). Figure 3C shows typical images of DNA molecules with
bound Rap1l proteins, for a variety of gap sizes. The 16 Rap1 protein arrays with small (6 bp) to medium (20
bp) gaps were found to act as fairly stiff rods (in accordance with a previous report®®) whereas the arrays
became more flexible as the gap increased further to 35-bp (Fig. 3C-E), approaching the flexibility of bare
DNA. To quantify the data, we measured the end-to-end lengths of the Rap1 arrays and normalized that to
the measured contour length (Fig. 3D). For the densest arrays, the normalized end-to-end length
approached unity, i.e., the end-to-end length thus roughly equaled the contour length, indicating that these
arrays behave like stiff rods that do not bend over their length. Since the end-to-end length is only very
weakly dependent on the stiffness in this length regime, quantitative conclusions about the intrinsic
stiffness of the arrays cannot be drawn from these data. By contrast, the normalized end-to-end length
decreased to a value of ~0.6 for the 35-bp gap arrays with a wide distribution, indicating a greater freedom
to take on different possible conformations which points to a greater flexibility. Interestingly, the mean
absolute end-to-end length displayed in Figure 3E was found to be approximately constant with gap size.
As illustrated in the insets to Figure 3E, this implies that the end-to-end length of the stiff 6-bp array (which
equals the 93 nm contour length) happens to be about the same as the end-to-end length of the highly
flexible 35-bp array which has a contour length of 162 nm. Taken together, we conclude that the denser

arrays are also stiffer, which may contribute to their loop extrusion blocking efficiency.

Condensin stalling at dense Rap1 arrays induces local chromatin decompaction in anaphase

Condensin stalling at Rap1 arrays should change local chromatin compaction in cells where condensin
is active. We tested this prediction using a microscopy-based approach. We tagged two positions that
were 48-kb apart on a chromosome arm with distinct LacO and TetO arrays that were bound by
mCherry and GFP respectively5? (Fig. 4A). By measuring the projected 2D distance between these two
spots, we inferred the local degree of chromosome folding. The median distance between the two spots
decreased in cells in anaphase compared to G1 cells. This chromosome compaction did, however, not
occur in condensin-depleted cells (Fig. 4A, smc2-AID +1AA), indicating that it resulted from condensin

activity during anaphase?2258-61,
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The insertion of a dense array (16 Rap1 sites with 6-bp gap) half-way between the two fluorescently tagged
positions was found to have no impact in G1 cells (Fig. 4A), which was expected given the low condensin
activity. It also indicates that the local DNA stiffening of the array had no impact on the chromosome
compaction at this scale. In cells in anaphase, however, inclusion of the dense array increased the median
distance between the two spots to ~400 nm, equivalent to the low compaction seen in G1. This indicates
that a Rapl-bound array caused a local chromatin decompaction during anaphase. Lowering the Rapl
density of the array restored the anaphase compaction (cf. 30-bp gap in Fig. 4A). The sensitivity to Rapl
density shows that it is the condensin stalling at the array that causes the observed chromatin

decompaction by preventing the formation of larger loops that brings the two spots in closer proximity.

To further validate this result, we used a MicroC approach®%% to quantify the frequency of contacts
between adjacent chromatin regions in cells synchronized in late anaphase. Strikingly, a dense Rap1 array
(16 Rap1 sites with 6-bp gaps) reduced the contacts of the telomere-proximal chromosome region with the
rest of the chromosome arm (Fig. 4B, Fig. S3), the expected outcome of condensin stalling at the dense
array. A sparse array (35-bp gaps, Fig. 4B, Fig. S3) and an array of mutated DNA sites incapable of binding
Rap1 (Fig. S3) failed to insulate the telomere-proximal region, in accordance with condensin being able to
extrude these arrays in an unhindered way. This shows that the reduced contact frequency caused by the
dense array stems from a reduced frequency of loops that would bring DNA together from the two sides

separated by the array.

Preferential breakage of dicentric chromosomes near Rapl arrays is another anticipated outcome of
condensin stalling at the arrays (Fig. 4C)'%. We used this readout to test arrays with various Rap1 densities.
Rap1l arrays of 16 binding sites with gaps ranging from 6 to 35-bp were inserted in a conditional dicentric
chromosome, whose one centromere can be reversibly inactivated (Fig. 4C). To monitor dicentric breakage
by abscission, we reactivated the conditional centromere in cells synchronously released from a G1 arrest.
Cells were harvested either prior to dicentric breakage (nocodazole arrest) or after dicentric breakage in
the next G1 (alpha factor arrest). Chromosome fragments were separated by Pulse Field Gel Electrophoresis
(PFGE) and detected by Southern blot. In the absence of Rapl arrays between centromeres, dicentric

breakage preferentially occurred near the centromeres (Fig. S4)'>%.

We observed a strong dependence of dicentric breakage on the gap size. Only high-density arrays focused
the breakage at the array, while low-density arrays with gaps of 30 and 35-bp failed to do so (Fig. 4D).
Ectopic expression of bacterial Lacl restored a strong breakage at the arrays with the 35-bp gap sequence

containing a LacO site, as reported previously®?. This effect was attenuated when utilizing a Lacl* allele with
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areduced LacO affinity (Fig. 4D)%. These in vivo results further indicate that continuous high-affinity protein

binding along the array on DNA is a key feature needed to stall condensin.

DISCUSSION

This work shows that DNA coverage by a telomere protein strongly modulates condensin loop extrusion
activity in vivo and in vitro. DNA-loop-extruding condensin stalls at encounters with telomere-like arrays of
Rap1l protein bound on DNA in a length- and density-dependent manner. While individual DNA-bound
roadblocks can easily pass into the extruded loop®’, a dense coverage of DNA by proteins halts loop
extrusion. Such a stalling of loop extrusion results in a local boundary to chromosomal compaction during
anaphase. Notably, these telomeric protein arrays exhibit a remarkable stability as the Rap1 residence time
on DNA is of the order of hours (Fig. S2E), which is much longer than the inverse stepping rate of the loop

extrusion.

Our observations have implications for our biophysical understanding of loop extrusion by SMC complexes.
Rapl binding into a closely spaced array that covers the DNA makes this region inaccessible to a loop
extruder. We found that small gaps in the array facilitate passage, and larger gaps of ~30-bp even allow
unhindered loop extrusion through the array (Fig. 1C, Fig. 2F, Fig. 3A, Fig. 4). While the data thus clearly
point to a steric hindrance effect where Rapl precludes the availability of DNA as a substrate for loop
extrusion, it is of interest to ask whether the increased local stiffness plays a role as well, since Rap1 binding
stiffens the DNA. Such a stiffening can potentially hinder loop extrusion in two ways. First, it may be
energetically costly to reel the new DNA within the SMC lumen due to its reduced flexibility, as current
models for loop extrusion predict a significant bending of DNA during a loop extrusion step!®:32:5455,65-68
Second, a stiffer Rap1 array positions the next freely accessible DNA further away from condensin, making
it less likely that the SMC can reach beyond the array. While we observed differences between Rap1 arrays
of varying length and density, it is difficult to disentangle the effects of density and stiffness, and therefore
we cannot unambiguously determine the relative importance of the stiffness. The data call for a detailed
mechanistic model and simulations of loop extrusion of DNA with a local array of varying stiffness. Summing
up, we conclude that the dense linear protein arrays stall condensin by reducing the amount of freely
accessible DNA that can be grabbed and processed by condensin, as well as potentially by inhibiting the
incorporation of the array into the loop and by distancing the freely accessible DNA to positions beyond the

array.

Condensin stalling by Rap1 at telomere-telomere fusions favours dicentric breakage near the fusion points.
This mechanism provides a back-up for telomere protection and contributes to genome stability*>. As

corroborated by microscopy and MicroC analyses (Fig. 4A&B), we find that dense Rapl arrays establish
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boundaries to loop extrusion during anaphase, resulting in local chromatin insulation. This reveals a
mechanism underlying the positioning of dicentric breakage at telomere-telomere fusions. In anaphase, the
connection of centromeres to the spindle poles stretches dicentric anaphase bridges. As telophase
progresses, the disassembly of the mitotic spindle and the detachment of the spindle poles from the cell
cortex allow condensin to recoil the dicentric bridges prior to septum closure'?#>, Condensin stalling at
telomere-telomere fusions will favour the creation of two distinct domains, one in each nuclear lobe, out
of the two chromosome regions that are separated by the fusion point. This spatial insulation will direct the
telomere-telomere fusion toward the midzone, where the septum grows, thus resulting in its entrapment

and breakage by abscission.

Our findings show that the repeated nature of telomeres and the consequential dense DNA coverage yield
a unique 1D property: the ability to inhibit protein machines acting along the DNA. The blocking of SMC-
driven loop extrusion could apply more broadly to other activities whose control is important to telomere
functions. Apart from its role in resolving dicentric chromosomes, it is conceivable that condensin stalling
at native unfused telomeres contributes to their accurate segregation (Fig. S5). Without such stalling, loop
extrusion would proceed unhindered until the end of chromosomes, where condensin would run off the
DNA, leaving the chromosome ends uncompacted. Instead, a stalling of loop extrusion at the chromosome
ends ensures their individualization and proper compaction, facilitating their correct segregation prior to

cell division. In this way, condensin stalling at telomeres might further contribute to genome stability.

As we found that extended linear protein filaments can stall condensin-driven loop extrusion remarkably
efficiently, itis of interest to ask whether this result can be generalized, i.e., whether linear protein filaments
more generally block SMCs to extrude loops of DNA. Several observations indicate that this indeed may be
the case. DNA repair of double-stranded breaks (DSBs) features a stage where DNA is coated with dense
protein arrays, and it was reported that cohesin accumulates at these filaments®®7%. While it is commonly
assumed that cohesin is specifically loaded at DSB sites’®, loop extrusion could play a role in targeting
cohesin to these sites’*72, Furthermore, it was shown that highly transcribed genes significantly slow down
loop-extruding SMC complexes334%41, Possibly this can be attributed to a local dense coverage of DNA by
RNA-polymerases that line up in long ‘trains’. Finally, as the linker length needed for loop extrusion through
Rapl arrays approximates the average spacing between nucleosomes”?, it will be of interest to see if dense
nucleosome fibres block SMCs. The tension that condensin can exert on chromatin (<1 pN*?) is insufficient
to unwrap nucleosomes’ but may be sufficient to stretch them’76, which could help to expose the
internucleosomal DNA for capture by the SMC complex during loop extrusion, a hypothesis that remains to

be tested.
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Loop extrusion stands as a universally conserved mechanism across the SMC family>17.192032 \While we
presented a detailed study of condensin and Rapl in S. cerevisiae, we estimate that our findings have a
general significance and likely also hold for other SMCs and other protein filaments — providing an important
control element for chromosome organization.

MATERIALS & METHODS

Strains

All yeast strains used in this study are listed in Table S1.

Cell cycle synchronization

To synchronized cells in late anaphase (ChIP and MicroC experiments), exponentially growing cells carrying
the cdcl15-2 thermosensitive allele were arrested at restrictive temperature (36°C) for about 90 minutes
prior to be shifted back at permissive temperature (25°C) for 30 minutes. To assess dicentric breakage, cells
growing exponentially in galactose-containing synthetic medium (CEN6 OFF) were arrested in G1 with a-
factor (1077 M). Cells were released from the G1 arrest with two washes in glucose-containing rich medium
(YPD). Half the culture was complemented with nocodazole (5 pg/mL) to arrest the cells in G2/M. The other
half was complemented with a-factor (1077 M) about one hour after the washes to arrest the cells in the

next G1.

Pulse-Field Gel Electrophoretic (PFGE) and Southern blot

Yeast DNA embedded in agarose plugs was prepared as described 2 with minor modification (see
supplementary information). Pulse-field gel electrophoresis was carried out in a 0.9% agarose gel in 0.5x
TBE at 14°C with a CHEF DR Il from Bio-Rad with a constant switch time of 20 s during 24 h. Gel-Red labeled
DNA was detected by a Typhoon scanner. DNA transferred to a nitrocellulose member was hybridized with

32p_labeled TUB2 (chr. 6 probe) and POL4 (chr. 3 probe) fragment as previously described 2.

Distance measurements by microscopy of cells

Exponential growing cells (0.8 OD) in rich medium (YPD) were washed in synthetic medium prior to
live-cell imaging with a wide-field inverted microscope (Leica DMI-6000B) equipped with Adaptive
Focus Control to eliminate Z drift, a 100x/1.4 NA immersion objective with a Prior NanoScanZ
Nanopositioning Piezo Z Stage System, a CMOS camera (ORCA-Flash4.0; Hamamatsu), and a solid-state
light source (SpectraX, Lumencore). The system is piloted by MetaMorph software (Molecular Device).
2mM Indole-3-acetic acid (IAA) was added to exponential growing smc2-AID cells in YPD for 1 hour
prior to imaging.

GFP and mCherry two-color images were acquired over 19 focal steps of 0.2pm using solid state 475
and 575nm diodes and appropriate filters (GFP-mRFP filter; excitation: double BP, 450-490/550-
590nm and dichroic double BP 500-550/600-665nm; Chroma Technology Corp.). Acquisition of both
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wavelengths was completed on each focal plane with an exposure time of 50ms, before 0.2um steps,
to minimise the possibility of array movement between acquisitions of each wavelength. A single
bright-field image on one focal plane was acquired at each time point with an exposure of 50ms. All
images shown are maximum intensity z projections of z-stack images.

Image analysis was achieved following processing with Image] Fiji software, using scripts written in
Image] macro language. Briefly, local maxima that define GFP and mCherry fluorescent array positions
were determined from 2D maximal projections of three-dimensional data sets. Fluorescent signals
within cells were confirmed manually from 3 color merged images. The distance between the two
closest GFP and mCherry maxima was calculated using their extracted XY coordinates in R software

(v4.1.1).

ChIP

ChIP experiments were carried out as previously described with minor modifications 7778,

MicroC-XL

Micro-C was done following a mixed protocol described previously®379 with minor modification.
Briefly, 55 OD anaphase blocked yeast cultures were crosslinked with 3% formaldehyde for 15 min at
30°C. The reactions were quenched with 250 mM glycine at 30°C temperature for 5 min with agitation.
Cells were pelleted by centrifugation at 4000 rpm at 4°C for 5 min and washed twice with water. Cells
were then resuspended in Buffer Z (1M sorbitol, 50 mM Tris-HCl pH 7.4, 10 mM (-mercaptoethanol)
and spheroplasted by addition of 250 ug/mL Zymolyase (MP08320932) at 30°C in an incubator at 200
rpm for 40 to 60 minutes. Spheroplasts were washed once by 4°C PBS and then pelleted at 4000 rpm
at 4°C for 10 min. Pellets were re-crosslinked by addition of PBS supplemented with 3 mM
disuccinimidyl glutarate (ThermoFisher #20593) and incubated at 30°C for 40 min with gentle shaking
before quenching by addition of 400 mM final glycine for 5 minutes at 30°C. Cells were pelleted by
centrifugation at 4000 rpm at 4°C for 10 min, washed once with ice-cold PBS and stored at -80°C.
Pellets were treated as previously described®3 up to the decrosslink part. Decrosslink solution was
added with an equal volume of Phenol:Chloroform:Isoamyl Alcohol (25:24:1), vortexed intensively
centrifuged for 15 minutes at room temperature. The aqueous phase loaded and purified on
ZymoClean column according to the manufacturer protocol. Dinucleosomes were purified and excised
from a 3% NuSieve GTG agarose gel (Lonza #50081) using Zymoclean Gel DNA Recovery Kit (Zymo
#D4008). Micro-C libraries were prepared using the NEBNext Ultra I DNA Library Prep Kit for
[llumina (NEB #E7645) following’? manufacturer instructions and sequenced on the Illumina NovaSeq

6000 platform.

Micro-C datasets were analysed using the Distiller pipeline (https://github.com/open2c/distiller,

commit 8aa86e) to implement read filtering, alignment, PCR duplicate removal, and binning and

balancing of replicate and sample matrices. Reads were aligned to W303 using bwa 0.17.7 and the
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resulting maps filtered to remove low-quality alignments (MAPQ<30) and cis alignment pairs within
150 bp. Replicates were analysed independently, and their quality assessed before aggregation into

sample-level datasets. Maps were visualized and explored using Higlass®®.

DNA preparation for single-molecule-visualization assay

42-kb Linear cosmid-i95 plasmids with inserted sequences were prepared as previously reported3’-81, First,
the i95-cosmid was linearized with Psil-v2 (New England Biolabs). Second, the remaining 5’-phosphate
groups were dephosphorylated using calf-intestinal alkaline phosphatase for 10 minutes at 37°C and finally
heat inactivated for 20 min at 80°C (Quick CIP, New England Biolabs). The Rap1 arrays initially cloned in a
pUC19-derived vector (Table S2) were digested with Pvull (New England Biolabs) and subsequently gel
isolated. The fragments were ligated together by using a T4 DNA ligase in T4 ligase buffer (New England
Biolabs), with 1 mM ATP overnight at 16°C. The final constructs were transformed into E. coli NEB 10-beta
cells (New England Biolabs) and all constructs were sequence verified using plasmidsaurus Oxford Nanopore
long read sequencing. Inserted sequences are listed in Table S2. To linearize these cosmids and prepare
them for flow cell insertion, the cosmids were isolated using a Midiprep and a QlAfilter plasmid midi kit
(QIAGEN). The cosmids were then digested for 2 hours at 37°C and heat-inactivated for 20 minutes at 80°C
using Spel-HF (New England Biolabs). Next, 5’-biotin handles were constructed by a PCR reaction from a
pBluescript SK+ (StrataGene) using 5’-biotin primers JT337 (Bio- AGAATAGACCGAGATAGGGTTGAGTG) and
JT338 (Bio-GGCAGGGTCGGAACAGGAGAG). The PCR fragment was then digested by the same procedure as
for the large cosmid, resulting in ~600-bp 5’-biotin handles, which were mixed with the digested cosmids in
a 10x excess before ligation by T4 DNA ligase in T4 ligase buffer (New England Biolabs) at 16°C overnight.
The reaction was subsequently heat-inactivated at 65°C for 25 min. The final linear construct was cleanup
using an AKTA Start (Cytiva), with a homemade gel filtration column containing 46 mL of Sephacryl S-1000
SF gel filtration media, run with TE + 150 mM NaCl buffer at 0.5 mL/min.

Protein purification and fluorescent labelling

His6-TEV-4G-ScRap1-1-827 (Rapl full length) was induced with 0.5 mM isopropyl-B-D-thiogalactoside
(IPTG) four hours at 30 °C into E. coli strain BL21 (DE3) STAR (Invitrogen). All of the subsequent protein
purification steps were carried out at 4 °C. Cells were harvested, suspended in lysis buffer (50 mM Tris HCI
[pH8@4 °C], 1M NaCl, 1mM DTT, 20 mM Imidazole 1mg/mL lysozyme, 1 mM 4-(2-aminoethyl)
benzenesulphonyl fluoride (AEBSF), 10 mM benzaminide, 2 uM pepstatin) and disrupted by sonication.
Extract was cleared by centrifugation at 186,000g for 1 hour at 4 °C and then incubated at 4 °C with NiNTA
resin (QIAGEN) for 4 h. Mixture was poured into an Econo-Column®Chromatography column (BIO-RAD).
After extensive washing of the resin first with buffer A (20 mM Tris HCI [pH8@4 °C], 500 mM NaCl, 1 mM
DTT, 20 mM Imidazole) and then with buffer B (20 mM Tris HCI [pH8@4 °C], 100 mM NaCl, 1 mM DTT, 40

mM Imidazole), protein was eluted with buffer B complemented with 400 mM imidazole. Fractions
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containing purified His6-TEV-4G-ScRap1-1-827 were pooled and applied to a ResourceQ 1ml column
(Cytiva) equilibrated with buffer C (20 mM Tris HCI [pH8 @4 °C], 100 mM NaCl, 1 mM DTT, 1mM EDTA).
Protein was eluted with a 20 mL linear gradient of 0.1-1 M NaCl. Fractions containing the purified protein
were pooled and directly applied to a 1 ml HiTrap Heparin HP column (Cytiva) equilibrated with buffer C. A
30 mL linear gradient of 0.1-0.8 M NaCl was performed. TEV protease was added to the pooled fractions
containing purified His6-TEV-4G-ScRap1-1-827 and the mixture was directly dialyzed against buffer D
(20 mM Tris HCI [pH8 @4 °C], 150 mM NaCl, 1 mM DTT, 1mM EDTA) at 4°C overnight. The mixture was then
incubated with NiNTA resin (QIAGEN) for 2 hours and the purified 4G-ScRap1-1-827 without its His6-TEV
tag was recovered into the flow trough. Concentration was determined using Bradford protein assay with
BSA as standard. 4G-ScRap1-310-608 (Rapl DBD) was purified with the same protocol except the HiTrap

Heparin HP column which was omitted.

Rap1l protein was subsequently labelled with Janelia Fluor 646 (JF646) using a sortase reaction followed by
AKTA purification in a MonoQ column against a 1M NaCl gradient. The labelling efficiency of Rap1-JF646
was estimated to be about 70% from the fluorophore and protein concentrations. S. cerevisiae condensin

was purified as described in Ganji et al.%>.

Single-molecule-visualization assay

For the single-molecule loop extrusion assay, flow cells were prepared as previously reported?®®. Briefly,
glass slides and coverslips were cleaned using successive rounds of sonication in acetone and 1M KOH
followed by piranha etching. The glass surface was functionalised using aminosalinization and the surface
was passivated using mPEG-SVA (Laysan Bio) and MS(PEG)s,-NHS-Ester (Laysan Bio) in the presence of
biotin-PEG-SVA (Laysan Bio). Before experiments, the flowcell was briefly incubated with streptavidin (MP
Biomedicals) in T20 buffer (40 mM tris-HCI pH 8.0, 20 mM NaCl, 0.2 mM EDTA) and with 5 mg/ml BSA
(ThermoFisher Scientific) also in T20 buffer. Rap1 was bound to the long linear constructs by incubating at
room temperature at a 5-fold excess of protein to binding site for at least 1h in 100 mM KGlu, 2.5 mM
MgClz, 20 mM Tris pH 7.4, 1 mM DTT, 0.25 mg/ml BSA. After incubation, the Rap1-DNA complex was flushed
into the flowcell. DNA was visualized by adding 100 nM SytoxOrange (SxO) DNA dye. Unbound complexes
were flushed out and the buffer was changed to loop extrusion/imaging buffer (50 mM KGlu, 2.5 mM MgCl,,
40 mM Tris pH 7.5, 2 mM Trolox, 1 mM DTT, 0.25 mg/ml BSA, 5% glucose, 10 nM catalase, 18.75 nM glucose
oxidase, 2 mM ATP). Purified yeast condensin was added at 2 nM in imaging buffer at a flow rate of 0.5
pL/min until loops were observed and the flow was stopped. Imaging was done with a HILO microscope, as
previously described®®, with a red (637 nm, 15 mW) and a green laser (561 nm, 0.2 mW) in alternating light

excitation mode.

Rap1-DNA binding efficiency, specificity, and residence time
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Binding efficiency was estimated to be near-100% from fluorophore bleaching in our single-molecule
fluorescence visualization assay. To this end, Rap1-JF646 was incubated with linear constructs that contain
2 tandem Rap1 binding sites. After flushing the binding reaction into the flow cell, bleaching was done at
25mW power with the 637 nm laser. Individual fluorescent spots were tracked and their fluorescence
plotted as in Fig. S2A. The number of observed bleaching steps were counted for 46 spots using a step-
finding hidden Markov model (sfHMM)®. As shown in Fig. $2B, half of the traces showed 1 and the other
half showed 2 bleaching steps (50 £14%, N=46). This distribution of bleaching steps is in good accordance
with the 70% labelling efficiency, from which we expect to observe 54% of traces with a Rap1-JF646 signal
to show two steps if both binding sites are occupied (E%/(E? + 2E(1-E)), where E is the labelling efficiency).
There is no significant difference between the expected 54% and our observed 50% (p=0.16, one-sided
binomial test), indicating a near-100% binding efficiency. Binding specificity was visualized using the binding
positions along the DNA molecule from the same bleaching experiment (Fig. S2C). The Rapl binding sites

were positioned at roughly 40% along the DNA.

To measure the residence time (Fig. S2D-G) of Rap1l to its binding site, we used an assay similar to that
described above for determining the binding specificity. Briefly, we used a DNA construct with 2 tandem
Rapl binding sites, incubated with Rapl at a ratio of protein to binding site of 10, for >1h at room
temperature. Imaging was performed in the imaging buffer described above without ATP with an oxygen
scavenger system to minimize photobleaching (50 mM KGlu, 2.5 mM MgCl;, 40 mM Tris pH 7.5, 2 mM
Trolox, 1 mM DTT, 0.25 mg/ml BSA, 5% glucose, 10 nM catalase, 18.75 nM glucose oxidase). The constructs
were imaged for 3h with infrequent imaging (1 image per 4s) to reduce photobleaching for this long
measurement. Data was analyzed similar to described above, where unbinding events were counted as a

downward step in kymographs, and steps were analyzed using sfHMM?2,

Atomic force microscopy

For AFM imaging, short DNA fragments containing Rap1 binding site arrays were produced. The same Rap1l
arrays as for the single-molecule loop extrusion were cut with Pvull (New England Biolabs) and fragments
containing Rap1 repeats were separated from the backbone using a similar AKTA procedure as mentioned
above: AKTA Start (Cytiva) with a homemade gel filtration column containing 46 mL of Sephacryl S-1000 SF
gel filtration media, run with TE + 150 mM NaCl buffer at 0.5 mL/min. To concentrate the sample, we used
the vacufuge plus speedvac (Eppendorf) to reduce the volume. Next, the Rapl array fragments were

dialyzed to water to remove excess salt. Final concentration of DNA fragments was between 1 and 14 nM.

Samples were prepared by mixing DNA at a concentration of 0.5 nM with Rap1l to a protein:binding site
ratio of 4.1. We used the same fluorescently labelled full-length Rap1 proteins as in the single-molecule

visualization assay. Samples were incubated in a similar buffer as for the single-molecule visualization assay:
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100 mM KGlu, 20 mM Tris pH 7.4, 1 mM DTT. Some of the samples had slightly higher ratios of protein to
binding site due to a calculation error, but we found no significant effect on the binding in this concentration

regime.

For surface deposition and measurement, we prepared mica substrates by punching 3.2 mm mica discs
from mica sheets (V4 grade, SPI supplies) and gluing them to magnetic stainless steel discs with 2-
component epoxy glue. The mica discs were cleaved with adhesive tape before each preparation to provide
a clean surface. To ensure stable adhesion of the DNA to the mica surface, poly-L-lysine (PLL) was deposited
onto the mica at a concentration of 0.01% (w/v), incubated for 3 minutes, washed with pure water and
dried in a stream of nitrogen. We found that shorter incubation of the PLL, as well as the use of poly-L-
orthinine instead of PLL, would lead to incomplete coverage of the mica, which promoted alignment of
parts of the DNA molecules along straight lines separated by angles of 60 degrees, presumably parallel to
the crystal axes of the mica. DNA-Rapl samples were incubated for 45-90 minutes at room temperature
(21°C) and then 3 pl drops were deposited onto the PLL-coated mica substrates. After 1 minute, the sample
was gently washed using 200 pl of buffer applied and extracted with two separate pipettes. The sample was
then placed onto the microscope and imaged in buffer. The microscope was a Bruker Multimode, with
NanoScope V controller and version 9.1 Nanoscope software. The imaging mode was PeakForce QNM, with
a tapping frequency of 4 kHz and a force setpoint and amplitude manually tuned for optimal image quality,
typically 100 pN and 12 nm. Images were acquired with a pixel size of 2 nm, and processed for subtraction

of background artifacts using the ‘aligh rows’ and ‘remove polynomial background’ filters in Gwyddion®3.

To analyze the contour lengths and array end-to-end lengths, we used a homebuilt Matlab analysis package
named DNAcontour. This package in the version that was used to produce the data presented here, is

available at https://gitlab.tudelft.nl/allards-matlab-repo/allards-matlab-repo/-

/tree/RAP1 paper/DNAcontour. To automatically select DNA molecules from AFM images, we first applied

smoothing using a multi-pass Gaussian blur, followed by thresholding and filtering based on a potential
DNA molecule’s height, size, and aspect ratio. To calculate the trajectories of the DNA molecules, they
were skeletonized and resulting branches were connected. The initial guess for trajectories was
obtained by connecting the branches with Dijkstra’s algorithm and taking the longest shortest path
between endpoints. These trajectories were manually corrected where needed and the start- and
endpoints of the Rap1l arrays were manually annotated. The obtained trajectories were then iteratively
refined by optimizing the trajectories for the local maxima in a smooth curve. The end-to-end lengths
were then calculated as the distance between the endpoints of the Rap1 arrays and the contour length

was determined from the length of the DNA trajectories as shown in Fig. 3D.
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FIGURES

Figure 1. Condensin enrichment at the border of Rap1-bound arrays.

(A) Working hypothesis for condensin stalling at a Rap1-bound array. (B) Scheme illustrating the Rap1
arrays used in this study. Tandem repeats are used, meaning two consecutive Rap1l binding sites
separated by a gap of which we control the size. The arrays with 35-bp gaps contain a LacO sequence
to which Lacl protein can bind. (C) ChIP analysis of Smc2-Myc in cells synchronized in late anaphase.
The bars represent mean IP/Input values normalized to the signal at an ectopic position; error bars
indicate standard deviation over 3 or more biological replicates. Unnormalized IP/Input values are

shown in Fig. S1.

Figure 2. Dense Rap1 arrays are roadblocks to loop-extruding condensin in in vitro single-
molecule experiments.

(A) Schematic overview of a 42 kb linearized DNA molecule with a Rapl array sequence that is
tethered to a glass surface through biotin-streptavidin. (B) Example of a stalling event. Side-flow
images of DNA in cyan and a Rap1 array red. The time points represent the initial position of Rap1 on
the DNA, followed by the initiation of a loop, the encounter between the loop and Rap1, and finally the
position of the Rap1 array and the loop when flow is maximal, showing that the array is at the loop
base for blocking events and passes into the loop for passing events. (C) Same as in panel B, but for a
passing event. (D) Kymograph analysis of a blocking event in an experiment without applied flow.
Normalized positions of DNA and Rap1 are shown, as well as the distance between the loop and the
Rap1 (black), and the 51-frame moving MSD of Rap1 (red). Bottom plot shows the size of the loop in
kb, calculated from the fraction of fluorescence intensity of the loop relative to the whole DNA. (E)
Same as in panel D, but for a passing event. (F) Blocking fraction for various Rapl arrays. ‘DBD’
indicates the use of the DNA-binding domain truncation of Rap1 as opposed to the full-length protein.
‘+Lacl’ indicates the addition of Lacl protein. Error bars represent the 95% binomial confidence
interval. *** indicates p<10-3, and ns indicates no significant difference as determined by the Fisher

exact test.

Figure 3. Rap1 array density and length modulate the stalling efficiency for condensin.

(A) Blocking efficiency of Rap1 arrays with 16 binding sites versus gap size. Blocking efficiency is
denoted for three force ranges. Shaded areas represent the standard error of proportion. (B) Blocking
efficiency of Rap1 arrays versus array length, for constant 6-bp gap size. (C) Representative images
from AFM experiments for the Rap1 arrays of panel A, and for bare DNA. (D) Measured end-to-end
lengths normalized by the measured contour length of Rap1 arrays from AFM. (E) End-to-end lengths,
with the contour length (CL) of each construct shown above in nm. Red bars show the median of the

population. The red line shows the average end-to-end length for the different constructs (93.8 nm).
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Figure 4. Impact of Rap1-bound array on chromatin compaction in anaphase.

(A) A telomere-like Rap1 array causes local chromatin decompaction in anaphase. Representative
images of cells at distinct cell cycle stages. In anaphase, the two sister chromatids are separated and
the actomyosin ring (Myo1-GFP labelled) is open. In G1 cells, the ring is disassembled. Scale bars: 1 um
(pixel size: 65 nm). Distance between the two fluorescent spots shown in G1 cells and in anaphase
cells. Black lines indicate median value, red lines quartiles value. Statistical significance is given by the
Mann-Whitney test. (B) MicroC contact maps of chromosome 7 in cells synchronized in late anaphase.
The ratios were determined using the Serpentine tool8*. Whole-genome contact maps are shown in
Fig. S3. (C) Condensin stalling at dense Rap1 arrays in dicentrics focuses entrapment and breakage by
abscission. (D) Dicentric breakage at Rapl-bound arrays with varying gap sizes. The error bars
represent the standard deviation over 3 biological replicates. Gels for each single experiment are

shown in Fig. S4.
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Fig. 3
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Table S1: Yeast strains used in this study.

Name Genotype Figures
YCB212 MATq cdc15-2ts smc2-AlD-9myc::HPHBr NATr::16 Rapl1 sites 6bp gaps in 7L at 1C, 1
position 206707
. . . 1C, S1,
YCB214 MATa cdc15-2ts NATr::16 Rapl sites 6bp gaps in 7L at position 206707 4B
YCB215 MATa cdc15-2ts 4B
YCB257 MATa cdc1.5j2ts smc2-AlD-9myc::HPHBr NATr::16 mutated Rap1 sites 6bp gaps 1C, 1
in 7L at position 206707
) . - 1C, S1,
YCB261 MATa cdc15-2ts NATr::16 mutated Rap1 sites 6bp gaps in 7L at position 206707 4B
VCB542 MATq cdc15-2ts smc2-AlD-9myc::HPHBr NATr::16 Rapl sites 35b gaps in 7L at 1C, s1
position 206707
YCB544 MATo cdc15-2ts NATr::16 Rapl sites 35bp gaps in 7L at position 206707 4B
YCB550 MAToa cdc15-2ts NATr::14 Rap1 sites 35bp gaps in 7L at position 206707 1C, S1
VCB551 MATa cdc15-2ts smc2-AID-9myc::HPHBr NATr::16 Rap1 sites 35bp gaps in 7L at 1C s1
position 206707 ura3-1::lacl-mCherry::URA3 ’
YCB552 MATa cdc15-2ts smc2-AID-9myc::HPHBr NATr::16 Rap1 sites 35bp gaps in 7L at 1C s1
position 206707 ura3-1::URA3 ’
YCB554 MATo cdc15-2ts NATr::16 Rap1 sites 35bp gaps in 7L at position 206707 ura3- 1C, S1
1::URA3
YCB557 MATa cdc15-2ts NATr::16 Rap1 sites 35bp gaps in 7L at position 206707 ura3- 1c s1
1::lacl-mCherry::URA3
MATa barl-A KANr-pGAL1-CEN6-pGALI1-skHIS3 ADE2 NATr::16 mutated Rap1
YADS82 sites 25bp gaps in chromosome 6 at position 192140 CEN4::kILEU2 in S4
chromosome 6 at position 245710
MATa barl-A KANr-pGAL1-CEN6-pGAL1-skHIS3 ADE2 NATr::16 mutated Rapl
YADS83 sites 6bp gaps in chromosome 6 at position 192140 CEN4::kILEU2 in S4
chromosome 6 at position 245710
MATa barl-A KANr-pGAL1-CEN6-pGAL1-skHIS3 ADE2 NATr::16 Rapl sites 35bp
YADS86 gaps 6bp gaps in chromosome 6 at position 192140 CEN4::kILEU2 in S4
chromosome 6 at position 245710
MATa barl-A KANr-pGAL1-CEN6-pGAL1-skHIS3 ADE2 NATr::16 Rapl sites 6bp
YAD97 gaps in chromosome 6 at position 192140 CEN4::kILEU2 in chromosome 6 at S4

position 245710
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YAD128

MATa barl-A KANr-pGAL1-CEN6-pGAL1-skHIS3 ADE2 NATr::16 mutated Rapl
sites 10bp gaps in chromosome 6 at position 192140 CEN4::kILEU2 in
chromosome 6 at position 245710

s4

YAD130

MATa barl-A KANr-pGAL1-CEN6-pGAL1-skHIS3 ADE2 NATr::16 mutated Rapl
sites 15bp gaps in chromosome 6 at position 192140 CEN4::kILEU2 in
chromosome 6 at position 245710

S4

YAD138

MATa barl-A KANr-pGAL1-CEN6-pGAL1-skHIS3 ADE2 NATr::16 mutated Rapl
sites 35bpgaps in chromosome 6 at position 192140 ura3-1::lacl-
mCherry*::URA3 CEN4::kILEU2 in chromosome 6 at position 245710

s4

YAD139

MATa barl-A KANr-pGAL1-CEN6-pGAL1-skHIS3 ADE2 NATr::16 mutated Rap1
sites 35bpgaps in chromosome 6 at position 192140 ura3-1::lacl-mCherry::URA3
CEN4::kILEU2 in chromosome 6 at position 245710

sS4

YAD148

MATa barl-A KANr-pGAL1-CEN6-pGAL1-skHIS3 ADE2 NATr::16 mutated Rapl
sites 20bp gaps in chromosome 6 at position 192140 CEN4::kILEU2 in
chromosome 6 at position 245710

s4

YAD184

MATa barl-A KANr-pGAL1-CEN6-pGAL1-skHIS3 ADE2 NATr::16 mutated Rapl
sites 30bp gaps in chromosome 6 at position 192140 CEN4::kILEU2 in
chromosome 6 at position 245710

s4

YAD267

MATa hml::ADE1 hmr::ADE1 ade3::GALHO MATa::TetO-LEU2 0.5kb-
CWH43::lacOpFX-TRP1 ura3::0sTIR1-URA3-Lacl-mCherry-KanMx leu2::TetR-
GFP-LEU2 Myo1-GFP::HPHBr

4A

YAD 302

MATa MATa hml::ADE1 hmr::ADE1 ade3::GALHO MATa::TetO-LEU2 0.5kb-
CWH43::lacOpFX-TRP1 ura3::0sTIR1-URA3-Lacl-mCherry-KanMx leu2::TetR-
GFP-LEU2 Myo1-GFP::HPHB 16Rapl-6bp-gaps -at-chr.3-at-1670517::NATr

4A

YAD317

MATa MATa hml::ADE1 hmr::ADE1 ade3::GALHO MATa::TetO-LEU2 0.5kb-
CWHA43::lacOpFX-TRP1 ura3::0sTIR1-URA3-Lacl-mCherry-KanMx leu2::TetR-
GFP-LEU2 Myo1-GFP::HPHB no_Rapl-at-chr.3-at-1670517::NATr

4A

YAD319

MATa MATa hml::ADE1 hmr::ADE1 ade3::GALHO MATa::TetO-LEU2 0.5kb-
CWHA43::lacOpFX-TRP1 ura3::0sTIR1-URA3-Lacl-mCherry-KanMx leu2::TetR-
GFP-LEU2 Myo1-GFP::HPHB 16mutated-6bp-gaps-at-chr.3-at-1670517::NATr

4A

YAD319

MATa MATa hml::ADE1 hmr::ADE1 ade3::GALHO MATa::TetO-LEU2 0.5kb-
CWHA43::lacOpFX-TRP1 ura3::0sTIR1-URA3-Lacl-mCherry-KanMx leu2::TetR-
GFP-LEU2 Myo1-GFP::HPHB 16Rapl-30bp-gaps-at-chr.3-at-1670517::NATr

4A

Lev915

MATa MATa hml::ADE1 hmr::ADE1 ade3::GALHO MATa::TetO-LEU2 0.5kb-
CWHA43::lacOpFX-TRP1 ura3::0sTIR1-URA3-Lacl-mCherry-KanMx leu2::TetR-
GFP-LEU2 Myo1-GFP::HPHB smc2-AID-9myc::NATr

4A
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Table S2: Rap1 array sequences with their contour lengths in bp and nm. Rap1 binding sites are indicated

in red. All arrays were initially created in a pUC19-BBB cloning vector where BamHI and Bglll cloning

sites (underlined)

replace

the pUC19  original polylinker: ---AGTGAATTGGGAC

GGATCCTGATCAAGATCTAGCTTGGCGTAATCATGGT---.

Construct

Length
[bp]

Length
[hm]

Sequence

16Rapl-
6bpGap

274

93

GGATCCGGTGTCTGGGTGTAAGGTGTATGGGTGTAGGATCTGGTGTCTGGGTG
TAAGGTGTATGGGTGTAGGATCTGGTGTCTGGGTGTAAGGTGTATGGGTGTAG

GATCTGGTGTCTGGGTGTAAGGTGTATGGGTGTAGGATCTGGTGTCTGGGTGT
AAGGTGTATGGGTGTAGGATCTGGTGTCTGGGTGTAAGGTGTATGGGTGTAGG
ATCTGGTGTCTGGGTGTAAGGTGTATGGGTGTAGGATCTGGTGTCTGGGTGTA

AGGTGTATGGGTGTAAGATCT

16Rapl-
10bpGap

302

103

GGATCCGGTGTCTGGGTGTAAGGTGTATGGGTGTAGGATCTGAATGGTGTCTG
GGTGTAAGGTGTATGGGTGTAGGATCTGAATGGTGTCTGGGTGTAAGGTGTAT
GGGTGTAGGATCTGAATGGTGTCTGGGTGTAAGGTGTATGGGTGTAGGATCTG
AATGGTGTCTGGGTGTAAGGTGTATGGGTGTAGGATCTGAATGGTGTCTGGGT
GTAAGGTGTATGGGTGTAGGATCTGAATGGTGTCTGGGTGTAAGGTGTATGGG
TGTAGGATCTGAATGGTGTCTGGGTGTAAGGTGTATGGGTGTAAGATCT

16Rapl-
15bpGap

337

115

GGATCCGGTGTCTGGGTGTAAGGTGTATGGGTGTAGGATCTGATCCATATGGTG
TCTGGGTGTAAGGTGTATGGGTGTAGGATCTGATCCATATGGTGTCTGGGTGTA
AGGTGTATGGGTGTAGGATCTGATCCATATGGTGTCTGGGTGTAAGGTGTATGG
GTGTAGGATCTGATCCATATGGTGTCTGGGTGTAAGGTGTATGGGTGTAGGATC
TGATCCATATGGTGTCTGGGTGTAAGGTGTATGGGTGTAGGATCTGATCCATATG
GTGTCTGGGTGTAAGGTGTATGGGTGTAGGATCTGATCCATATGGTGTCTGGGT
GTAAGGTGTATGGGTGTAAGATCT

16Rap1l-
20bpGap

372

126

GGATCCGGTGTCTGGGTGTAAGGTGTATGGGTGTAGGATCTGAACAATTCCAT
ATGGTGTCTGGGTGTAAGGTGTATGGGTGTAGGATCTGAACAATTCCATATGGT
GTCTGGGTGTAAGGTGTATGGGTGTAGGATCTGAACAATTCCATATGGTGTCTG
GGTGTAAGGTGTATGGGTGTAGGATCTGAACAATTCCATATGGTGTCTGGGTGT
AAGGTGTATGGGTGTAGGATCTGAACAATTCCATATGGTGTCTGGGTGTAAGG
TGTATGGGTGTAGGATCTGAACAATTCCATATGGTGTCTGGGTGTAAGGTGTAT
GGGTGTAGGATCTGAACAATTCCATATGGTGTCTGGGTGTAAGGTGTATGGGT
GTAAGATCT

16Rap1l-
25bpGap

407

138

GGATCCGGTGTCTGGGTGTAAGGTGTATGGGTGTAGGATCTGACGCTCACAAT
TCCATATGGTGTCTGGGTGTAAGGTGTATGGGTGTAGGATCTGACGCTCACAAT
TCCATATGGTGTCTGGGTGTAAGGTGTATGGGTGTAGGATCTGACGCTCACAAT
TCCATATGGTGTCTGGGTGTAAGGTGTATGGGTGTAGGATCTGACGCTCACAAT
TCCATATGGTGTCTGGGTGTAAGGTGTATGGGTGTAGGATCTGACGCTCACAAT
TCCATATGGTGTCTGGGTGTAAGGTGTATGGGTGTAGGATCTGACGCTCACAAT
TCCATATGGTGTCTGGGTGTAAGGTGTATGGGTGTAGGATCTGACGCTCACAAT
TCCATATGGTGTCTGGGTGTAAGGTGTATGGGTGTAAGATCT

16Rapl-
30bpGap

442

150

GGATCCGGTGTCTGGGTGTAAGGTGTATGGGTGTAGGATCTGATTATCCGCTCA
CAATTCCATATGGTGTCTGGGTGTAAGGTGTATGGGTGTAGGATCTGATTATCC
GCTCACAATTCCATATGGTGTCTGGGTGTAAGGTGTATGGGTGTAGGATCTGAT
TATCCGCTCACAATTCCATATGGTGTCTGGGTGTAAGGTGTATGGGTGTAGGAT
CTGATTATCCGCTCACAATTCCATATGGTGTCTGGGTGTAAGGTGTATGGGTGTA
GGATCTGATTATCCGCTCACAATTCCATATGGTGTCTGGGTGTAAGGTGTATGG
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GTGTAGGATCTGATTATCCGCTCACAATTCCATATGGTGTCTGGGTGTAAGGTG
TATGGGTGTAAGATCT

GGATCCGGTGTCTGGGTGTAAGGTGTATGGGTGTAGGATCTGAAATTGTTATCC
GCTCACAATTCCATATGGTGTCTGGGTGTAAGGTGTATGGGTGTAGGATCTGAA
ATTGTTATCCGCTCACAATTCCATATGGTGTCTGGGTGTAAGGTGTATGGGTGTA
GGATCTGAAATTGTTATCCGCTCACAATTCCATATGGTGTCTGGGTGTAAGGTG

16Rap1-
2o za 477 162 TATGGGTGTAGGATCTGAAATTGTTATCCGCTCACAATTCCATATGGTGTCTGGG
pGap TGTAAGGTGTATGGGTGTAGGATCTGAAATTGTTATCCGCTCACAATTCCATATG
GTGTCTGGGTGTAAGGTGTATGGGTGTAGGATCTGAAATTGTTATCCGCTCACA
ATTCCATATGGTGTCTGGGTGTAAGGTGTATGGGTGTAGGATCTGAAATTGTTA
TCCGCTCACAATTCCATATGGTGTCTGGGTGTAAGGTGTATGGGTGTAAGATCT
2Rapl 29 10 GGATCCGGTGTCTGGGTGTAAGGTGTATGGGTGTAAGATCT
ERanL. GGATCTGGTGTCTGGGTGTAAGGTGTATGGGTGTAGGATCTGGTGTCTGGGTG
P 99 34 TAAGGTGTATGGGTGTAGGATCTGGTGTCTGGGTGTAAGGTGTATGGGTGTAA
6bpGap GATCT
SRanL. GGATCCGGTGTCTGGGTGTAAGGTGTATGGGTGTAGGATCTGGTGTCTGGGTG
o\ 2 134 46 TAAGGTGTATGGGTGTAGGATCTGGTGTCTGGGTGTAAGGTGTATGGGTGTAG
pap GATCTGGTGTCTGGGTGTAAGGTGTATGGGTGTAAGATCT
GGATCCGGTGTCTGGGTGTAAGGTGTATGGGTGTAGGATCTGGTGTCTGGGTG
— TAAGGTGTATGGGTGTAGGATCTGGTGTCTGGGTGTAAGGTGTATGGGTGTAG
6bp Gzp 204 69 GATCTGGTGTCTGGGTGTAAGGTGTATGGGTGTAGGATCTGGTGTCTGGGTGT

AAGGTGTATGGGTGTAGGATCTGGTGTCTGGGTGTAAGGTGTATGGGTGTAAG
ATCT
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conditions (see methods). (D) Representative example of a kymograph that shows a Rapl protein with a
long and short residence time. The red arrows indicate the position of the Rap1 binding site located at 0.4
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still present at the end of acquisition time. (F) Histogram of residence time measured for all off-target bound
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Discussion — overview
Throughout my thesis, | have primarily investigated how two DNA ends are held together

following DNA DSBs. It has long been known that MRX performs DSB end-tethering in S.
cerevisiae (Lobachev et al., 2004). We have added to this by demonstrating that MRX head
oligomerization is required for end-tethering, in accordance with DNA tethering structures
observed in vitro (Kissling et al., 2022; Rotheneder et al., 2023). We have also exposed the
protein complex responsible for DSB end-tethering following resection, a pathway that was
previously only known to rely on the exonuclease Exol’s ability to form ssDNA. Our work
implicates oligomerization between cohesin complexes either side of the DSB in this pathway.
We demonstrate this through our genetic analysis of exol and SMC1-AID exol mutants, which
present similar levels of end-separation, unlike mrel11 SMC1-AID mutants. Following
resection, DSB end-tethering is still important to prevent promiscuous repair events, albeit
whilst providing freedom to search for a homologous donor. Ultimately, we show that cohesin
end-tethering is indeed important for repair efficiency beyond maintaining sister chromatids
in proximity, using a real-time microfluidic assay. Thus, MRX is immediately recruited to DSB

ends for tethering, and cohesin plays a major role following resection (Figure 16).

Despite revealing cohesin’s role in end-tethering and homology directed repair, our work
raises many unanswered questions. Perhaps most importantly, we identified two genetically
separable cohesin populations that act at DSBs, in a distinct manner from those responsible
for strengthening sister chromatid cohesion. These two cohesin populations are individually
responsible for compacting the DSB adjacent DNA, and tethering DSB ends for efficient repair.
Strikingly, whereas Pds5 is not required for DSB dependent genome compaction, it is essential
for DSB end tethering. This suggests that Pds5 differentially regulates tethering and loop
forming cohesin at DSB ends. Questions remain about how Pds5 presence or absence defines

and regulates these different populations at DSBs.

We also demonstrate that the Smc5/6 complex is important for DSB end-tethering. Despite
this observation, we did not explore roles for Smc5/6 in end-tethering beyond its known role
in recruiting cohesin to DSBs (De Piccoli et al., 2006). With Smc5/6 containing subunits with
both ubiquitin and SUMO-ligase activity, Smc5/6 might play crucial roles in regulating the

different cohesin populations at DSBs.
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Throughout this chapter, | will identify questions that remain with regards to Smc5/6, cohesin
and Pds5 dependent end-tethering. | will also discuss questions that remain in the DSB end-
tethering field more globally, as well as for cohesin biology. In tandem, | will try to provide

insights into how we could start to answer these questions.

Finally, | will discuss the observations made during my collaborative work with Stéphane
Marcand'’s lab. The finding that telomeric protein arrays of a specific density and length stall
loop extrusion provides an important tool for further understanding SMC complexes.
Importantly, it explains how condensin is able to condense mitotic chromosomes, without

extruding through the end of the linear structure.
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Part 1 — Tethering questions raised by our study
Cohesin oligomerization and DNA DSB end-tethering

Our finding that cohesin oligomerization tethers DSBs demonstrates that this property is
biologically relevant for bridging two DNA loci in vivo. What regulates cohesin oligomerization,
and distinguishes oligomerizing and non-oligomerizing cohesin, remains unclear. Of note,
Pds5 is necessary, independently of Smc3 acetylation, for in vivo oligomerization (Xiang and
Koshland, 2021). However, an Mcd1/Sccl mutant (mcd1Q266) that maintains its association
to Pds5 does not form cohesin oligomers (Xiang and Koshland, 2021). This indicates that
presence of Pds5 alone is not sufficient for this property. Importantly, both cohesin containing
mcd1Q266 and lacking Pds5 appear to maintain their loop forming capabilities at DSBs, but do
not maintain DSB end-tethering (Phipps et al., 2023).

Cohesin dependent DSB end-tethering also provides an important tool for identifying cohesin
properties that are important for oligomerization. Of note, Smc5/6 contains SUMO and
ubiquitin ligase subunits, and is important for DSB end-tethering. Furthermore, SUMOylation
by Mms21 is necessary for damage induced sister chromatid cohesion (McAleenan, et al.,
2012). Pds5 also plays an important role in protecting cohesin from extensive SUMOylation
(Psakhye et al., 2023). SUMOylation could thus regulate cohesin localization and
oligomerization properties at DSBs. The importance of the Smc5/6 SUMO and ubiquitin ligase
subunits for DSB end-tethering should also be determined by their depletion upon DSB
induction. SUMO and ubiquitin profiles of Mcd1 in Pds5 depleted cells and mcd1Q266
containing strains should be checked following DSB induction. Together, these result could

provide important insights into how end-tethering cohesin’s are defined.

We demonstrate that Pds5 and mcd1Q266 mutants are still capable of forming DSB
dependent genome compaction, showing that cohesin is still recruited to DSBs in these
mutants (Figure 16). However, ChIP for cohesin subunits at DSBs in these mutants would
provide confirmation. If cohesin is still enriched, we reinforce our finding that loss of end-

tethering is truly dependent on loss of cohesin oligomerization.
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Two cohesin populations at DSBs

Our observation of DSB adjacent genome compaction is in line with gH2Ax spreading away
from DSBs by loop extrusion (Arnould et al., 2021). Unlike DSB end-tethering, this property is
maintained in yeast cells lacking Pds5 (Phipps et al., 2023). This exposes two different
populations of cohesin at DSBs. One that tethers DSB ends and requires Pds5, and another

that compacts the genome and does not tether DSB ends nor requires Pds5 (Figure 16).

This finding correlates with another key observation at DSBs. It was previously described that
mrel1A cells have severely reduced levels of cohesin recruitment to DSBs (Unal et al., 2004).
Surprisingly, we demonstrate that DSB end-separation increases upon cohesin depletion in
mrellA cells (Figure 16). This indicates that some cohesin’s are still recruited to DSBs in
absence of mrel1A, and that these are competent for end-tethering. Therefore, this cohesin

population is independent of cohesin recruited in an MRX dependent manner.
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Figure 16. Models for DSB end-tethering in Saccharomyces cerevisiae. Upon DSB, MRX
rapidly binds DNA ends. MRX complexes hold DNA ends together through physical bridging.
Cohesin also assists in DSB end-tethering shortly after DSB formation, independently of MRX
and Exo1l, and likely relies on cohesin-dependent genome looping. Later, cohesin-dependent
DSB end-tethering requires de novo cohesin enrichment by Scc2/4, acts in cooperation with
Exol and Smc5/6, is independent of sister chromatid cohesion and loop formation, and likely
relies on cohesin oligomerization. Unlike massive cohesin enrichment around DSBs, cohesin
end-tethering does not require MRX. In contrast, Pds5, which is not required for DSB
dependent loop formation around DSBs, is required for DSB end-tethering. As such, at least
two cohesin populations act at DNA DSBs alongside those which strengthen sister chromatid
cohesion. These populations ensure compaction of DSB adjacent chromatin and tethering of

DSB ends.
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Cohesin end-tethering and dependence on long-range resection

MRX plays an important role in initiating resection. However, in its absence, redundant
exonucleases are able to compensate for its loss, performing long-range resection. This might
explain why cohesin dependent end tethering is not disrupted by MRX. In line with this, we
tested DSB end-tethering in cells lacking Rtt107. This mutant is interesting as it severely
reduces Smc5/6 enrichment around DSBs, but not in the immediate vicinity of the break where
it is still recruited (Leung et al., 2011). This is likely due to the Smc5/6 ssDNA binding domain,
which gives it affinity for ssDNA-dsDNA junctions (Tanasie et al., 2022), and a redundant
pathway for DSB recruitment. Interestingly, rtt107 null cells were still able to perform DSB
end-tethering (Section 4, Figure 3), indicating that the local enrichment of Smc5/6 at DSBs is

sufficient to insure its role in cohesin dependent end-tethering.

In contrast to loss of MRX, loss of Exol leads to defects in long-range resection, and disrupt
cohesin dependent end-tethering. Therefore, although we might expect to see enrichment of
cohesin at DSBs in exolA cells (due to MRXs presence), a reduction in Smc5/6 might be
observed. This could explain why cohesin is not competent for DSB end-tethering in EXO1 null
cells. Of note, Smc5/6 is typically required for cohesin enrichment at DSBs, so this result would
be surprising. Perhaps instead, level of resection somehow dictates Smc5/6 activity. Without
extensive resection, some factors that prevent cohesin from becoming competent for end-
tethering might remain. ChIP for cohesin and Smc5/6 should be performed in exolA and
mrel1A mutants. Our DSB compaction in cells lacking Exol and Mrel1 would also provide an
important readout for cohesin’s activity in these mutants. If factors important for
transforming cohesin into end-tethering cohesin are identified, and are absent at DBSs in cells
lacking Exol, we should artificially target them to the break. Thus potentially rescuing cohesin

tethering in exo1A mutants.

This raises an important point about the role of long-range resection in the cohesin dependent
end-tethering pathway. We observe higher end-separation in cohesin depleted cells
compared to exolA cells, despite them acting in the same pathway. This suggests that some
cohesin tethering still takes place in absence of Exol. To determine if this is due to ssDNA
formation by redundant nucleases, we should also investigate end-separation upon Dna2-
Sgs1 depletion. Long-range resection is defective in absence of both Dna2-Sgs1 and Exol, with

only short, MRX dependent ssDNA tracts formed (Zhu et al., 2008). In this double mutant, end-
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separation levels should reach those seen in cohesin depleted cells. We did not previously
check this due to an issue with genomic stability and loss of spots in sgs1 mutants. However,
use of the auxin induced degradation (AID) system for rapid conditional depletion of target

proteins provides an opportunity to do so.
Smc3 acetylation and ATPase activity in end tethering

Finally, we should determine the dependence of cohesin DSB end-tethering on Smc3
acetylation/ATPase activity. Smc3 is acetylated for stable maintenance on chromosomes
following cohesin establishment. Non-acetylable Smc3 K112R K113R (Smc3RR) containing
complexes are active as ATPase’s, but are sensitive to Wpl1 releasing (Rolef Ben-Shahar et al.
2008; Unal et al. 2008). As such, Smc3RR coshesin can still be loaded on to chromosomes, but
present sister chromatid cohesion defects. Interestingly, cohesin’s oligomerization property is
independent of Smc3 acetylation in vivo (Xiang and Koshland, 2021). As DSB end-tethering by
cohesin is oligomerization dependent, enrichment of these mutant cohesin complexes at DSBs
might be sufficient for DSB end-tethering, whilst presenting sister chromatid cohesion defects.
This would be the first time that we separate loss of sister chromatid cohesion and
maintenance of tethering when the sister is present (in absence of Cdc45 depletion). However,
it is important to consider that loss of Smc3 acetylation may also lead to rapid turnover of the
end-tethering cohesin population. Alternatively, we could check the dependence of end-

tethering on the Smc3 targeting acetyltransferase, Ecol.

On the other hand, we could also test acetyl-mimicking cohesin’s, which are ATPase deficient.
Of note, the Smc3 K112Q K113Q mutant (Smc3QQ; Heidinger-Pauli et al., 2010) is severely
compromised in cohesin loading (Hu et al., 2015). As cohesin DSB end-tethering is dependent
on de novo enrichment at DSBs, we might observe loss of end-tethering due to lack of cohesin
loading or loss of loop extrusion activity. However, Scc2/4 over expression was recently shown
to rescue survival in Smc3QQ cells (Boardman et al., 2023). If the mechanisms that stimulate
massive cohesin enrichment at DSBs are sufficient to load Smc3QQ containing cohesins should
be tested. If this mutant is sufficient for end-tethering, we could also check compaction in the

adjacent DNA. As loop extrusion requires cycles of ATP hydrolysis, this should be abolished.
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Rad50 mutants and tethering, a rescue experiment for rad50lo

We demonstrated that a rad50 mutant deficient for head oligomerization (rad50lo) was not
competent for DSB end-tethering (Kissling et al., 2022; Phipps et al., 2023). However, it is
important to consider the effects of such mutations on functions beyond the targeted
disruption. Structural changes may not only affect the dimerization ability of the complexes,
but also the ability to bind DNA or initiate endonuclease or exonuclease activity. For example,
the zinc hook has recently been shown to be important for DNA binding affinity in E. coli
Mrel1-Rad50. As such, the previous observation that the zinc hook is important for DSB end-
tethering might be due to a disruption in DNA binding, and not loss of bridging through the
hook (Lobachev et al., 2004).

DNA binding was checked in vitro for the rad50/o mutant. Although slightly reduced, it
maintains DNA binding affinity. However its enrichment at DSBs should be tested by ChlIP in
our system. However, due to reduced Rad50 oligomerization, some decrease might be
expected regardless. Reintroducing oligomerization properties to the rad50lo mutant would
provide convincing evidence that oligomerization deficiency, and not disrupted DNA binding,
explains the observed phenotype. We could achieve this through fusing inducible dimerization
FKB domains to Rad50lo head domains, and seeing if inducing dimerization rescues DSB end-
tethering. Furthermore, we should check this strain for its ability to perform NHEJ. MRX is
essential for NHEJ. As such, ability to repair by NHEJ would demonstrate this is a separation of

function mutant.

Remaining general questions around the nature of DSB end-tethering

Other general questions around the nature of DSB end-tethering remain. It is unknown if DNA
ends transiently separate following DSB, before coming back into contact, or if they
continuously stay in proximity. If they do separate, the time for the ends to come back
together, and the mechanism that drives the attraction, are unknown. We could begin to
investigate these questions through microfluidics experiments, continuously following
individual cells following DSB. Two types of experiment can be imagined. In the first case, we
could track DSB end-tethering in individual cells over long periods, taking images every 10
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minutes as we did during our repair assay. As our repair movies were performed using the DSB
end-tethering strains, | could already begin investigating this question. It would provide
important insights into the stability and dynamics of DSB end-tethering mechanisms. For the
second case, we could acquire images rapidly in the immediate time after DSB induction, as is
often performed when tracking DNA movement in vivo (Dion et al., 2012; Dion and Gasser,
2013). Due to the difficulty of knowing exactly when a DSB is induced in our system, an
alternative approach could be imagined. One option would be to fuse split fluorescent
proteins to components of the NHEJ complex. Formation of the NHEJ complex at a DSB should
result in an immediate fluorescent signal, detectable by microscopy. If this signal disappears,
either synapsis has failed, or repair has taken place. If the signal reappears, this would indicate
that the previous loss of signal was due to loss of synapsis. Performing these experiments in
cells lacking Dnl4, in which cells cannot ligate the DNA, might provide proof of principle. It
would also be important to repress the expression of HO after DSB induction, to ensure that

signal reappearance is not due to a new break being formed.
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Part 2 — Understanding discrepancies with conflicting studies
Discrepancies with Hi-C view of DSB end-tethering data

A recent budding yeast study, which induced DSBs and measured Hi-C detectable contacts
either side of the break, concluded that cohesin was not required for this process. Instead, the
authors proposed a mechanism that is dependent on the 9-1-1 clamp, which binds at the
ssDNA-dsDNA junction (Piazza et al., 2021). The reason for this discrepancy is hard to explain,
particularly as we did not detect increased end-separation in absence of Rad17, a 9-1-1

component (Chapter 4, Figure 2).

These differences might be due to the techniques used to detect end-separation in each study.
One notable difference between our assay and that used in Piazza et al.’s study is that we
observe end-tethering in live cells by microscopy. In contrast, Hi-C requires a fixation step,
ligation of proximal/crosslinked DNAs, and sequencing of purified DNA fragments, giving a
pairwise contact readout. Of note, fragments containing ssDNA will not be ligated during this
process, and as such these contacts will be lost. Thus, these observations might be sensitive
to levels of resection. Of note, the contact structure is lost in mutants with resection defects.
However, how this would lead to loss of the DSB contact structure (LIP) in mutants with
delayed resection that maintain end-tethering is unclear. Perhaps the structure observed
during this assay represents something other than DSB end-tethering. Higher resolution 3C
techniques such as Micro-C might be an important control for understanding what these DSB

dependent contacts represent.

The Hi-C assay measures contacts at a population level. In contrast, at 4h post DSB in our assay
we are only able to quantify end tethering in roughly 30% of cells, which still contain spots.
However, quantifiable cells nearly double in cells lacking Mrell, in which we also see an
important affect of cohesin depletion. Furthermore, in our repair assay in absence of the sister
chromatid (-Cdc45), we note reduction of repair events from 44% to 16% upon depletion of
cohesin. This correlates to a ~75% reduction in repair events, far higher than the 30% end-
separation that we are able to detect. This argues against the fact that what we see is only
relevant to a small population of cells. To take this further, we should quantify end-tethering
throughout time course movies. This would allow us to track end-tethering in all cells before
spots are resected, and provide proof of the general requirement for cohesin in end-tethering.

Interestingly, Piazza et al. and others have observed increased attempted ectopic repair
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events or translocations in cells lacking cohesin (Gelot et al., 2016). Piazza et al. attribute this
to loss of cohesin and DSB dependent chromosome individualisation. However, it could also

indicate a loss of DSB end-tethering.

Beyond this, our system might create a particular situation where loop extrusion is stalled by
the ectopic arrays introduced into the DSB adjacent DNA. Of note, the DSB site used in the
Piazza et al. study appears to be a cohesin-associated region. As such, some degree of
insulation is observed even in absence of DSB. Why or if this would create a dependence on

cohesin for DSB end-tethering in one case but not the other is unclear.

An important step in understanding our observation could be to observe what happens to the
ssDNA in the absence of cohesin and end-tethering. To do this, we could induce a DSB and
follow tagged Rad51 (Liu et al., 2023) in our strain with LacO and TetO arrays, and a strain
without arrays inserted. Loss of end-tethering is likely to also separate the NPF filament.
Although resection and filament formation would be altered in exol and mrell mutants,
these would provide controls to confirm separation of the NPF. If the Rad51 NPF does
separate, we could observe the effect of cohesin loss on DSB end-tethering in different
chromosome contexts, which could also describe the discrepancy between studies. We could
also introduce arrays at the locus in which Piazza et al. induce the DSB, and see if loss of
cohesin increases end-separation by microscopy in this context. Ultimately, it is unclear why
the differences between these two studies exist. Following the Rad51 NPF in the absence of

these factors might provide an important validation of our observation.

Rad52 in DSB end-tethering

Rad52 was previously proposed to be important for DSB end-tethering (Kaye et al., 2004).
However, preliminary results from our laboratory (not included in this thesis) indicate that
Rad52 is not required in our system. This raises questions about how the system we use might
be important for detecting different tethering events. Kaye et al. used a strain in which the
fluorescent binding arrays were 50kbp from the DSB site. In contrast, our strain only has 5-
7kbp before resection starts to proceed through the arrays. This means that in our assay, we
cannot measure separation between ends with extensive resection. For a ssDNA binding

protein such as Rad52, the amount of ssDNA available might be important for its tethering
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function. It is possible that after a certain level of resection, end- tethering is passed over to
ssDNA binding proteins. As Rad52 is important for nucleating the Rad51 NPF, it should be
checked if this tethering is performed by Rad52 or Rad51. To investigate this further | could

use strains available in our laboratory in which the arrays are also 50kb from the DSB.

Discrepancies with in vivo microscopy assays in yeast and humans

In yeast, in vivo studies identify MRX as important for early end tethering, and shows there is
much less dependence on the NHEJ factors interrogated in NHEJ synapsis studies. Similarly, in
human cell lines, loss of Ku only led to a maximum of 10% end-separation (Soutoglou et al.,
2007). Perhaps surprisingly, MRN and Smc1 knockdown (KD) resulted in even less DSB end
separation in this assay. These results are striking, as they do not correlate with the
importance of Ku in forming the human synaptic complex, or MRX and cohesin’s role in yeast.
One possible explanation for these results is that an unidentified factor carries this function in
humans. Alternatively, redundant and compensating pathways might exist. Furthermore, the
conditions of this assay might not be robust, or the assay itself might not be sensitive enough
to detect end-separation. Of note, end separation was determined significantly after DSB
induction (24 hours), as such separation may only have been detectable in cells where NHEJ
was prevented (Ku KD). Protein depletion was also achieved using siRNA, it would be
interesting to see if rapid depletion using the AID system changed the outcome. Tracking the
ends in this system in long microfluidics time course experiments could expose the role of

other actors.
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Part 3 — Remaining question in cohesin biology

Understanding cohesin oligomerization

Other ways to demonstrate oligomerization dependent cohesin functions should be pursued.
First, it would be interesting to check if this mutant still performs loop extrusion in vitro, which
we might expect considering the ability of mcd1Q266 containing cohein to compact DSB
adjacent DNA. We could then check if the mcd1Q266 mutant forms Hi-C detectable loops.
Looking for cohesin dependent contacts that are lost in mcd1Q266 mutant cells would allow
for differentiation between loop extrusion and oligomerization dependent interactions.
Furthermore, oligomerization might bring many genomic loci together into a cohesin
oligomerization dependent hub. Therefore, molecular methods capable of capturing multiple
simultaneous interactions should be used (Zhang and Ma, 2020). This is important as the
current gold standard proximity ligation assays (Hi-C; Micro-C) quantify pairwise interactions.
Once identified, candidate loci/interactions could be validated by microscopy techniques such

as FISH.

Clearly, many other SMC/cohesin oligomerization questions remain. Xiang and Koshland
described both off chromosome and on chromosome clusters, the biological significance of
these two populations remains unclear. Perhaps an answer lies in the observed enrichment of
cohesin at DSBs (Caron et al., 2012; Unal et al., 2004; Strom et al., 2004; Potts et al., 2006); in
which case, off chromosome clustered cohesin could represent a pool of readily available
cohesin’s for rapid response. Xiang and Koshland also described cohesin oligomerization
peaking in S phase, before reducing in G2/M, why this happens is not clear, but may indicate

an association with replication.

Alternative mechanisms for loop formation

Alternative mechanisms for loop formation have long been proposed. Strong evidence for an
extrusion independent mechanism of loop formation came recently (Guerin et al., 2023).
Here, cohesin mutants unable to extrude loops in vitro were still able to form cohesin
dependent chromosome contacts. How these contacts were formed is unclear. One possibility

is cohesin oligomerization. As such, it would be interesting to see if Hi-C contacts are
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maintained when using these loop extrusion mutants in concert with the mcd1Q266 allele.
Another possibility is that these mutants form loops through a cohesin-DNA capture
mechanism. Here, cohesin’s which come into contact with far loci would form a loop by
topologically loading DNA into the SMC compartment. How such a DNA capture mechanism
would work remains unclear, possibilities include capture in a similar fashion to replication
coupled sister chromatid cohesion, but if this would require ssDNA, or could topologically
entrap a second DNA through another mechanism, is unknown. An interesting way to test this
possibility would be to fuse FKB domains to the proposed domains through which cohesin
opens (Gruber et al., 2006), and see if in vivo loop formation is still possible when this interface
cannot open. However, important controls for cohesin’s ability to form loops in vitro, and
associate to DNA in vivo would be necessary if loops were abolished. Interestingly, cohesin-

DNA capture also presents a mechanism by which loop extrusion barriers could be bypassed.

Interpreting Alphafold predictions for Wpll mediated cohesin releasing

The interplay between the core cohesin complex and its HAWKs, and the affect this has on
loading, translocation and cohesin releasing are complex, with the full story yet to be fully
described. However, use of Alphafold provides satisfactory and testable hypotheses for how
these interactions regulate cohesin’s function, particularly when considering their correlation
with historical experimental observations. Of note, Alphafold predicts that a conserved patch
in Wpl1’s C-terminal domain sequesters alpha-helices in Sccl’s N-terminal domain, holding
the Sccl-Smc3 interface open and promoting cohesin releasing (Nasmyth et al.,, 2023).
Although this provides an appealing hypothesis for how Wpll mediates cohesin releasing, it
will be necessary to validate this model experimentally before wide acceptance in the
community. Observing the effect genetic disruption in the Wpl1l C-terminal domain has on
releasing activity, as well as solving structures of the Wpl1 and Sccl domains in question to
confirm the predicted interaction, present ideal starting points. Furthermore, Alphafold
predicts that Smc3 acetylation in yeast prevents an essential interaction with Scc3 and Smc3
for Wpl1 dependent releasing of cohesin. Genetic data already confirms that the Scc3 domain
in question is essential for Wpl1l mediated cohesin releasing (Rowland et al., 2023). Solving
the structure of this interaction would be important for validating this model. Insights into

why Smc3 acetylation alone is sufficient to abrogate Wpll activity would also come from
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investigating if Wpl1 is still recruited to Pds5 in yeast when Smc3 is acetylated, as Sororin is

not present and thereby does not occupy the Pds5-Wpl1 interface as in humans.

Scc2 for loop extrusion vs sister cohesion

Another curiosity comes in the regulation of cohesin activity by Scc2/4. Scc2/4 is essential for
cohesin loading at the end of G1 and during replication coupled cohesion establishment
(capturing a second DNA), as well as for translocation during loop extrusion (Davidson et al.,
2019; Minamino et al., 2023; Srinivasan et al., 2020). However, it remains to be demonstrated
what prevents cohesin from being topologically loaded onto the chromosome during the loop
extrusion process. A possible explanation is the lack of active replication, as cohesion
establishment relies on the presence of the replication machinery and ssDNA capture (Xu et
al., 2007; Minamino et al., 2023). In their absence, cohesin might be free to continue through
cycles of ATP hydrolysis and perform loop extrusion. However, cohesin associates with
chromosomes in G1, and is sensitive to unloading by Wpl1, suggesting that DNA may be
topologically entrapped within the cohesin ring (Kueng et al., 2006; Chan et al., 2012). Despite
this, unlike cohesin’s loaded during G2/M phase, Scc2 is required for maintaining cohesin
association to chromatin during G1 phase (Srinivasan et al., 2019; Srinivasan et al., 2020). This
might suggest it is instead pseudotopologcally loaded on to the DNA in an Scc2/4-Kleisin
dependent mechanism as described for loop extrusion (Shaltiel et al., 2022). Alternatively,
these cohesin’s could be topologically loaded inside the cohesin ring without Smc3
acetylation, Scc2 would be required to prevent Pds5-Wpll binding and unloading, or for
dynamic cycles of cohesin re-loading if it is unloaded. Ultimately, this suggests that other
factors are likely important for regulating the shift between cohesive and loop extruding
cohesin’s, and as such, these mechanisms remain to be fully understood. As cohesin is not
believed to be topologically loaded onto chromsomes during loop extrusion (Shatiel et al.,
2022), it also remains unclear how Wpll mediates cohesin releasing to negatively regulate

loop extrusion.

It would also be interesting to know how cohesin composition is regulated. In particular, what
infers some complexes to contain Pds5, and others Scc2. Is this based on chance encounters

between these two HAWKSs and available cohesin complexes, or is this actively regulated. At
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sister chromatid cohesion, it is likely that Scc2 dissociates following its loading function, at this
point, is there an active mechanism that promotes exchange for Pds5, which is important for

Smc3 acetylation.
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Part 4 — Stalling condensin loop extrusion
We show that dense linear Rapl arrays stall DNA loop extrusion in vitro, with the blocking

efficiency depending on the length of the array and the size of the DNA gap between
neighboring proteins (Analikwa, Deshayes et al. 2023). The length threshold for blocking loop
extrusion sat at 100nm, which is larger than the SMC arm length. It is likely that loop extrusion

was halted due to condensin being unable to grab upstream DNA to which Rap1 was bound.

In vivo, Rapl arrays in the chromosome generate insulated domains that accumulate
condensin at their borders, with direct implications for the resolution of dicentric
chromosomes produced by telomere fusions (Guerin et al., 2019). This is important due to
condensin’s canonical function in condensing mitotic chromosomes. Condensation is an
important step for ensuring chromosome compaction, which prevents trailing chromosome
segments from remaining in the mother nucleus upon division. The absence of a barrier to
loop extrusion at telomeres could hinder condensation. If condensin were to fall off
chromosomes, condensation may be defective, and as such, chromosomes may not migrate

effectively during segregation.

Interestingly, the density required to stall condensin also correlated with increased DNA
stiffness. Lack of flexibility could theoretically prevent passage of the DNA into the lumen
during loop extrusion, providing another mechanism to halt this process. Due to the dynamic
and non-linear nature of nuclear DNA, it is possible that condensin could bypass a barrier if it
comes into contact with DNA beyond the Rap1 array. However, if DNA must perform a double
passage through the SMC ring during the proposed power stroke step of loop extrusion, the

presence of a stiff filament that cannot bend might present a further barrier.

Of note, passing events did occur in ~20% of cases. Therefore, condensin might be able to
reach around the array and continue loop extrusion, suggesting that this stiff fiore/DNA might
not need to pass into the SMC ring. However, it cannot be ruled out that this is due to transient
Rap1l turnover providing DNA substrate for condensin to grab through the array. One way to
challenge this hypothesis could be to increase the length of DNA molecules used in these
assays. This could increase the probability of condensin contacting DNA beyond the array, and
might increase the number of passing events. In contrast, the number of passing events due

to Rap1l turnover should remain the same.
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In any case, our in vivo Micro-C experiments demonstrated that the Rapl array generated a
strong insulated domain that prevented loop expansion on a chromosome arm. This suggests
that in the nuclear context, condensin cannot pass the array by going around it. Whether this
is due to preventing condensin from contacting the next DNA section in its loop extrusion
cycle, or also due to the presence of a stiff fibre that cannot enter the SMC lumen, remains to
be defined. Modelling of the likelihood of DNA beyond the Rapl array meeting the stalled

condensin in vivo would provide insight into the probability of these events occurring.

Theoretically, the Rap1 array should be able to stall loop extrusion by cohesin through the
same mechanism that it prevents condensin. However, unlike condensin, cohesin has been
demonstrated to loop extrude bi-directionally in vitro (Davidson et al., 2019; Ganji et al.,
2018), and switches direction upon coming into contact with CTCF (Davidson et al., 2023).
Furthermore, a cohesin dependent striped contact pattern appears away from DSBs in vivo,
indicating directional switching upon encountering a DNA end (Arnould et al., 2021). Cohesin
switching or stalling in the presence of the Rapl array would provide insights into whether
switching is an intrinsic property of cohesin upon encountering a barrier, or if specific
properties at DSB or CTCF boundaries regulate this. CTCF not only switched cohesin loop
extrusion direction, but also led to events in which loops started to shrink. It would be
interesting to know if hypothetical cohesin-Rap1 array stalling also shares this property, which
was not observed for condensin so far. Of note, cohesin interacts directly with CTCF (Li et al.,
2020), and its boundary effect depends on the direction of the encounter (Rao et al., 2014).
This is particularly interesting as the nature of the interaction with CTCF and the Rap1 array

would therefore be different (chemical vs physical), providing regulatory insights.
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Sommaire en frangais

Chapitre 1 Introduction

1) Réparation des cassures double brin de I'ADN

Les cassures double brin d'ADN (DSB) sont étonnamment fréquentes et se produisent a
chaque cycle cellulaire (Vilenchik et Knudson, 2003). Les sources endogenes de DSB
comprennent les stress recus lors des processus liés au métabolisme de I'ADN tels que la
réplication. Cependant, des sources extrinseques, notamment les rayonnements ionisants et
les agents génotoxiques, génerent également des DSB (Vignard et al., 2013). S'ils ne sont pas
réparés, les DSB peuvent entrainer une perte de chromosomes et, s'ils sont mal réparés, des
mutations ponctuelles, une perte d'hétérozygotie et des réarrangements chromosomiques
(Jackson et Bartek, 2009). Tout cela conduisant a I'oncogeneése ou a la mort cellulaire (Tubbs

et Nussenzweig, 2017).

Chez les eucaryotes, y compris la levure et les humains, les DSB sont principalement réparés
par deux mécanismes : la ligation d'extrémités non homologues (NHEJ) et la recombinaison
homologue (HR ; Figure 1). Le NHEJ ligature deux extrémités DSB de maniere indépendante
de I'homologie (Emerson et Bertuch, 2016). Bien que précis lorsque la religature a lieu sans
modification des extrémités d’ADN cassées, le NHEJ peut entrainer une altération du génome
par la perte ou l'ajout de nucléotides (Tseng et al., 2008) ou la formation de translocations
chromosomiques (Yu et Gabriel, 2004). En revanche, la HR utilise une séquence donneuse
homologue intacte pour reconstituer I’ADN brisé. En régle générale, l'utilisation de la
chromatide sceur homologue pendant la HR entraine une réparation fidele des cassures de
I'ADN (Wright et al., 2018). En revanche, un transfert de mutation ou une perte
d’hétérozygotie peut survenir si la HR est réalisée entre alléles ou séquences hétérologues.
Bien que NHEJ et HR soient les voies prédominantes utilisées pour la réparation des DSB,
d'autres mécanismes moins fidéles sont observés. Si le NHEJ est compromis, une réparation
par des voies de jonction d'extrémité alternative (a-EJ) peut avoir lieu. Par exemple, la
réparation par Microhomology-Mediated End Joining (MMEJ) utilise des micro-homologie
d'environ 4 a 20 pb situées de part et d’autre des DSB, qui sont exposées apres une résection
limitée des extrémités, et génere de petites délétions (Figure 1 ; Sallmyr et Tomkinson, 2018).

Alternativement, la réparation par appariement de simple brin (SSA) peut étre utilisée pour la
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réparation si la résection révele des répétitions homologues directes plus longues, dans un
processus qui supprime également la séquence génomique qui les séparait (Figure 1 ; Sallmyr

et Tomkinson, 2018).

2) Pontage des extrémités des cassures double brin

Rassembler deux extrémités d’ADN pour la réparation des DSB est I'une des premiéres et des
plus cruciales étapes du processus de réparation. Si les extrémités ne parviennent pas a se
trouver, la réparation ne peut pas avoir lieu et des événements néfastes tels que des

translocations chromosomiques peuvent survenir.

Ceci est particulierement important si I'on considere la nature dynamique de la chromatine.
Bien que le génome soit activement replié et ordonné au sein du noyau, cette organisation
n'est pas statique, avec des loci chromosomiques uniques explorant des volumes d'un rayon
de 0,5 a 1 um dans tous les organismes (Lanctot et al., 2007). En outre, un certain nombre
d'études ont décrit des modifications du mouvement de la chromatine en réponse aux
dommages de I'ADN. Chez S. cerevisiae, la mobilité du site d'ADN endommagé et de
I'ensemble du génome augmentent en réponse aux dommages (Figure 3A ; (Dion et al., 2012 ;
Miné-Hattab et al., 2012). Une augmentation du mouvement des DSB est également décrite
chez la drosophile et les cellules de mammiferes (Chiolo et al. ., 2011 ; Krawczyk et al., 2012).
L'augmentation du mouvement de la chromatine pourrait augmenter la probabilité de
rencontre des extrémités cassées séparées pour permettre le NHEJ (Dimitrova et Chen, 2008).
Cependant, en l'absence de pontage efficace des extrémités, I'augmentation du mouvement
pourrait promouvoir la séparation des extrémités cassées et conduire a des événements de

réparation ectopique entre plusieurs DSB.

De nombreuses études in vitro et in vivo ont tenté de déchiffrer comment se produit le
pontage des extrémités du DSB. Des travaux théoriques récents suggerent qu’il est peu
probable que 'association des extrémités séparées résulte de la diffusion passive (Yang et al.,
2023). Au lieu de cela, des mécanismes pontant activement les extrémités des DSB ont été
identifiés. Des études menées chez le Xénope et dans les cellules humaines impliquent des
membres du complexe NHEJ (Graham et al.,, 2016 ; Zhao et al.,, 2019). Chez la levure, le
complexe MRX et la formation d'ADNsb par I'exonucléase Exol ont été impliqués (Lobachev
et al.,, 2004 ; Nakai et al.,, 2011). Généralement, les techniques utilisées définissent deux
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niveaux de pontage des extrémité des DSB. Le premier se concentre sur la synapse qui a lieu
avant la religature pendant le NHEJ, qui relie les extrémités de I'ADN a I’échelle de I'Angstrom
(Vogt et He, 2023). La seconde suit les extrémités des DSB in vivo, démontrant I'existence d’un
pontage des extrémités des DSB dans le contexte nucléaire a une plus grande échelle

(Lobachev et al., 2004 ; Lee et al., 2008 ; Nakai et al., 2011).

Le mécanisme assurant le pontage des extrémités aprés la formation d’ADN simple brin
(ADNsb) par résection est mal compris. In vivo, des analyses basées sur la microscopie chez la
levure démontrent que les extrémités restent attachées méme pendant la résection. Ceci est
en accord avec le fait que les protéines liant I’ADNsb telles que RPA et Rad52 forment un foyer
unique en réponse a une cassure double brin (Lisby et al., 2004) et qu’un seul filament Rad51
est observé lors de la recherche d'homologie coordonnée par les deux c6tés du DSB (Liu et al.,
2023 ; Dumont et al., 2023). La maniére dont I'alignement des filaments d’ADNsb est réalisé

et la maniére dont I’ADN adjacent est maintenu ensemble dans ce contexte reste a déchiffrer.

D’autres questions demeurent également. Par exemple, on ne sait pas si les extrémités de
I’ADN cassé se séparent transitoirement, ou si elles restent constamment a proximité. Si elles
se séparent, le moment ou les extrémités se rejoignent et le mécanisme qui les ponte restent
a définir . Il est également important de considérer le DSB dans le contexte de la fibre
chromatine : si un DSB se produit sur ’ADN enroulé autour d’un nucléosome, le nucléosome
peut-il contrecarer la séparation des extrémités cassées ? Les nucléosomes a proximité des
DSB sont activement remodelés (Leonhard et al., 2022), mais on ne sait pas si ce processus
facilite le recrutement de facteurs pontant les extrémités. Les facteurs de pontage pourraient
également jouer un réle dans l'expulsion des nucléosomes des sites cassés. Il sera
techniguement difficile de répondre a ces questions, mais elles sont essentielles pour

comprendre le pontage des extrémités des DSB in vivo.
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3) Cohésine

La cohésine est un complexe SMC multiprotéique en forme d'anneau, initialement identifié
chez la levure bourgeonnante et conservé chez presque tous les eucaryotes. Le complexe a
été décrit pour la premiere fois pour son role dans la cohésion des chromatides sceurs,
maintenue de la phase S a l'anaphase et essentielle pour la ségrégation équitable des
chromosomes (Figure 6B ; Marston et al., 2014). Cependant, la cohésine est de plus en plus
impliquée dans de nouvelles fonctions, notamment dans I'organisation 3D de la chromatine
par la formation de boucles intra-chromatides a longue distance (Figure 6C ; Zuin et al., 2014

; Dauban et al., 2020).

3E) Cohésion des chromatides sceurs

La cohésine est chargée sur les chromosomes juste avant la phase S par Scc2/4 (Ciosk et al.,
2000), ce qui provoque un changement de conformation dans le complexe de cohésine et
stimule son activité ATPase (Petela et al., 2018). Lorsque la machinerie de réplication
rencontre la cohésine, elle est utilisée pour piéger topologiquement la chromatide sceur
nouvellement répliquée, dans un processus appelé établissement de la cohésion (Figure 8).
Ce piégeage maintient les chromatides sceurs ensemble jusqu'a la division cellulaire (maintien
de la cohésion). La cohésine est ensuite complétement éliminée des chromosomes avant
I'anaphase pour une division équitable des produits de réplication entre les cellules filles
(dissociation ; Uhlmann et al., 2000 ; Haering et coll., 2008 ; Ivanov et Nasmyth, 2005). Deux
voies redondantes permettent le piégeage de I'ADN par la cohésine (Xu et al., 2007). La
premiere établit la cohésion par conversion des cohésines préchargées lorsque la réplication
passe a travers 'anneau de cohésine. (Lengronne et al., 2006 ; Srinivasin et al., 2020). La
deuxieme correspond a la capture de novo de I’ADN double bin synthétisé par la réplication
du brin principal et I'ADN simple brin généré par réplication discontinue du deuxiéme brin
(Skibbens et al., 1999 ; Minamino et al., 2023). Ces deux voies ne s’excluent pas mutuellement.
Ensemble, ils sont essentiels a I'établissement d’une bonne cohésion (Rolef Ben-Shahar et al.,
2008 ; Unal et al., 2008 ; Xu et al.,, 2007 ; Zhang et al., 2008). Un processus couplé a la
réplication ouvre l'anneau de cohésine et lui permet d'embrasser les deux produits de

réplication (Gruber et al., 2006 ; Collier et Nasmyth 2022 ; Minamino et al., 2023). Une fois
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chargée, la cohésine liée a Pds5 stimule l'acétylation de Smc3 par I'acétyltransférase
Eco1ESCOV/ESCO2(Npble et al., 2006 ; Chan et al., 2013). L'acétylation de Smc3 favorise le
maintien de la cohésion en antagonisant la libération de la cohésine par Wpl1WAPL (Heidinger-

Pauli et al., 2009 ; Ladurner et al., 2016).

Chez I'nomme, la libération de cohésine est régulée par deux vagues de dissociation de la
cohésine des chromosomes. Dans la premiere vague, la cohésine devient sensible a |'activité
de libération de WAPL en raison de l'inactivation et de la dissociation de Sororin de Pds5
(Marston, 2014 ; Peters et Nishiyama 2012). La cohésine centromérique est protégée au cours
de cette vague initiale et n'est éliminée qu'avant la ségrégation chromosomique et la division
cellulaire. La cohésine centromérique est éliminée lors de la deuxiéme vague suite au clivage
de Sccl par une cystéine protéase, la Separase (Marston, 2014 ; Peters et Nishiyama 2012).
Chez la levure, I'acétylation de Smc3 seule suffit a protéger la cohésine de |'activité Wpl1. En
tant que telles, les cohésines cohésives ne sont supprimées qu'au début de I'anaphase, via le

clivage de Sccl par Espl (Separase ; Marston, 2014 ; Peters et Nishiyama 2012).

3F) Cohesin et formation de boucles

Les génomes eucaryotes sont organisés a plusieurs niveaux et existent finalement dans un
état hautement replié. Le premier niveau de repliement de la chromatine consiste en
I’enroulement périodique de la double hélice d’ADN autour d’'un noyau d’octameres d’histone
pour former des fibres nucléosomales de chromatine. Ces fibres sont ensuite organisées en
domaines topologiquement associés (TAD), qui ont des limites définies et présentent des
interactions locales accrues en leur sein et une diminution des interactions entre eux
(Davidson et Peters, 2021 ; Sexton et al., 2012). Le génome des mammiféeres est divisé en une
succession de TAD, dont la taille varie de plusieurs dizaines de kilobases a 1 a 2 Mb d'ADN,
tandis que chez la levure, des structures plus petites de type TAD ont été décrites (50 a 100

kb chez S. pombe et 5 Ko dansS. cerevisiae).

Les modeles actuels proposent que la cohésine forme des TAD par extrusion de boucles entre
des protéines barrieres telles que CTCF chez les mammiféres ou les CAR (régions associées a

la cohésine) chez la levure (Dauban et al., 2020 ; Constatino et al., 2020 ; Rao et al., 2017 ;
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Schwarzer et al., 2017 ; Wutz et al., 2017). La cohésine contribue également a I'organisation
d'ordre supérieur des TAD, en TAD cliques, dans lesquelles des interactions accrues sont
observées entre TAD distants, de maniere constitutive ou dynamique (Paulsen et al., 2019).
La contribution de la cohésine a I'individualisation des domaines chromosomiques impose une
contrainte sur la distance entre les séquences dans le noyau. Cela explique I'importance de la
cohésine pour un large éventail de processus liés a I’ADN, qui vont au-dela de son réle dans la
cohésion des chromatides sceurs. Ceux-ci incluent la régulation de la transcription des génes
et, de maniere significative, la réponse aux dommages a I'ADN chez la levure et les
mammiferes (Phipps et Dubrana, 2022). Surtout, cette contrainte pourrait favoriser ou
défavoriser les contacts entre les séquences d’ADN lors de la réparation de I’ADN et moduler

a la fois la réponse aux dommages de I’ADN et I'issue de leur réparation.

Divers domaines de liaison a I'ADN dans le complexe de cohésine, ainsi que le partenaire de
chargement Scc2N'PBL, se sont révélés essentiels pour I'activité d'extrusion de boucles par la
cohésine humaine in vitro (Davidson et al., 2019 ; Bauer et al., 2021). Les changements de
conformation dépendant de la liaison de I'ATP et de I'ADN au sein du complexe cohésine
facilitent le passage de la molécule d'ADN entre les sites de liaison de I'ADN. Cependant, méme
si un consensus se construit, la séquence et I'ordre de ces événements restent flous, et
plusieurs modeéles sont proposés (Bauer et al., 2021 ; Davidson et Peters, 2021 ; Dekker et al.,

2023 ; Shaltiel et al., 2022). ; Yatskevic et al., 2019).

L'extrusion de boucles par la levure et le complexe de cohésine humain a été démontrée in
vitro (Figure 11A ; Davidson et al., 2019 ; Guerin et al., 2023). Dans ces tests, I'ADN est attaché
aune lame de verre, incubée avec la cohésine, de I'ATP et Scc2'PBL, et I'expansion d'une boucle
d'ADN est visualisée par des techniques de microscopie. Avant cela, les conclusions sur la
capacité de la cohésine a former des boucles avaient été tirées pour la premiere fois a partir
d’observations selon lesquelles les cellules humaines déficiente pour WAPL généraient des
chromosomes en interphase super condensés (Tedeschi et al., 2013). Les cartes de contact Hi-
C ont ensuite démontré des contacts intra-chromosomiques a longue distance, dont les
bornes corrélaient avec les pics de cohésine détectés par ChIP, et qui étaient abolies par la
déplétion des cohésines (Figure 11B ; Rao et al., 2017 ; Schwarzer et al., 2017 ; Wutz et al.,
2017 ; Dauban et al., 2020 ; Costatino et al., 2020). In vivo, la preuve de |'extrusion de boucles

elle-méme est ensuite venue de l'observation selon laquelle les la taille des boucles
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dépendantes de la cohésine, observées par Hi-C, augmente lorsque le temps de résidence de
la cohésine est augmenté en absence de Wpl1WAPt ou de Pds5 (Dauban et al., 2020 ; Costatino
et al., 2020). Malgré cela, il existe des données suggérant que I'extrusion de boucle n’est pas
le seul mécanisme permettant a la cohésine de former des contacts d'ADN intra-
chromosomiques. En effet, des complexes mutants incapables d'extruder des boucles in vitro
sont encore capable de former des boucles dépendantes de la cohésine in vivo (Guérin et al.,
2023). Les différentes maniéres par lesquelles la cohésine forme des boucles chromosomiques

coexistent probablement in vivo.

3G) Oligomérisation des cohésines

Au-dela de I'extrusion de boucles in vitro, des études ont démontré la capacité de la cohésine
de levure bourgeonnante a relier et a compacter les molécules d'ADN grace a des interactions
cohésine-cohésine (Gutierrez et al., 2019 ; Xiang et Koshland, 2021 ; Ryu et al., 2021). Bien que
cela n’ait pas encore été observé pour la cohésine humaine, la cohésine de levure en
interaction avec I’ADN forme des condensats moléculaires in vitro, conduisant a un pontage
des molécules d’ADN (Figure 14 ; Ryu et al., 2021). De plus, des travaux récents chez la levure
ont également démontré la formation d'oligomeres de cohésine in vivo, grace a un test de
ligature de proximité (Xiand et Koshland, 2021). La signification biologique de ces observations
reste a définir. Cependant, de récentes observations en Cryo-EM du complexe MRX de levure
ont révélé qu'il partage la capacité a former des condensats, qui joueraient un role important
dans le pontages des extrémités des DSB et la signalisation des dommages a I'ADN. Des motifs
essentiels ont été identifiés dans la protéine Rad50 (Kissling et al., 2021). Il reste a déterminer
si des motifs équivalent sont conservés dans la cohésine et sont pertinents pour la formation

d’oligomeres.

Il est intéressant de noter qu’un corpus de littérature s’accumule également sur la formation
de condensat par la condensine. Une étude théorique a proposé que l'extrusion de boucles
de condensine a elle seule n'est pas suffisante pour reproduire les niveaux observés de
condensation des chromosomes mitotiques (Sakai et al., 2018 PLOS ; Gerguri et al., 2021 ;
Forte et al., 2024). De plus, les auteurs démontrent qu’une oligomérisation des condensines

telles que celle observée pour la cohésine par Ryu et al., ainsi que par Xiang et Koshland,
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permettrait d’atteindre ces niveaux de condensation. De maniére frappante, des amas de
condensine ont également été visualisés in vivo chez la levure et sur les chromosomes

mitotiques de Xénope (Gerguri et al., 2021 ; Kinoshita et al., 2022).

4) Cohésine et réparation

En parallele de I'importance croissante de la cohésine dans la formation du génome par la
formation de boucles, de nouveaux aspects de la contribution de la cohésine a la signalisation
et a la réparation des dommages a I'ADN apparaissent. Le rble des cohésines dans la
réparation de I'ADN a en réalité été découvert avant son rble dans la cohésion des
chromatides sceurs. En effet, il y a plus de 30 que le géne Rad215¢! de la levure S. pombe est
connu pour son réle dans la résistance aux rayonnements ionisants (Birkenbihl et Subramani,
1992). Depuis, la cohésine est de plus en plus impliquée dans la réparation des dommages a
I’ADN. Sa fonction dans la réparation de I’ADN a d'abord été liée a sa capacité a maintenir la
cohésion des chromatides sceurs au niveau des DSB pour faciliter la RH. La cohésine a
également été proposée dans la régulation du NHEJ chez la levure et dans les cellules
humaines (Schar et al., 2004 ; Gelot et al., 2016). Des travaux plus récents montrent que la
formation de boucles par la cohésine régule également la réponse aux dommages de I'ADN et

limite la recherche d'homologie pendant la HR (Arnould et al., 2021 ; Piazza et al., 2021).

4A) Recrutement des cohésines aux DSB

Des études chez la levure et les mammiferes ont démontré que la cohésine est recrutée aux
DSB (Caron et al., 2012 ; Unal et al., 2004 ; Strom et al., 2004 ; Potts et al., 2006). Cependant,
comment la cohésine est enrichie et régulée aux DSB reste a décrire en détail. Chez la levure
et chez 'homme, le complexe de chargement de cohésine Scc2/4NPBL-Mau2 ast essentiel pour
I’enrichissement de la cohésine au niveau des DSB. Cependant, Scc2/4NIPBL-Mau2 étant aussi
nécessaire pour l'extrusion de boucles et I'établissement de la cohésion (Davidson et al.,
2019 ; Guerin et al., 2023 ; Minamino et al., 2015), il reste a déterminer I'enrichissement des
cohésines aux DSB resulte d’'un chargement de novo ou de la mobilisation des cohésines
préchargées via l'extrusion de boucles (Arnould et al., 2021 ; Strom et al., 2004 ; Unal et al.,

2004). Il est frappant de constater que les composants clés des points de controle des
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dommages a I’ADN sont importants pour le recrutement de la cohésine aux DSB. Le complexe
MRXMRN et |a kinase Tel1A™ sont nécessaires a la fois chez la levure et chez I'hnomme (Unal et
al., 2004, Arnould et al., 2021). De plus, chez la levure yH2AX et les kinases Mec1”™® et Chk1
sont également importantes (Unal et al., 2004). La SUMOylation de la sous-unité de cohésine
Sccl par la SUMO ligase Mms21 (Mms21/Nse2 chez I'homme) facilite également le
recrutement de la cohésine au niveau des DSB de levure (McAleenan et al., 2012). La liaison
de la cohésine aux DSB est négativement controlée par l'ubiquitine ligase Uls1 dépendante de
SUMO, dont I'absence augmente les niveaux de MRX et de cohésine au DSB (Cheblal et al.,

2020).

4B) Extrusion de boucles par les cohésines et réparation

De multiples observations démontrent que la cohésion des chromatides sceurs n’est pas le
role exclusif de la cohésine dans la réparation du DSB. Par exemple, un enrichissement en
cohésine dépendant de Scc2 est nécessaire pour une réparation efficace des DSB formés dans
les cellules bloquées G2/M dans lesquelles la cohésion des chromatides sceurs est maintenue
par la cohésine chargée phase S (ainsi qu'un mécanisme dépendant de MRX ; Strom 2004 ;

Potts 2006 ; Seeber et al. ., 2016).

Plus récemment, I'extrusion de boucles dépendante de la cohésine a été impliquée dans la
signalisation et la réparation des DSB. L'un des premiers événements de signalisation suite a
I'induction des DSB est la phosphorylation de H2A (yH2AX chez les mammiféeres) par les PI3-
kinases Tel1A™, Mec1A™® et DNA-PK (chez les mammiféres) (Jackson et Bartek, 2009 ; Shroff
et al., 2004). yH2AX peut se propager sur 50 a 100 Kb chez la levure (Lee et al., 2014 ; Shroff
et al., 2004) et sur 1 a 2 Mb de la chromatine adjacente chez les mammiféres (Berkovich et al.,
2007 ; lacovoni et al., 2010), alors que les kinases semblent étre liées pres des extrémités DSB.
Des études récentes sur des cellules humaines ont démontré que les TAD dépendants de Ia
cohésine sont des unités fonctionnelles de la réponse aux dommages de I'ADN, via la
propagation de yH2AX (Arnould et al., 2021 ; Collins et al., 2020). Des données de Hi-C et de
ChlIP-seq ont démontré que les contacts entre le site cassé et les loci chromosomiques distants
en cis sont importants pour I'établissement des domaines yH2AX, l'interactome du site de
cassure étant fortement corrélé a la densité et a la propagation de yH2AX (Collins et al., 2020).

Ces domaines sont largement définis par les TAD, la perturbation des TAD étendant la
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propagation de yH2AX (Collins et al., 2020). De plus, les DSB agissent comme un obstacle a la
translocation de la cohésine chez la levure et les humains (Arnould et al., 2021 ; Piazza et al.,
2021), la cohésine extrudant des boucles en s’éloignant des DSB. Par conséquent, I'activité
d’extrusion de boucles de cohésine semble jouer un réle dans la propagation de yH2AX, au-
dela de son réle dans la définition de TAD (Arnould et al., 2021). Ces observations soutiennent
un modele dans lequel les cohésines, ancrées aux extrémités DSB ou se trouve la kinase,
facilitent la phosphorylation de H2Ax lorsque la chromatine passe a travers l'anneau de
cohésine pendant I'extrusion de la boucle (Figure 15B). Il est intéressant de noter que la
propagation de yH2Ax n’est pas exclusivement corrélée aux TAD individuels, la propagation
trans chez la levure et chez ’homme se produisant de maniere dépendante de la cohésine ;
dans ce contexte, un mécanisme de capture de ’ADN en trans par les cohésines pourrait

entrer en jeu (Lee et al., 2014).

Les boucles de cohésine favorisent également la réparation des séquences d'ADN proximales
en limitant les interactions chromosomiques et éventuellement le mouvement du DSB. En
effet, I'interactome autour d'une DSB est modifié en I'absence de cohésine, ce qui entraine
une augmentation des contacts a I'échelle du génome (Figure 15C ; Piazza et al., 2021). De
plus, la déplétion de la cohésine augmente la mobilité des DSB au-dela du mouvement accru
induit par la cassure elle-méme dans les cellules de levure sauvage (Figure 15A ; Cheblal et al.,
2020). Ensemble, ces données mettent en évidence la contribution de la cohésine liée au DSB.
La cohésine entraine les contacts entre les DSB et les séquences proximales via I'extrusion de
boucles, participant a la signalisation des dommages a I'ADN par la propagation de yH2AX et
favorisant la réparation intra-chromosomique. La cohésine restreint également le mouvement
du DSB, limitant les interactions trans, favorisant ainsi la réparation avec des séquences
proximales. Il convient de noter que la perte des boucles et de la cohésion des chromatides
sceurs pourrait contribuer a une augmentation du mouvement et des interactions

interchromosomiques.
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Résultats

Les résultats de mes travaux doctoraux seront divisés en deux sections. La premiére contient
mon travail principal, dans lequel nous avons identifié le role des cohésines dans le pontage
des extrémités des cassures double brin de I'ADN. Ces travaux sont présentés sous la forme
d'un article récemment publié sur BioRxiv et actuellement en cours d’évaluation a Nature Cell

Biology (https://doi.org/10.1101/2023.11.08.566226).

Des résultats supplémentaires, qui n'ont pas été inclus dans la version finale de I'article, mais
qui fournissent néanmoins des informations complémentaires sont présentées a la suite du

manuscrit soumis.

Le second est un projet auquel j'ai contribué en collaboration avec le groupe de Stéphane
Marcand, qui décrit comment les protéines télomériques bloguent I’extrusion des boucles par
les condensines. Cet article est également publié sur BioRxiv et est actuellement en cours

d’évaluation a Cell (https://doi.org/10.1101/2023.10.29.564563). Ma contribution a ce projet

a été la construction de la souche de base utilisée pour les expériences de microscopie de la
figure 4, I'établissement du pipeline utilisé pour I'analyse de ces expériences, ainsi que la
réalisation et I'analyse des expériences de microscopie. J'ai également eu le plaisir de partager
des réunions de laboratoire avec le groupe de Stéphane, qui ont donné lieu a de nombreuses
conversations fructueuses sur ce sujet et d’autres, pour lesquelles je suis extrémement

reconnaissant.

J'ai également contribué a la planification et a I'analyse d’expériences de microscopie dans un
article du groupe d’Eric Coic, en collaboration avec Laurent Maloisel, qui ont été critiques pour
le  processus de révision. Cet article, publi¢ dans PLOS  Genetics

(https://doi.org/10.1371/journal.pgen.1010639), décrit les rbles clés des paralogues Rad51,

Rad55 et Rad57, dans la stabilisation du filament Rad51. Rad55 et Rad57 sont importants pour
contrecarrer la synthése de polymérase de translésion sujette aux erreurs au niveau des
breches d'ADN simple brin et favoriser la réparation par recombinaison homologue. Cet article

est consultable en annexe.
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Chapitre 5 : Discussion

On sait depuis longtemps que MRX participe au pontage des extrémités des DSB chez S.
cerevisiae. Notre travail met en évidence I'importance de I'oligomérisation de la cohésine
pontage des extrémités des DSB apres résection de ceux-ci par Exol. Contrairement a MRX,
qui agit précocement, le pontage des extrémités cassées par la cohésine nécessite la
formation d'ADN simple brin, comme le montre notre analyse génétique des mutants
déficient pour Exol et doublement déficient pour les cohésine et Exol (SMC1-AID exo1A). En
effet, a ces moments tardifs, la machinerie cNHEJ n'est pas présente au niveau des DSB et la
formation de I'ADN simple brin a commencé avant la réparation par HR. Dans ce contexte, le
maintien des extrémités DSB a proximité est important pour éviter les événements de
réparation aléatoires, tout en laissant la liberté de rechercher un donneur homologue comme
matrice de réparation. Nous montrons que le pontage des extrémités de la cohésine est en
effet important pour I'efficacité de la réparation a I'aide d’un test spécifique en temps réel.
Malgré la révélation du role de la cohésine dans la réparation au travers du pontage des

extrémités cassées, des questions demeurent quant a la régulation de ce processus.
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Abstract: DNA double-strand breaks (DSBs) are a deleterious form of DNA damage, which must be
robustly addressed to ensure genome stability. Defective repair can result in chromosome loss, point
mutations, loss of heterozygosity or chromosomal rearrangements, which could lead to oncogenesis
or cell death. We explore the requirements for the successful repair of DNA DSBs by non-homologous
end joining and homology-directed repair (HDR) mechanisms in relation to genome folding and.
dynamics. On the occurrence of a DSB, local and global chromatin composition and dynamics, as
well as 3D genome organization and break localization within the nuclear space, influence how
repair proceeds. The cohesin complex is increasingly implicated as a key regulator of the genome,
influencing chromatin composition and dynamics, and crucially genome organization through folding
chromosomes by an active loop extrusion mechanism, and maintaining sister chromatid cohesion.
Here, we consider how this complex is now emerging as a key player in the DNA damage response,

influencing repair pathway choice and efficiency.

Keywords: DNA repair; NHE]; homologous recombination; chromatin; nuclear organization; chro-

matin dynamics; cohesin

1. Introduction: DNA Double-Strand Breaks Repair and Genome Stability

To ensure genome stability, DNA damage by both endogenous and extrinsic sources
must be dealt with robustly. Without effective mechanisms to detect and repair assaults
on the genome, diseases such as cancer can arise [1]. DNA double-strand breaks (DSBs)
are particularly deleterious. If unrepaired, DSBs can result in chromosome loss and, if
repaired incorrectly, can lead to point mutations, loss of heterozygosity and chromosomal
rearrangements [2], all of which could lead to oncogenesis or cell death.

In eukaryotes, including yeast and humans, DSBs are predominantly repaired by two
mechanisms: non-homologous end joining (NHE]), and homologous recombination (HR;
Figure 1). NHEJ ligates two DSB ends in a homology-independent manner [3]. Although
accurate when re-ligation takes place without DNA processing, NHE] can lead to genome
alteration by the loss or addition of nucleotides [4] or chromosomal translocations [5].
In contrast, HR uses an intact homologous donor sequence to reconstitute broken DNA.
Typically, use of the homologous sister chromatid during HR results in faithful DNA
DSB repair, although, if performed between alleles or heterologous sequences, transfer of
mutation or loss of heterozygosity can occur. Although NHE]J and HR are the predominant
pathways used for DNA DSB repair, other mechanisms are also observed; however, these
are often less faithful. If NHE]J is compromised, repair by alternative end joining (a-EJ)
pathways can take place. Repair by microhomology-mediated end joining (MME]) is
dependent on the annealing of roughly 4-20 bp of microhomology close to both ends of
the DSB, which are exposed after limited end resection, and generates small deletions [6].
Alternatively, longer direct homologous repeats that are unmasked by resection can be
repaired by single-strand annealing (SSA), in a process that also sees the loss of the genomic
sequence that once separated them [6]. ' .
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Figure 1. DNA double-strand break repair pathways. DNA double-strand breaks (DSBs) can be
repaired by direct re-ligation of broken ends (non-homologous end joining, NHE]), or through using
a homologous template (homology-directed repair, HDR). On the occurrence of a DSB, DNA damage
response factors Ku, MRX, Tell and Rad9 are recruited to the damaged site. If repair by NHE] is
favored, Lifl, Nejl and Lig4 are recruited, and broken DNA is re-ligated (see Table 1 for human
orthologs). HDR requires the formation of 3’ single-stranded-DNA (ssDNA) overhangs at the DSB
site in a process known as resection. Resection is initiated by the endonuclease activity of Mrell
upon stimulation by Sae2 and proceeds due to the activity of the redundant exonucleases Exol and
Sgs1/Dna2. The 3' ssDNA overhangs are stabilized by replication protein A (RPA). Rad52 mediates
the replacement of RPA for Rad51. Typically, resected Rad51-bound DSB ends undergo repair by
homologous recombination (HR), invading the DNA duplex of the replicated sister chromatid for
use as a template for faithful DNA DSB repair. Although NHE] and HR are the canonical DSB repair
pathways, other mechanisms are also observed. Repair by microhomology-mediated end joining

_ (MME]) is dependent on short ~4-20 bp homologous sequences situated close to the DSB on either

side of the break. These short homologous sequences can anneal with one another, sealing the DSB,
but generating small deletions (in red). Alternatively, unmasking of longer direct homologous repeats
(in orange) can lead to repair by single-strand annealing (SSA), a process that also sees the loss of the

genomic sequence that once separated them (in red).

Upon DSB, the first repair pathway engaged is NHE], which relies on the rapid
recruitment of the KU heterodimer (along with DNA-PK in mammalian cells; Table 1) and
the XRCC4-XLE-Ligase IV ligation complex [7]. If ligation fails, DNA resection is initiated
at the break site by the Mrel1/Sae2“'F complex, unmasking short 3'-single-stranded
DNA (ssDNA) overhangs of 60-70 bp [8-10]. This limited resection may unmask short
direct repeats, the annealing of which, followed by DNA synthesis by DNA polymerases
(Pol 0 in mammals, Pold and Pol4 in yeast) mediate repair by MME] [6]. If resection
proceeds further, mediated by the partially redundant nuclease activity of Dna2/ Sgs1BM
and Exol [10], longer 3/-ssDNA overhangs are generated that can engage in homology-
directed repair (HDR). The 3'-ssDNA overhangs are rapidly stabilized by replicatioh protein
A (RPA), which in turn is replaced by the Rad51 recombinase via the Rad52 recombinase
mediator. The resulting right-handed helical filament can invade the homologous donor
DNA duplex, ultimately leading to DNA synthesis and the sealing of the DSB, followed
by resolution of intermediate recombination structures. Long-range resection may also
unmask longer direct repeats that can anneal in a Rad52-dependent manner to mediate
repair by SSA. Resolution of SSA intermediates is achieved by the Rad1-Rad10 complex,
which removes the 3’ non-homologous tail generated. This pathway does not require the



Genes 2022, 13,198

30f20

invasion of a donor DNA duplex and is, therefore, Rad51 independent (for more details on
the mechanisms see [11,12]).

Table 1. Repair factors in Saccharomyces. cerevisiae, functions and orthologs in Schizosaccharomyces.

pombe and humans.

S. cerevisiae S. pombe Human Complex Function
Yku?0 Pku70 KU70
Yku80 Pku80 KU80 KU (DNA-PK)
- - DNA-PKcs .
Lifl Xrod XRCCA NHE] repair factor
Nejl Xl1f1 NHEJ1 (XLF) XRCC4-XLF-Ligase IV
) LIG4
v Ligd (Ligase IV)
Mrell Mrell MRE11
Rad50 Rad50 RADS50 MRX (MRN) NHE]/HDR factor
Xrs2 Nbs1 NBS1
Sae2 Ctpl CTIP -
Dna2 Dna2 DNA2
Sgs1 Rqhl BLM Dna2/Sgs1 (BLM)
Exol - Exol EXO1 . -
Rad51 Rad51 RADS1 = 10K E iy
Rad52 Rad52 RAD52 -
Rad1 Radl6 ERCC4 Rad1-Rad10
Rad10 Swil0 ERCC1 (ERCC1-XPF)
Rad9 Crb2 P -
(G321 DNA damage
Tell Tell ATM - sienalin
Mecl Rad3 ATR = gnaing
Chk1 Chk1 CHEK1 -

Repair pathway choice, thus, relies primarily on resection initiation, which is highly
regulated at several levels. Notably, the stage of the cell cycle plays a key role, with HR
favored in the S phase due to the stimulation of resection by cyclin-dependent kinases
(CDKs). The local sequence context, chromatin composition and fiber dynamics, as well as
the global nuclear architecture, also regulate repair pathway choice and repair completion.
In this review, we explore the requirements for successful NHE]J and homology-directed
repair (HDR), particularly, the local chromatin context of the broken DNA molecule, the
movement dynamics of DSB ends, the global chromatin context that makes the donor
sequence permissive to homology search and the influence of nuclear structures and
localization within the nuclear space on DSB repair. We consider how this affects repair
choice and efficiency, and throughout, we discuss how the cohesin complex modulates
these aspects and is emerging as a key player in DNA repair.

2. Cohesin Structure and Loop Extrusion Activity in Saccharomyces cerevisiae
and Humans

Cohesin is a multiprotein, ring-shaped complex, which was initially identified in
budding yeast, and is conserved in almost all eukaryotes (Figure 2A). The complex was first
described to hold sister chromatids together from S phase to anaphase, entrapping them to
ensure equal division of chromosomes (Figure 2B; [13]). However, cohesin has increasingly
been implicated in novel functions, including the 3D organization of chromatin by the
formation of long-range intrachromatid loops (Figure 2C; [14,15]), likely by the extrusion
of chromatin in a symmetrical manner [16,17].
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Figure 2. Cohesin structure and molecular functions. (A) The cohesin complex, shown in the
ATP-bound state, has four core subunits: the structural maintenance of chromosomes proteins,
Smcl and Smc3, the kleisin Sccl and the kleisin-associating Scc35TAG1/2. The loading complex
Scc2 /4NIPBLA/NIPBLE-Mau? jnteracts with cohesin through Sccl. SMC proteins consist of ATPase head
and hinge domains, and a long antiparallel coiled-coil arm. In the ATP-bound state, closed SMC
(S) and kleisin (K) compartments are observed. (B) Cohesin holds sister chromatids together from
S phase to anaphase. (C) Cohesin forms long-range intrachromatid loops, likely by a symmetrical
extrusion process. (D) Cohesin can exist in multiple conformations determined by ATP binding (SMC
heads engaged) and hydrolysis (SMC heads juxtaposed /separated). When separated, the coiled-coil
arms generate one open SMC—kleisin (SK) compartment. In the juxtaposed state, the SMC coiled coils
align, generating a rod-shaped complex, with a juxtaposed kleisin (JK) compartment. Alignment
of the coiled coil is permissive to bending at an elbow region within the arms, bringing the hinge
domain into close contact with the SMC3 head domain.

In S. cerevisiae, cohesin consists of four core and essential subunits: the structural
maintenance of chromosomes (SMC) proteins, Smcl and Smc3, the kleisin Sccl and the
kleisin-associating Scc3 (Figure 24; [18,19]). The following are the human orthologs: SMCI,
SMC3, SCC1 and STAG1/STAG2, respectively (Figure 2A; Table 2). SMC proteins consist
of “head” and “hinge” domains, separated by a long antiparallel coiled-coil arm. The head
comprises the N and C terminal domains that, respectively, provide the A and B motifs of a
Walker ATPase [20]. The hinge is generated where the coiled coil, which separates the two
halves of the head domain, reverses direction. Smc] and Smc3 heterodimerize through their
hinge domains, as well as making contacts through their head domains, which are essential
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for ATPase activity [18,21]. The Sccl subunit binds Smc3 at its N terminal and Smc1 at its C
terminal, generating separate Smc and kleisin compartments when the ATPase heads are
engaged, upon the binding of two ATP molecules. The Sce3 subunit binds to the central
domain of Sccl, completing the cohesin cdmplex [18,22].

Table 2. Cohesin subunits in S. cerevisige, functions and orthologs in S. pombe and humans.

S. cerevisiae S. pombe Human Complex Function

Smcl Psml SMC1A/B
Smc3 Psm3 SMC3 Cohesi Genome organization
Sccl Rad21 SCC1 - Sister chromatid cohesion
Scc3 Psc3 STAG1/2
Scc2 Mis4 NIPBLA/B Scc2/4 ] .

j d
Scch Ssl3 - Mau2 (NIPBL-May2) ~ Cohesinloading partner
Pds5 Pds5 PDS5
Wpll Wpll WAPL - : Cohesin regulator
Ecol Esol ESCO1/2
Espl Cutl ESPL1. - Cohesin separase
Smc5 Smc5 SMC5 . .
Smcé Smcé SMC6 SMC5/6 DNA /chromatin processing

Mms21 Nse2 NSE2 Ubiquitin ligase

_ Other proteins, such as Scc2/Scc4 (NIPBLA /NIPBLB-Mau2 in humans), Pds5 (PDS5A/
PDS5B in humans) and Wpll (WAPL in humans) also bind to the complex, through the Sccl
recruitment platform (Figure 2A; Table 2; [23-25]). These dynamic interactions facilitate
cohesin loading (Scc2/4) and dissociation (Wpl1) or, in the case of Pds5, have a dual role
in the establishment and maintenance of sister chromatid cohesion, as well as dissociation
through recruiting Wpl1 [26,27]. Cohesin is loaded onto chromosomes prior to the S phase
by Scc2/4, which causes a conformational change in the cohesin complex. This opens the
cohesin ring and allows it to embrace DNA, potentially through the hinge domains or
the Smc3-Sccl interface [27-29]. Once loaded, Smc3 acetylation by the acetyltransferase
Ecol (ESCO1 and ESCO2 in humans) stabilizes cohesin chromosome embracement by
antagonizing Wpll [30,31]. At this point, a DNA-replication-coupled process leads to
cohesin-dependent cohesion of sister chromatids [32,33]. Timely sister chromatid separation
is regulated by Sccl cleavage by a cysteine protease, separase (Espl in S. cerevisiae), during
the anaphase [13,34].

Various conformations of the human cohesin complex have been identified by ad-
vanced microscopy techniques, which provide insight into how it facilitates both its sister
chromatid cohesion and loop extrusion functions. These in vitro studies indicate that the
ATPase SMC heads can be engaged, separated or juxtaposed, in a dynamic manner that
is regulated by ATP binding (engaged) and hydrolysis (separated /juxtaposed) (Figure 2;
reviewed in [19,29,35]).  Engagement of the ATPase heads upon ATP binding confers a
conformation in which the coiled-coil arms are separated, generating distinct SMC and
kleisin compartments (Figure 2A). In the ATP-unbound state, ATPase heads can be sep-
arated or juxtaposed. When separated, the coiled-coil arms do not align, generating one
open SMC-kleisin compartment (Figure 2D). In the juxtaposed state, the SMC coiled-coils
align, generating a rod-shaped complex, in which only a juxtaposed kleisin compartment
is present (Figure 2D). Alignment of the coiled coil is permissive to bending at an elbow
region within the arms, which can bring the hinge domain into close contact with the SMC3
head domain (Figure 2D; [29]).

Crucially, various DNA binding domains throughout the cohesin complex, as well
as the loading partner NIPBL, have been shown to be essential for in vitro loop extru-
sion activity by human cohesin [29]. It appears that ATP- and DNA-binding-dependent
conformation changes within the cohesin complex facilitate the passing over of the DNA

molecule between DNA binding sites, although the full sequence and order of these events

remains unclear, with multiple models being proposed [16,19,29]. The importance of DNA
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entrapment within the different compartments of the complex also remains unclear for the
loop extrusion process.

Loop extrusion by the budding yeast cohesin complex has not been formally demon-
strated. However, the observation of cohesin-dependent loops, which expand when cohesin
residency time is increased by Wpl1 depletion, argues in favor of loop extrusion [15,36].
Furthermore, in vitro studies have demonstrated the ability of budding yeast cohesin to
bridge DNA molecules and compact DNA [37,38]. Unlike human cohesin, yeast cohesin
forms molecular condensates upon interactions with DNA, leading to pronounced clus-
tering [38,39]. Although the biological significance of this in vitro observation remains
to be fully demonstrated, recent cryo-EM observations of budding yeast MRX, also an
SMC family complex, revealed that it shares an ability to form large condensates, and
crucially responsible protein motifs were identified [40]. Whether these motifs in Mrell are
conserved in cohesin and are relevant for their clustering activity remains to be determined.

The loop extrusion activity of the cohesin complex has revealed its importance fora
broad range of DNA-related processes that go beyond its role in sister chromatid cohesion.
These include regulation of gene transcription and, significantly, the DNA damage response *
in both yeast and mammals [41], due to its ability to shape the genome, and influence
chromatin composition and nuclear architecture on multiple levels.

3. Chromosome Organization within the Nuclear Space and Cohesin Contribution

Eukaryotic genomes are organized at multiple levels, and ultimately exist in a highly
folded state. The first level of chromatin folding consists of the periodic wrapping of
the DNA double helix around a core of histone octamers to form nucleosomal chromatin
fibers. These fibers are further organized into topologically associated domains (TADs),
which have defined boundaries and exhibit increased local interactions within them and
decreased interactions between them [35,42]. The mammalian genome is partitioned into a
succession of TADs, which range in size from tens of kilobases to 1-2 Mb of DNA, whereas
in yeast, smaller TAD-like structures have been described (50-100 kb in S. pombe and 5 kb in
S. cerevisiae). Current models propose that cohesin forms TADs by loop extrusion between
boundary proteins such as CTCF in mammals, or CARs (cohesin-associated regions) in
yeast [15,36,43—45]. Cohesin also contributes to the higher-order organization of TADs,
into TAD cliques, in which increased interactions are observed between distant TADs, in a
constitutive or dynamic manner [46]. The contribution of cohesin to the individualization
of chromosome domains imposes a constraint on the distance between sequences in the
nucleus. This constraint could favor or disfavor contacts between DNA sequences during
DNA repair and modulate both the DNA damage response and outcome, as supported by
recent studies described below.

On a larger scale, chromatin is separated into different states with distinct character-
istics, defined by specific histone variants, post-translational modifications (PTMs) and
chromatin-binding proteins. Traditionally, two broad categories of chromatin states are
distinguished, the transcriptionally active euchromatin and the densely packed and repres-
sive heterochromatin, that overlap respectively with two compartments, A or B, defined
by increased long-range interchromosomal interactions [47-49]. Cohesin is not required to
form these compartments and rather appears to counteract their folding, as cohesin deple-
tion results in an enhancement of A/B compartmentalization, as observed by increased
contrast in Hi-C contact patterns [43-45,50,51]. Conversely, increasing loop formation by
the depletion of WAPL or PDS5 strongly inhibits chromatin compartmentalization [45].
How cohesin opposes compartment formation remains to be defined experimentally. How-
ever, polymer simulations suggest that this could be achieved by cohesin-mediated loop
extrusion [52]. .

Heterochromatin itself is subdivided into the ubiquitous constitutive heterochromatin,
associated with highly repetitive sequences [53], and the more dynamic and often develop-
mentally regulated facultative heterochromatin [54]. Heterochromatin can be associated
with nuclear structures, including the nuclear lamina, forming lamina-associated domains,
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further organizing chromosomes within the nucleus [55]. An intriguing link exists between
pericentromeric heterochromatin and cohesin in several organisms. In vertebrates, despite
previous conflicting reports, a recent study demonstrated that haspin, the inhibitor of
the cohesin-releasing factor WAPL, interacts with the heterochromatin protein HP1 in
pericentromeric heterochromatin [56]. This interaction prevents premature dissocjation of
centromeric cohesin and ensures that cohesion is protected in pericentromeric heterochro-
matin at early stages of mitosis [56]. Haspin also cooperates with cohesin in interphase to
ensure robust polycomb-depéndent homeotic gene silencing in Drosophzla [57]. In S. pomnbe,
the Psc3 (Scc3 in budding yeast) cohesin subunit directly interacts with the heterochro-
matin protein Swi6, which ensures cohesin recruitment and cohesion establishment at
centromeres btit is also important to ensure the genomic integrity of the heterochromatic
mating type locus [58]. Finally, cohesin is enriched in subtelomeric regions and is required
for their transcriptional repression in both fission and budding yeast through mechanisms
that remain to be deciphered [59,60]. How cohesin shapes these compacted regions and
whether this influences gene expression or DNA repair remains an open question.

Beyond these substructures and compartments, chromosomes fold on themselves, defin-
ing chromosome territories with few interchromosomal interactions in mammals [48,61].
Additionally, homologous chromosomes are separatéd in the somatic cells of most diploid
organisms [62-65] and are even more distant than expected in human cells, an organization
that appears to be actively defined [66]. These characteristics are likely to be significant
in disfavoring recombination events between distinct chromosomes, but this remains to
be experimentally tested. In yeast, chromosome territories are less clear, but the spatial
arrangement of chromosomes imposed by the tethering of the centromeres at one pole and
the clustering of telomeres at the nuclear periphery [67,68] favors interactions between clus-
tered sequences. Several studies have revealed a clear correlation between physical distance
and recombination efficiency, with closest loci recombining with higher efficiency [69-72].
Beyond physical distance, other factors influence recombination efficiency. For example,
in vivo studies have shown that limiting the rate of resection can increase recombination
efficiency at some subtelomeric and intrachromosomal DSBs [71,72], demonstrating a rela-
tionship between the rate of resection and successful homology search (reviewed in [73]).

Although the genome is actively folded and ordered within the nucleus, this organi-
zation is not static, and movement of the chromatin fiber is observed to a similar extent
in all organisms, with single loci exploring volumes with a radius of 0.5 to 1 um [74].
In normal conditions, chromatin exhibits a subdiffusive motion, reflecting constrained
movement. The first constraint on chromatin motion is linked to its polymeric nature and
its higher-order folding. In addition, external factors such as crowding and viscoelastic
properties of the environment, as well as interaction with nuclear substructures, in particu-
lar with the nuclear membrane, also impinge on motion (reviewed in [75,76]). Chromatin
motion is an energy-dependent process that is reduced upon glucose starvation or the
depletion of intracellular ATP [77-79]. Part of this dependency on ATP could be linked to
ATP-dependent chromatin remodelers that have been shown to drive enhanced chromatin
mobility (reviewed in [75,76]). In S. cerevisiae, the cell cycle stage also has a dramatic effect
on motion, which is restrained during the S phase and is much more dynamic during G1.
Reduced motion in the S phase is replication and cohesin dependent, as S phase inactivation
of cohesin restores mobility to G1 levels [80,81]. This S-phase-specific effect has led to the
proposal that the cohesion between sister chromatids restrains chromatin motion. However,
chromatin mobility is constant throughout the interphase in mammals, with depletion
of cohesin also increasing chromatin mobility [82,83]. This suggests a sister chromatid
cohesion independent role for cohesin in influencing chromatin motion, which could rely
on its ATP-dependent loop extrusion activity. While chromatin motion is regulated in a
conserved manner, its significance for cellular processes is far from clear. Indeed, a number
of studies have described changes in chromatin motion in response to DNA damage, while
the relevance of these changes for DNA repair have not been fully defined.
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4. Genome Folding and Chromatin Dynamics Modulate DNA Repair

The final 3D architecture of the genome, defined through the combined influence of
its structure at multiple levels, as well as the nuclear structures to which it is associated,
provides both structural and regulatory functions that modulate DNA repair.

Breaks induced in different chromatin contexts lead to varied responses to DSBs,
supporting a role of pre-established chromatin marks in DSB repair choice. Indeed, DSB
repair pathway usage and efficiency in various chromatin environments has been addressed
by employing genome-wide analysis of repaif in euchromatic DSB sites [84] or the repair of
specific heterochromatic sites [72,85-93]. The various forms of chromatin interfere with the
recruitment of DSB repair proteins, thus contributing to DSB processing and DNA repair
pathway choice. HR was shown to be the prevalent repair mechanism for endonuclease-
induced DSB sites in transcriptionally active genes in human cell lines, while noncoding or
silent euchromatic sequences exhibit a preference for NHE] [84,94]. The H3K36me3 histone

.mark, typical of actively transcribed euchromatin, is thought to promote HR through the

recruitment of the protein LEDGF, which mediates the recruitment of CtIP and, therefore,
triggers ssDNA formation, Rad51 loading and HR initiation [84,95,96]. In parallel, the
active chromatin mark H4K16-Ac, catalyzed by the TIP60 acetyltransferase, inhibits the
binding of the anti-resection and pro-NHE] factor 53BP1, thus favoring resection and
HR commitment [97]. In contrast, H3K27me3-associated heterochromatin, or chromatin
targeted to the repressive nuclear lamina, was shown to favor repair by NHE] or alt-NHE]
through an undefined mechanism [89].

Paradoxically, the repair of DSBs in constitutive heterochromatic regions also appears
to rely heavily on HR in different organisms [85,90,98,99], as observed in repeat-rich re-
gions in G2 mouse cells [92,100] and in Drosophila pericentromeric heterochromatin [88].
This is partially due to the heterochromatin protein HP1, which recruits BRCA1 [101] to
promote resection, as well as the recruitment of TIP60 by H3K9me3, which may promote
decompaction of the DSB-flanking chromatin [102]. This decompaction is accompanied
by the exclusion of the DSB to the periphery of the heterochromatin clusters, as observed
in both Drosophila and mice [88,92,103]. In Drosophila, but not in mammals, exclusion
from heterochromatin domains is followed by migration to the nuclear periphery, where
HR takes place [88]. These studies support a model in which HR is actively repressed in
heterochromatin domains. These relocation events, which isolate resected DSB from the
bulk of heterochromatin, are proposed to help prevent recombination between the highly
repetitive heterochromatic sequences, limiting sequence loss. Recent reports analyzing re-
pair outcomes at unique genomic sites cléaved by meganucleases or CRISPR-Cas9 found no
major change in the balance between NHE] and HR when comparing heterochromatin and
euchromatin [91,104]. However, observations in Drosophila suggest that heterochromatic
repair might require specific DSB-induced chromatin modifications, involving a histone
demethylase, to achieve the same NHE]J/HR balance seen in euchromatin [105]. The exact
mechanism at work is still under investigation.

Lastly, a high-throughput study using CRISPR-Cas9 cleavage of a unique cassette in-
serted throughout the genome by a PiggyBac transposase optimized system has addressed
the repair of DSB sites by NHE]J and MME], depending on the chromatin context [106].
Although NHE] is generally the most frequent repair pathway, how it is outcompeted by
MME]J varies depending on the chromatin context. Notably, the H3K27me3 heterochro-
matin mark favors MME] at the expense of NHE], suggesting it could promote resection
initiation [106].

In S. cerevisiae, heterochromatin clearly modulates repair pathway choice through
the control of resection at several levels [72,93]. The compacted chromatin structure mod-
ulates long-range resection through a still unknown mechanism [72]. In addition, Sir3,
the mammalian HP1 functional ortholog, suppresses resection initiation through direct
interaction and inhibition of the MRXMRN activator Sae2“"F. This in turn promotes NHE]
and protects heterochromatin from unscheduled HR [93]. Notably, although delayed by
resection inhibition, HR repair is proficient in yeast heterochromatin. Limiting resection
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is of particular importance at subtelomeric DSBs as it avoids loss of chromosome end
sequences and favors repair by conservative HR [72].

Beyond the chromatin context, an increasing number of studies have highlighted
the contribution of higher-order chromatin structures, chromosome organization and
interaction with nuclear substructures, such as the nuclear membrane, to DNA damage
signaling and repair. As previously stated, the successive layers of genome folding—from
TADs, TAD cliqu/es, compartments and whole chromosome territories to chromiosome
positioning within the nucleus—each constrain contact between genomic sequences. These
structures likely regulate HR, which is highly dependent on contact between the damaged
DNA and the homologous template [73]. Furthermore, they could elicit the illegitimate
rejoining of DNA ends by NHE]J, resulting in deleterious translocations.

Genome folding also defines the 3D context in which the DSB response propagates. For
example, YH2AX spreading is largely influenced by the folding of chromosomes into TADs,
with TAD boundaries correlating with the extent of yY2AX spreading [107]. Furthermore,
CTCF-binding sites, which define TAD borders, are enriched around YH2AX foci [108,109].
A functional relationship is further supported by the failure of CTCF-deficient cells to
properly assemble YH2AX foci, as well as recent data depicting a role for cohesin in
foci formation [108,110]. Importantly, TAD-defined spreading may rot be the exclusive
mechanism for the propagation of DNA damage response factors, as other proteins, such
as 53BP1, can spread over several TADs or sub-TADs in a manner that only partially relies
on cohesin [109]. Whether chromosome folding has other functions in repair remains to be
investigated. If the pre-existing chromatin architecture is important for the DNA damage
response, it is also widely affected in response to DNA damage. Notably, chromatin marks
and histone variants are deposited de novo on DSB-flanking sequences, including typical
heterochromatin marks. This, along with variations in the chromatin compaction around
DSB, plays a central role in DSB repair pathway choice (for a review see [111]). Higher-order
chromatin folding is also modified, with the strengthening of TAD boundaries [112,113], an
enrichment of TAD cliques and the formation of a new interaction-based subcompartment
(D compartment) that groups damaged sequences with nondamaged loci enriched in
chromatin marks typical of active transcription (H2AZac, H3K4me3 and H3K79meZ2; T113]).

These modifications are likely sustained by the increased chromatin dynamics ob-
served in response to DNA damage. Indeed, in S. cerevisiae, both the damaged DNA site
and the whole undamaged genome increase mobility (Figure 3A; [114,115]). Increased
DSB motion has also been observed in Drosophila and mammalian cells [88,116]. DNA
repair factors, chromatin remodeling complexes and the activity of actin filaments and
microtubules have been identified as key elements that facilitate increased DSB chromatin
motion (see [117,118] for more details). In budding yeast, decompaction of the chromatin
fiber, associated with histone loss, is a key factor in increased chromatin dynamics [119].
This decompaction extends globally, with potential HR donor sequences also becoming
more accessible and exploring larger nuclear volumes [80]. Enhanced chromatin movement
was first proposed to increase the probability that separated DSB ends find each other prior
to NHEJ [120] or to increase the rate of homology search during HDR [114,115}. However,
recent work in budding yeast has demonstrated that the mobility of DSB ends was not
rate limiting for timely HDR [80]. In this study, the absence of SUMO-dependent ubiquitin
ligase Uls1 was shown to compromise local DSB movement, whilst maintaining increased
global genome dynamics, DSB resection, checkpoint activation, histone degradation and
chromatin decompaction [80]. Despite reduced DSB mobility, homology-directed strand
invasion was not delayed, indicating that movement of the break is not limiting for the
homology search [80]. Whether global genome mobility is critical for HR efﬁc1ency remains
to be demonstrated.
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Figure 3. Chromatin dynamics in response to DNA double-strand breaks (DSBs). (A) In S. cerevisine,
chromosome centromeres are tethered to the spindle pole body (SPB), and telomeres cluster at
the nuclear periphery. Upon DSB both local and global processing of the chromatin fiber alter its
properties. These chromatin modifications lead to increased chromatin motion of DSB ends and
the global genome, which likely assists in the homology search process. Persistent DSBs relocate
to the nuclear periphery, through either interaction with the nuclear pore complex (NPC) or Mps3,
in a cell-cycle-dependent manner, to assist repair by alternative mechanisms. (B) In Drosophila,
heterochromatic DSBs move out of heterochromatin domains and to the nuclear periphery to facilitate
faithful repair. (C) In mammalian cells, heterochromatic DSBs move out of heterochromatin domains,

but not to the nuclear periphery, to facilitate DSB repair.

Despite this, increased chromatin mobility could facilitate efficient DSB repair in nu-
merous other ways. These include by moving DNA DSBs outside of repair-repressive
domains or into domains that favor repair. In line with this, several types of DNA lesions,
including DSBs, have been shown to migrate to the nuclear periphery in budding and
fission yeast (Figure 3A) and Drosophila (Figure 3B; [88,121-124]). In budding yeast, they
associate with two distinct sites, either the nuclear pore complex (NPC) throughout the cell
cycle, or the inner nuclear membrane SUN protein, Mps3, in the S/G2 phase. Relocation
of DNA lesions to Mps3 or the NPC requires distinct signaling mechanisms, promoting
distinct DNA repair pathways (extensively reviewed in [125]). Although relocation of DSBs
to the nuclear periphery has not been observed in mammalian cells, displacement of DSBs
is nonetheless observed, as demonstrated by DSB relocation outside of heterochromatic do-
mains (Figure 3C; [126]). This is consistent with the need to relocate difficult to repair breaks
outside of compartments that are repressive for some repair pathways and to move them
towards more favorable environments in which repair could take place. Although a number
of studies have described some of the actors required for DSB perinuclear localization, the
precise molecular mechanism, from DNA damage to contact with perinuclear anchors,
remains to be solved. Similarly, how Mps3 and the NPC define subnuclear compartments
favoring repair is still unknown.

5. Cohesin in Repair

With the emerging importance of cohesin in shaping the genome by loop extrusion,
new aspects of cohesin contribution to DNA damage signaling and repair are appearing.

A role for cohesin in DNA repair was in fact discovered before its well-described role
in sister chromatid cohesion, with the S. pombe Rad21 gene being identified for providing
resistance to ionizing radiation [127]. Since then, cohesin has increasingly been implicated
in DNA damage repair, although its function in this was first linked to its capacity to
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maintain sister chromatid cohesion at the DSB site, to facilitate HDR. Studies in yeast and
mammals have demonstrated that cohesin is recruited to DNA DSB sites [107,128-130].
How cohesin is enriched and regulated at DSBs remains to be fully described. In yeast
and humans, the cohesin loading complexes Scc2/4 and NIPBL-Mau2, respectively, are
essential for the enrichment of cohesin at DSBs, suggesting de novo loading is responsible,
not rearrangement of preloaded cohesin [128,129,131]. However, the recent finding that
NIPBL is required for loop extrusion [16] highlights a possibility for a loop-extrusion-
dependent accumulation of preloaded cohesin at DSBs. Strikingly, key components of
the DNA damage checkpoint (DDC), the response mechanism that enables the detection
and repair of DSBs, are important for cohesin DSB recruitment. MRXMRN and the Tel1A™
kinase are required both in yeast and humans [41,128,131], and YH2AX, the Mec1ATR and
Chk1 kinases are also important for cohesin enrichment at DSBs in yeast [128].- Sumoylation
of the cohesin subunit Sccl by the SUMO ligase Mms21 (Mms21/Nse2 in humans) also
assists recruitment of cohesin at yeast DSBs [132]. Cohesin binding at DSBs is kept in check
by the SUMO-dependent ubiquitin ligase Uls1, whose absence increases MRX and cohesin
levels at DSB [80].

The Mms21 SUMO ligase is itself recruited to DSBs by another DSB-binding SMC,
the essential Smc5/Smc6 (SMC5/6) complex [133], originalfy identified in S. pombe in
genetic screens probing for increased radiation sensitivity [134,135]. Interestingly, SMC5/6
monomers and the holistic complex, including Mms21/Nse2, have been shown to have
ssDNA binding affinity, through novel and unique hub and latch domains not found in
the other SMC family proteins [136]. Like cohesin, SMC5/6 is enriched in the 25 kb region
flanking the DSB [137,138]. Furthermore, knockdown (KD) of the SMC5 /6 complex was
shown to reduce cohesin loading at DSBs [130]. Crucially, KD of cohesin alone, or together
with SMC5/6, resulted in the same reduction in HR events by sister chromatid exchange,
indicating that these two complexes act in the same DNA repair pathway [130]. These
observations may suggest that the SMC5/6 complex acts as a sensor for DSB ends, leading
to the recruitment of the cohesin complex to the DSB. How SMC5/6 senses DSB ends is
unknown. One possible hypothesis could be that the ssDNA formed by DSB end resection
is detected through the SMC5/6 ssDNA-binding motifs [136]. Another possible mechanism
could be linked to the deposition of YH2AX in the DSB-adjacent chromatin. Indeed, Rtt107,
a YH2AX-binding protein with which SMC5/6 can interact, is necessary for the enrichment
of SMC5/6 at DSBs [139].The full functional role SMC5/6 plays in DNA repair remains
unclear, including the mechanism by which it leads to cohesin recruitment. Furthermore,
it is possible that SMC5/6 plays roles beyond cohesin recruitment, as demonstrated by
the importance of the SUMOylation activity of its Nse2 subunit for the relocation of
heterochromatic DSBs in Drosophila [90] and DSB interaction with the nuclear periphery in
yeast [140]. Whether cohesin is also relevant to these responses remains to be tested.

At DSB sites, local cohesin loading, which is dispensable for sister chromatid cohesion,
is key for efficient repair. Indeed, impairing cohesin de novo loading at DSB, in experimental
settings that do not affect sister chromatid cohesion, impinges on DNA repair [129,130].
Cohesin has also been proposed to regulate NHE] in both yeast [141] and human cells [142]
through an unknown mechanism.

More recently, the ability of cohesin to shape individual chromosomes through loop
extrusion has been implicated in DNA DSB signaling and repair. One of the first signaling
events following DSB induction is the phosphorylation of H2A (H2AX in mammals) by
the Tel1A™ Mec1ATR and DNA-PK (only in mammals) PI3-kinases [2,143]. YH2AX can
spread over 50-100 kb in yeast {143,144] and over 1-2 Mb of the adjacent chromatin in mam-
mals [145,146] while the kinases appear to be bound close to the DSB ends. Recent studies
in human cells have now demonstrated how cohesin-dependent TADs are functional units
of the DNA damage response, through YH2AX spreading [131,147]. Hi-C and ChIP-seq
data have demonstrated that contacts between the DSB site and distant cis chromosome
loci are important for establishing YH2AX domains, with the interactome of the break
site correlating strongly with the density and spread of YH2AX [147]. These domains are
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largely defined to TADs, with TAD disruption extending YH2AX spreading into adjacent
TADs [147]. Furthermore, DSB sites act as a cohesin translocation roadblock in both yeast
and humans [131,148), with cohesin extruding loops away from DSB sites. Therefore, a
role for cohesin loop extrusion activity in YH2AX spreading could be imagined, beyond
its role in defining TADs with increased interaction [131]. These observations support a
model in which cohesin complexes, anchored at DSB ends where the kinase is located,
facilitate phosphorylation of H2A as chromatin passes through the cohesin ring during loop
extrusion (Figure 4B). In budding yeast, YH2A propagates in both cis, and irans between
nearby genomic regions of different chromosomes [144]; however, the contribution of the
cohesin complex and chromosome folding has not been tested.
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Figure 4. Cohesin contributes to DNA damage signaling and repair. (A) Cohesion of sister chromatids
restricts chromatin mobility. Cohesin also restricts chromatin mobility in response to DNA damage,
with the nuclear volume explored by DSB ends increasing upon cohesin disruption. (B) Cohesin-
dependent TADs are functional units of the DNA damage response, through yH2Ax spreading.
Loop-extrusion activity away from a DSB site drives YH2Ax spreading by the PI3 kinase ATM,
allowing the establishment of YH2Ax domains. (C) Genome-wide loading of cohesin upon DSB
leads to the individualization of chromosomes. Loss of cohesin leads to an increase in interchromo-
somal interactions and decrease in cis dsDNA sampling. Individualization of chromosomes may
disfavor ectopic repair events by restraining the homology search process. Preventing interchro-
mosome recombination demonstrates a key role for cohesin in safeguarding the genome against

genome instability.

Loop extrusion by the cohesin complex has also been implicated in the random re-
arrangement of antibody gene segments of the mouse immune system through a repair
process named V(D)] (for a detailed review see [149]). V(D)] recombination is triggered by
the programmed formation of DSBs by the RAG endonuclease and results in repair between
distant sequences arranged in tandem. Segments destined for rearrangement are inter-
spersed by CTCF sites, which Hi-C data has revealed act as loop anchors and boundaries,
limiting contacts and repair between more distant segments [150,151]. Further supporting
a functional role for loop extrusion, depletion of cohesin reduces long-range interactions
and recombination between distal segments [150], whereas downregulation of WAPL, and



Genes 2022, 13, 198

13 of 20

thus increasing the size of cohesin-mediated loops, favors repair between more distant
segments [152]. Therefore, loop extrusion by cohesin appears to favor intrachromosomal
DNA repair between proximal sequences.

Beyond its loop extrusion activity, cohesin may also favor repair with proximal DNA
sequences by restricting DSB motion. Indeed, cohesin depletion increases DSB move-
ment beyond the heightened movement observed at DSB sites in WT yeast cells [80].
Accordingly, the interactome around the DSB is altered in absence of cohesin, resulting
in increased genome-wide contacts, at the expense of cis intrachromosomal interactions
(Figure 4C) [148].

Together, these data highlight the contribution of DSB-bound cohesin. Cohesin drives
contact between DSB ends and proximal sequences through loop extrusion, participating
in DNA damage signaling through yH2AX spreading and promoting intrachromosomal
repair. Cohesin also restrains DSB motion, restricting trans interactions, further favoring
repair with proximal sequences.

Cohesin enrichment is also enhanced genome wide in response to DSB induction [153,154].
In yeast, this enrichment at undamaged sites globally tightens sister chromatid cohesion [30,154].
Similar to the establishment of the S phase cohesion, DSB-induced global cohesin loading relies
on Scc2/4, Ecol-mediated Smc3 acetylation and cohesin sumoylation [132,155]. Additionally,
DSB-induced phosphorylation of Sccl by the Chkl checkpoint kinase is required to allow
subsequent Sccl acetylation by Ecol. Sccl acetylation counteracts Wpll activity, stabilizing
cohesin on chromosomes [30,156]. DSB-induced cohesin stabilization may act redundantly
with the Chkl-mediated phosphorylation and stabilization of Pds1, antagonizing the activity
of the Espl separase to delay the metaphase—anaphase transition. In line with this, cohesin
accumulates on chromatin upon formation of DNA DSBs [113,130,157] and is involved in the
DNA-damage-induced intra-S and G2/M checkpoint activation in human cells [158].

In addition to this, enhanced genome-wide loading of cohesin could mediate the
individualization of chromosomes, therefore disfavoring ectopic repair events [148]. Indeed,
Hi-C experiments upon HO-induced DSBs in S. cerévisize demonstrated that HR repair
occurs in a chromatin context spatially shaped at the global level by cohesin [148]. Whether
this relies on pre-existing or de novo loaded cohesin remains to be determined. Cohesin
appears to mediate chromosome individualization, reducing overall interchromosomal
interactions, which may also restrain the homology search process and promote cis dsDNA
sampling (Figure 4C) [148]. Accordingly, cohesin depletion increases DSB contacts and
favors recombination with the rest of the genome [148]. Importantly, biasing the homology
search in cis may safeguard the genome against genome instability. .

6. Conclusions

While the importance of chromatin composition and organization for DNA repair has
become increasingly clear, more work is now required to precisely define the actors and
molecular mechanisms at work in these processes. In particular, deciphering how chro-
matin compaction and the protein or DNA modifications associated with heterochromatin
regulate DNA repair pathway choice is crucial, particularly in regard to the development
of genome editing tools for therapeutic approaches.

The cohesin complex and its activity as a molecular motor, capable of forming chro-
matin loops, has emerged as a key player in detecting and responding to DNA damage
and, therefore, promoting DNA repair and genome stability. Recent advancements in
our knowledge of how this complex works and the technology available for observing
its functions at a molecular level, make it likely that we will continue to see novel roles
attributed to cohesin for correct DNA repair in the near future. How cohesin interacts with
heterochromatin and whether its role there is relevant for DNA repair has not yet been
addressed and should be investigated.

A better understanding of cohesin function in DNA repair could be particularly
relevant for understanding how cohesin dysfunction affects tumorigenesis. Indeed, co-
hesin is frequently deregulated in cancer cells, notably in bladder cancer and myeloid
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neoplasms [159]. The fact that tumors mutated for cohesin have increased sensitivity to
DNA damaging agents and PARP inhibitors further suggests a link to their role in DNA
repair. Understanding the role of cohesin in DNA repair is, thus, particularly relevant to
human health.
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Abstract

The bypass of DNA Iesions that block replicative polymerases during DNA replication relies
on DNA damage tolerance pathways. The error-prone translesion synthesis (TLS) pathway
depends on specialized DNA polymerases that incorporate nucleotides in front of base
lesions, potentially inducing mutagenesis. Two error-free pathways can bypass the lesions:
the template switching pathway, which uses the sister chromatid as a template, and the
homologous recombination pathway (HR), which also can use the homalogous chromo-
some as template. The balance between error-prone and error-free pathways controls the
mutagenesis level. Therefore, it is crucial to precisely characterize factors that influence the
pdthway choice to better understand genetic stability at replication forks. In yeast, the com-
plex formed by the Rad51 paralogs Rad55 and Rad57 promotes HR and template-switching
at stalled replication forks. At DNA double-strand breaks (DSBs), this complex promotes
Rad51 filament formation and stability, notably by counteracting the Srs2 anti-recombinase.
To explore the role of the Rad55-Rad57 complex in error-free pathways, we monitored the
genetic interactions between Rad55-Rad57, the translesion polymerases Pol{ or Poln,
and Srs2 following UV radiation that induces mostly single-strand DNA gaps. We found
that the Rad55-Rad57 complex was involved in three ways. First, it protects Rad51 fila-
ments from Srs2, as it does at DSBs. Second, it promotes Rad51 filament stability inde-
pendently of Srs2. Finally, we observed that UV-induced HR is almost abolished in
Rad55-Rad57 deficient cells, and is partiaily restored upon PolZ or Poln depletion. Hence,
we propose that the Rad55-Rad57 complex is essential to promote Rad51 filament stabil-
ity on single-strand DNA gaps, notably to counteract the error-prone TLS polymerases
and mutagenesis.
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Author summary

Processive and accurate DNA polymerases replicate genomic DNA during the S phase of
each cell cycle. DNA base lesions on template DNA block these polymerases and result in
an accumulation of single-stranded DNA gaps behind moving replication forks. These
gaps are filled-in by error-prone and error-free pathways. In this work, we show that the
complex made by the Rad51 paralogs Rad55 and Rad57 is essential for the error-free
homologous recombination gap-filling pathway when DNA replication is stalled by UV-
induced DNA lesions, but not for DNA double strand break repair. Interestingly, we
found that homologous recombination is efficiently outcompeted by error-prone transle-
sion DNA polymerases in Rad55-Rad57-deficient cells. We propose that the Rad55-Rad57
complex is essential for Rad51 filament stability at UV-induced DNA gaps to promote
efficient error-free hqmologoué recombination. Furthermore, our study in yeast predicts
that inhibitors of error-prone DNA polymerases might selectively target cancer cells in
which RAD51 paralogs are mutated.

Introduction

In all living organisms, genomic DNA undergoes chemical modifications or crosslinking with
proteins. These damages greatly compromise DNA replication because they induce replication
fork stalling. DNA damage tolerance mechanisms have evolved to ensure completion of
genome replication [1], and rely on two main mechanisms: i) translesion synthesis (TLS)
DNA polymerases and ii) the use of a homologous template, typically the newly synthesized
sister chromatid. Specialized TLS polymerases efficiently insert nucleotides opposite and
beyond lesions on DNA templates that block the replicative DNA polymerases [2]. They possi-
bly extend blocked primer/template junctions at replication forks or at single-stranded DNA
(ssDNA) gaps left behind the forks [3,4]. TLS polymerases are intrinsically error-prone and
constitute a major source of DNA damage-induced mutagenesis [5,6]. Recombination-medi-
ated pathways, such as the template switching and homologous recombination (HR) pathways,
mediate damage bypass through the annealing of the damaged ssDNA gaps to the intact
homologous template on the sister chromatid {7-9]. HR, also referred to as the salvage path-
way, can use homologous chromosomes as intact donors rather than sister chromatids [10].
As TLS, template switching and HR compete for the same ssDNA substrates, they can partly
compensate for each other [11-13]. However, template switching and HR are error-free lesion
bypass mechanisms and counterbalance mutagenesis induced by TLS [14,15]. Thus, it is cru-
cial to precisely characterize the factors that influence pathway choice to better understand
genetic stability at replication forks.

The template switching pathway involves ubiquitin ligase and the Rad18/Rad6 pathway
conjugating activities. In budding yeast, Rad6 and Rad18 induce PCNA mono-ubiquitination
at its conserved K164 residue, whereas Rad5 and Mms2-Ubc13-dependent activities trigger its
poly-ubiquitination at K164 [16,17] and the formation of X-shaped intermediates between sis-
ter chromatids when replication is challenged by DNA damages [8]. Interestingly, the forma-
tion of these X-shaped intermediates relies also on the HR factors Rad51 and Rad52 (7,18].

The HR pathway relies on the recombinase Rad51 that oligomerizes on ssDNA to form a
right-handed helical nucleoprotein ﬁlame‘nt [19,20]. This filament performs homology search
and catalyzes DNA joint formation between ssDNA and double-stranded DNA (dsDNA)
homologous partners, thereby leading to strand exchange [21-23]. Eventually, repair DNA
synthesis occurs from the damaged DNA invading ends on undamaged template homologous
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DNA sequences [24]. Rad51 loading on RPA-coated ssDNA is a crucial step in HR and is
mediated mainly by Rad52 in Saccharomyces cerevisiae and BRCA2 in metazoans [25-27].
Rads51 filament assembly also requires the activity of Rad51 paralogs (Rad55-Rad57 complex
in 8. cerevisiae; RAD51B, RAD51C, RAD51D, XRCC2, and XRCC3 in human cells; and the
SHU complex in both [28]). Rad55 and Rad57 share 20% identity with the RecA/Rad51
ATPase core region [29,30]. However, they do not form filaments on ssDNA, and they do not
exhibit strand exchange activity [31,32]. Electron microscopy images showed the association
of gold-labeled Rad55 with Rad5! filaments assembled on ssDNA (Rad51-ssDNA) [32], and
two-hybrid experiments revealed the interaction between Rad51 and Rad55 [33,34]. However,
recent single-molecule studies suggest that the interaction between the Rad55-Rad57 complex
and Rad51 filaments is transient and the Rad55-Rad57 complex dissociates during filament
extension [35]. As similar findings were obtained in nematodes [36], it has been proposed that
RAD51 paralogs behave as classical chaperones to temporarily assist Rad51 filament forma-
tion. More studies are required to clearly describe the precise role of each complex of Rad51
paralogs. In addition, each complex might play a specific role depending on the initial HR-
inducing DNA lesion [37].

Rad55-Rad57 role in DNA double strand break (DSB) repair is considered accessory on the
basis of the weaker sensitivity of rad55 and rad57 mutants to ionizing radiation and to site-
directed DSBs compared with rad51 mutants [38,39]. Intereétingly, this sensitivity seems to
depend on the Srs2 helicase activity because it is partially suppressed by SRS2 ablation [32,39].
In vitro experiments have shown that the Srs2 translocase activity disrupts Rad51 filaments .
[40.,41] and that the Rad55-Rad57 complex counteracts Srs2 to maintain Rad51 filaments on
ssDNA [32,35]. Therefore, it has been proposed that Rad51 filament assembly and disassem-
bly, which are mediated by the Rad55-Rad57 complex and Srs2 respectively, provide a regula-
tory mechanism to control HR initiation. However, SRS2 deletion does not rescue
spontaneous HR defects between direct repeats in the rad55 and rad57 mutants, indicating
that the Rad55-Rad57 complex also acts independently of Srs2 [39].

To explain the different defects observed between spontaneous and DSB-induced HR, it
was hypothesized that spontaneous HR between direct repeats is initiated by ssDNA gaps
rather than DSBs [39]. Thus, the Rad55-Rad57 complex would play a more prominent role in
HR when the initiating lesion is a ssDNA gap. In agreement, it has been observed that in cells
lacking the TLS polymerases Pol {, RAD55 ablation leads to a synergistic increase in DNA
damage sensitivity [42-44].

Here, we explored Rad55-Rad57 role in Rad51 filament formation on ssDNA gaps and in
the balance between HR and TLS in §. cerevisiae. For that purpose, we induced interhomolog
HR in diploid strains by ionizing radiation (IR) or UV radiation. IR generates DSBs and
ssDNA gaps [45], whereas UV generates mostly ssDNA gaps. UV-irradiated S. cerevisiae cells
uncouple leading and lagging strand replication at irreparable UV lesions, thus generating
long ssDNA regions on one side of the fork. Furthermore, small ssDNA gaps accumulate
along replicated duplexes, likely resulting from repriming events downstream of the lesions on
both leading and lagging strands. Translesion synthesis and homologous recombination coun-
teract gap accumulation, without affecting fork progression {11]. Recently, RPA foci were used
as a read-out of ssDNA gaps forming upon DNA replication through Methyl-methane sulfo-
nate (MMS)- and UV-induced DNA damage [13]. They predominantly form far away from
sites of ongoing replication, and they do not overlap with any of the repair centers associated
with collapsed replication forks or DNA double-strand breaks. Instead, they represent sites of
post-replicative DNA damage bypass involving translesion synthesis and homologous recom-
bination. Therefore, we also used this mark to evaluate the cross-talk between TLS and HR.
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We found that the Rad55-Rad57 complex is essential for UV-induced HR, but only acces-
sory for IR-induced HR. Interestingly, this essential role is mainly Srs2-independent, and
UV-induced HR in Rad55-Rad57-deficient cells can be restored by inactivation of a TLS poly-
merase (Pol{ or Poln). Conversely, UV-induced HR cannot be restored upon inactivation of
the template switch pathway in MMS2 deficient cells. Overall, our results show that the
Rad55-Rad57 complex is essential for Rad51 filament assembly on UV-induced ssDNA gaps.
When this complex is absent, Rad51 filaments cannot prevent the recruitment of TLS poly-
merases and counterbalance mutagenesis. 4

Results ,

The Rad55-Rad57 heterodimer is essential for UV-induced homologous
recombination

To investigate Rad55-Rad57 role in HR, we analyzed UV- and IR-induced interhomolog HR
in wild type (WT) and rad55A isogenic diploid strains. The previous observation that rad51
and rad52 mutant cells are very sensitive to IR indicates that IR generates DSBs, whereas these
mutants are much more resistant to UV radiation, indicating that DSBs are probably rarely
induced [46,47]. Additionally, genetic evidence suggests that UV-induced HR is triggered by
ssDNA gaps [48]. We measured interhomolog HR using two mutant alleles of ARG4: arg4-RV,
a 2-bp deletion that ablates the EcoRV site at position +258, and arg4-Bg, a 4-bp insertion by
fill-in of a BglII site at position +1,274 [49] (Fig 1A). These alleles do not revert [49] and only
recombination in heteroallelic arg4-RV/arg4-Bg diploid cells results in the formation of a WT
ARG4 gene primarily by non-reciprocal transfer covering one mutation [50].

The rad55A diploid strain was not sensitive to UV radiation (Fig 1B), but remarkably,
UV-induced recombinant [Arg"] frequency was strongly reduced in the rad55A diploid strain
compared with WT cells (10-fold at 120 J/m?) (Fig 1C). These results are very similar to those
previously obtained with rad51A mutants [46], suggesting that the Rad55-Rad57 complex is
determinant in UV-induced HR. Conversely, rad55A diploid cells were sensitive to IR
(Fig 1D), but y-ray-induced HR frequencies were identical in rad55A and WT cells at high
doses (400 Gy and 600 Gy) (Fig 1E). We observed the same phenotypes in the rad57A mutant
(S1A-S1D Fig). Likewise, it was previously reported that spontaneous HR rates are identical
in rad57A and WT cells [38,51], a result we confirmed here in rad55A cells (Fig 1F). These
observations suggest that the Rad55-Rad57 complex plays a specific and essential role in
UV-induced HR, probably at ssDNA gaps. This complex is also involved in the repair of IR-
induced DSBs, as shown By the lower survival of rad55A mutant. However, it is not essential
since the IR-induced HR frequencies are comparable to WT.

Resolution of UV-induced RPA foci is delayed in the rad55A mutant

To further examine the role of Rad55 in the management of ssDNA gaps induced by UV expo-
sure, we monitored ssDNA by fliiorescence microscopy using YFP-tagged Rfal, the large sub-
unit of the RPA complex [52]. It was indeed recently established that RPA foci formed upon
UV-irradiation represent sites of post-replicative DNA damage bypass involving TLS and HR
[13]. Exponentially growing cells were a-factor arrested in G1 and subjected or not to UV irra-
diation. In absence of irradiation, RPA foci were barely detectable in WT G1-arrested cells
(SI1E Fig). After UV-exposure, only a few Gl-arrested WT cells displayed RPA foci (3.2% and
12.5% after 60 min and 240 min post-irradiation, respectively; S1E Fig). Unirradiated WT
cells released into the cell cycle also exhibit few RPA foci (10% of the cells 60 min after release;
Fig 1H). In marked contrast, 58% of WT irradiated cells displayed at least one RPA foci 60
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Fig 1. Rad55 plays a major role in UV-induced HR. (A) Schematic representation of the genetic system used. Frameshift mutations were introduced at the
EcoRV site (RV, +2 bp) or the Bgll site (Bg, +4 bp). HR between the two ARG mutant alleles can restore 4 WT ARG allele associated with the [Arg+]
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min after release in the cell cycle (Fig 1H). This confirms that UV-induced DNA damages
induced in G1 leads to the formation of ssDNA gaps related to the encounter with DNA repli-
cation. Most of UV-induced RPA foci (70%) have been resolved 240 min after release (Figs 1G
and S1F). This illustrates the efficient post- replicative DNA damage bypass in WT cells.

Surprisingly, a steady level of 20% of rad55A G1- arrested cells exhibits RPA foci (S1E g)
This rate slowly increases after UV-exposure to reach 60% of Gl-arrested cells at 240 min
(S1E Fig). This newly described phenotype of rad55A cells is probably representative of an
involvement of Rad55-Rad57 in the stabilization of repair intermediates of spontaneous and
UV-induced DNA lesions in Gl-arrested cells. 60 min after UV-exposure and release in the
cell cycle, 80% of rad55A cells exhibit RPA foci (Fig 1H). Moreover, 31% of rad55A cells dis-
play three or more UV-induced RPA foci while this class is observed only in 10% of WT cells.
In addition, contrary to WT, only 33% of RPA foci have been resolved 240 min post-irradia-
tion. Finally, we observed an accumulation of rad55A cells in the second 'S phase 240 min after
release from G1 arrest, probably related to the persistence of UV-induced gaps in absence of
efficient HR (S1F Fig). Altogether, these results confirm that Rad55-Rad57 is important to
manage ssDNA gaps forming upon UV-exposure.

In order to confirm that the different behavior of Rad55-Rad57 after UV- and IR-exposure
is related to the difference in the lesions induced, we also observed RPA foci formation in WT
and rad55A cells exposed to IR. To allow haploid cells to repair y-induced DSBs by HR
between sister chromatids, cells were irradiated 60 min after their release from the G1 arrest
(S2A Fig). In WT and rad55A cells, we found the same proportion of cells displaying RPA foci
after y-rays exposure compared with UV, these foci being resolved with the same kinetics
(S2B Fig). However, as already described in [13], 60 min after irradiation, 75% of the y-irradi-
ated cells with RPA foci display only one focus (S2B Fig), while this class represents 59% of
UV-irradiated cells with RPA foci (Fig 1G). This difference could be attributed to the forma-
tion of a DSB repair center after y-rays exposure while ssDNA gaps are not gathered after UV-
irradiation. This. difference is even more pronounced in the rad55A mutant. Indeed, 76% of y-
irradiated cells with RPA foci show only one focus while this class with a single focus repre-
sents 44% of UV-irradiated cells with RPA foci. These differences support our conclusion that
Rads1 filament are assembled mainly on ssDNA gaps after UV exposure, while some events
might be gathered in repair centers after y-rays irradiation.

UV-induced DNA lesions are channeled towards the REV3 error-prone
DNA repair pathway in the rad55A mutant

Although UV-induced HR was almost abolished in rad55A cells, these cells were resistant to
UV radiation. We hypothesized that in rad55A mutant cells, UV-induced ssDNA gaps at repli-
cation forks could be repaired by TLS instead of HR. The TLS polymerase Pol( is required to
bypass UV-induced DNA lesions, as illustrated by the strong UV-sensitivity of haploid cells
lacking the Rev3 catalytic subunit of Pol, (Fig 2A) [53]. Conversely, rev3A diploid cells were
much more resistant to UV radiation (Fig 2B), possibly due to HR promoted by MAT hetero-
zygosity [51,54-56]. In addition, Pol(, is responsible for almost all UV-induced mutagenesis in
yeast cells [33,57], as shown by the absence of UV-induced mutagenesis observed in the PolZ
essential component rev3 mutant [53]. Thevefore, rad55A cells should strongly rely on PolZ
and on its catalytic subunit Rev3 for UV resistance, and that UV-induced mutagenesis should
increase in rad55A cells, as previously shown for spontaneous mutagenesis [42]. In agreement
with previous studies, we confirmed that UV sensitivity is much hlgher in the rev3A rad55A
double mutant than in the rev3A single mutant in haploid cells [42-44] (Fig 2A) and also in
diploid cells (Fig 2B). This UV sensitivity is comparable with those we previously observed in
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httns://dal.ora/10.1371/jourmal.ngen. 1010639.q002

the rev3A rad51A double mutant [58], confirming the essential role of Rad55-Rad57 in UV-
induced HR. Therefore, the high resistance to UV of Rad55-deficient cells relies on the TLS
pathway that could compensate for HR deficiency in these cells. Consequently, we expected an
increase of mutagenesis frequency in rad55A cells. In agreement with this hypothesis, the fre-
quency of UV-induced canavanine-resistant cells [59] was two-fold higher in the rad55A
mutant than in WT cells (Fig 2C). This observation supports the channeling of DNA lesions
towards the error-prone Pol{-dependent pathway in rad55A cells.

Measurement of RPA foci in UV-irradiated cells confirmed that TLS can compensate for
HR. While the number of RPA foci was about the same in the rev3A mutant and inl the rad55A
mutant (Figs 1G and 2D), the rev3A rad55A double mutant shows RPA foci in almast all cells
with 64% of this population displaying at least three foci (Fig 2D). We also observed that rev3A
mutants display an accumulation of cells in the second S phase 240 min after release from G1
arrest, while rev3A rad55A double mutant shows a block in the first G2 phase after the release
(S3 Fig). The.number of cells displaying RPA foci barely decreased with time in rev3A rad55A
double mutant. However, the number of cells displaying at least three foci decreases strongly,
which could represent repair events but also the disappearance of ssDNA gaps through degra-
dation or breakage in the absence of repair. Considering the low survival of UV-irradiated
rev3A rad55A cells, this more likely indicates that many ssDNA gaps formed during the first §
phase after release cannot be repaired in absence of TLS and HR, leading to faulty mitosis. We
also observed that the number of spontaneous RPA foci is 2-fold higher in the rad55A rev3A
mutant compared with the rad55A mutant, indicating a large accumulation of ssDNA gaps
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UV-induced DNA lesions are channeled to the HR pathway in cells lacking
TLS polymerases

The finding that UV-induced DNA lesions can be channeled to the TLS pathway in rad55A
cells suggested that such lesions could be managed by the HR pathway in TLS-deficient cells.
In that case, TLS-deficient cells should display a hyper-recombinogenic phenotype. To test this
hypothesis, we measured the frequencies of UV-induced HR in rev3A (Pol{ mutant) and
rad30A (Poln mutant) cells. As expected, HR frequency was strongly increased in rev3A cells
and to a lower extent in the rad30A mutant (Fig 3A and 3B). However, UV sensitivity was sim-
ilar in diploid cells harboring the rev3A or rad30A mutation (Figs 2B and 3C). We propose
that in the rad30A mutant, UV-induced DNA lesions can be bypassed by both HR and Pol(,
while Poln cannot always take over Pol{ function in rev3A cells, resulting in higher HR fre-
quency. Additionally, it is important to note that accordingly with the strong sensitivity of
rev3A cells exposed to UV, HR cannot compensate for all UV-induced DNA lesions that are
supported by the TLS pathway.

Translesion DNA polymerases prevent UV-induced HR in the rad55A
mutant

We showed that UV-induced HR is strongly decreased in Rad55-Rad57 deficient cells. We
also observed that the TLS and HR pathways compete for the same UV-induced ssDNA gaps,
because mutagenesis was increased in rad55A mutants, and HR in rev3A mutants. Therefore,
the recruitment of TLS polymerases at the lesion site might decrease HR in rad55A cells. We
measured HR frequencies and observed a significantly increased frequency in the rev3A
rad55A double mutant compared with rad55A cells (Fig 4A). This indicated that PolC effec-
tively impairs HR in the absence of the Rad55-Rad57 complex. We propose that the
Rad55-Rad57 complex is important to stabilize Rad51 filaments on ssDNA gaps at the DNA
lesion site, thus limiting the recruitment of TLS polymerases. Our results also suggest that in
the absence of the Rad55-Rad57 complex, Rad51 filaments are functional enough to promote
some HR events (Fig 4A), although this is not sufficient to improve UV resistance (Fig 2). We
observed the same results when a Poln mutation (rad30A) was combined with rad55A
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(Fig 4B-4D). Thus, both Pol{ and Poln contribute to the decrease of UV-induced HR in
rad55A mutant cells. .
Next, we asked whether UV-induced HR can be observed independently of the
Rad55-Rad57 complex in cells deficient for the template switching pathway. Therefore, we
measured the cell survival and recombination frequencies after UV radiation of cells in which,
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MMS?2 was deleted. We found that the rad55A mms2A double mutant was more sensitive than
the single mutants (Fig 4E), suggesting that some template switching events can occur inde-
pendently of HR. Strikingly, the frequency of UV-induced recombinants was as low in the
rad55A mms2A double mutant as in the rad55A mutant (Fig 4F). This suggests that the tem-
plate switching pathway does not compete with HR between homologous chromosome and
that TLS polymerases still prevent HR in the rad55A mms2A double mutant. On the other
hand, the recombination frequency in the mms2A single mutant was increased, but only after
exposure to the highest UV dose (120 J/m?, Fig 4F).

The acute UV sensitivity of the rad55A rev3A double mutant is partially
suppressed by SRS2 deletion

As the Rad55-Rad57 complex limits Rad51 filament destabilization by Srs2 at DSBs [32,35], we
asked whether Srs2 would be involved in the defective UV-induced HR associated with
rad55A or rad57A. To address this question, we measured UV-induced HR frequencies in
rad55A srs2A and rad57A srs2A double mutants. We found that they were similar to those
observed in rad55A and rad57A single mutants (Figs 5A and 5B, S4A, and $4B). However,
rev3A rad55A srs2A diploid cells were less sensitive to UV radiation than rev3A rad55A cells
(Fig 5C). Thus, the Rad55-Rad57 complex is also involved in the protection of Rad51 filaments
against Srs2 at ssDNA gaps formed after UV radiation, but this can only be seen in the absence
of Pol{. When Pol{ is active, the HR rate is probably too low in rad55A mutant cells to allow
the detection of the effect of Rad51 displacement by Srs2.

Additionally, the level of resistance conferred by the deletion of SRS2 in rad55A rev3A cells
do not reach those of the rev3A single mutant (Fig 5C). This indicates that the Rad55-Rad57
complex plays a Srs2-independent role in UV-induced HR that is only revealed in rev3A
mutants. We propose that the Rad55-Rad57 complex provides stability to Rad51 filaments
independently of the protection against Srs2. :

To sustain our conclusion, we analyzed UV-induced RPA foci in srs2A cells. The resolution
of UV-induced RPA foci is delayed in srs2A cells compare to WT but in a lesser extent than in
rad55A cells (Figs 1G and 5E). Moreover, the delay in UV-induced RPA foci resolution
observed in the rad55A single mutant (Figs 1G and S1F) is the same than in the rad55A srs2A
double mutant (Figs 5F and S5), suggesting that the antirecombinase activity of Srs2 does not
account for the delay observed in the rad55A mutant. Similarly, the number of spontaneous
and UV-induced RPA foci observed in rev3A rad55A srs2A haploid cells was the same as the
number observed in the rev3A rad55A double mutant (Fig 5F). Moreover, the absence of Srs2
does not suppress the block in the first G2 phase after the release observed in the rev3A rad55A
double mutant following UV irradiation (S3 and S5 Figs).

The Rad55-Rad57 complex is essential for the formation of UV-induced
lethal recombination events

We confirmed that the srs2A diploid strain is very sensitive to UV radiation as reported before
[60]; however, this sensitivity was completely suppressed in rad55A srs2A and rad57A srs2A
mutant cells (Figs 5D and S4C). Previous genetic studies led to the concept of toxic Rad51-de-
pendent recombination intermediates that accumulate in the absence of Srs2 [61-63]. There-
fore, on the basis of the complete suppression of s¥s2A-associated UV sensitivity by rad55A
and rad57A, we propose that the Rad55-Rad57 complex participates in the formation of UV-
induced Rad51 filaments that are toxic for the cells in the absence of Srs2. In agreement with
previous reports [60,64,65], we observed a strong UV-induced hyper-recombination
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Fig 5. Srs2 role in the rad55A mutant exposed to UV radiation. (A) UV-induced [Arg+) recombinant frequencies in rad55A srs2A diploid cells. (B) Close-up
view of (A) to exclude the hyper-recombinogenic phenotype of srs2A. (C) The acute UV sensitivity displayed by the rad55A rev3A mutant is partially
suppressed by SRS2 deletion. The red arrow between the rev3A rad55A and rev3A rad55A srs2A survival curves highlights the partial srs2A suppression. (D)
Survival curves of diploid cells following UV radiation. The acute sensitivity to UV radiation of the diploid srs2A strain is suppressed by rad55A (blue arrow).
(E) Quantification of Rfal-YFP foci detected by fluorescence microscopy in srs2A cells not irradiated or after UV exposure. (F) Quantification of Rfal-YFP foci
detected by fluorescence microscopy in rad55A srs24 and rad55A rev3A srs2A cells not irradiated or after UV exposure. Error bars indicate SDs from three
independent experiments.

httos://doi.ora/10.1371/journal.pgen. 1010639.0005

phenotype in Srs2-deficient cells. This phenotype was completely suppressed by the concomi-
tant deletion of Rad55 or Rad57 (Figs 5A and S4A).
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The translesion DNA polymerases Pol{ and Poln are not essential for DSB
repair ;

The large impact of the rad55A rev3A double mutant on cell survival after UV radiation sug-
gested that the Rad55-Rad57 complex and Pol{ play an important and specific role in UV-
induced DNA repair. Although the Rad55-Rad57 complex is not essential for DSB repair [39],
we wanted to determine the potential role of TLS polymerases in DSB repair in rad55A cells.
To this aim, we measured the repair of a DSB induced at the MAT locus upon expression of
the HO endonuclease controlled by a galactose-inducible promoter. The DSB was repaired by
HR using an ectopic MA Ta-inc sequence inserted in chromosome V [65,66] (Fig 6A). After
DSB induction, survival was decreased by 3-fold in rad55A cells compared with WT cells

(Fig 6B). Conversely, survival of the rev3A, rad30A, and rev3A rad30A mutants was not
affected by DSB induction, and they did not change the sensitivity of the rad55A mutant. This
indicates that the TLS polymerases are not required for DSB repair efficiency.

Discussion

The Rad55-Rad57 complex is essential for HR-mediated repair of UV-
induced ssDNA gaps

Genetic studies provided evidence that ssDNA gaps are the major initiator of spontaneous and
UV-induced HR in yeast [47,57]. In addition, electron microscopy and two-dimensional gel
electrophoresis showed that UV-irradiated cells accumulate ssDNA gaps, likely resulting from
re-priming events downstream of stalled replication forks at UV-induced DNA lesions [11].
UV-induced ssDNA gaps were also inferred from a physical assay [12] and from the study of
RPA foci distribution relatively to sites of ongoing replication [13]. Interestingly, both studies
reported that TLS and HR counteract ssDNA gap accumulation.

Here, we show that the complex formed by the Rad51 paralogs Rad55 and Rad57 is essential
for UV-induced ssDNA gaps repair, while accessory at DSB sites. We observed a strong
decrease of HR frequencies in the rad55A and rad57A mutants specifically after UV radiation.
Moreover, we confirmed the synergistic increase of UV sensitivity upon depletion of both
Rad55 and Polf in haploid and diploid cells (Fig 2A and 2B). This was confirmed by the large
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Fig 6. TLS DNA polymerases are not required for cell survival after a site-specific DSB. (A) Schematic representation of
the system used to measure repair of a HO-induced DSB by gene conversion between ectopic copies of MAT. (B) Cell
viability after DSB formation.

https://doi.org/10.1371/journal.ngen.1010639.0006
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increase in the number of UV-induced RPA foci observed in the rad55A rev3A double mutant
(Fig 2D). We did not observe this negative interaction after induction of a site-directed DSB
(Fig 6). In addition, we found that UV-induced mutagenesis at the CANT locus was increased
in the rad55A mutant (Fig 2C), and that UV-induced HR was increased in Pol { and Pol n defi-
cient cells (Fig 3A and 3B). Most importantly, we observed UV-induced HR in the absence of
the Rad55-Rad57 complex only in cells deficient for TLS (Fig 4). These data suggest that the
Rad55-Rad57 complex might stabilize Rad51 filaments on ssDNA gaps to prevent the recruit-
ment of the TLS polymerases.

The Rad55-Rad57 complex plays three prominent roles in UV-induced HR

One of the best defined role of Rad55-Rad57 is the protection of Rad51 filaments from Srs2 at
DSBs [32,35]. Here, we found that although the defect in UV-induced HR observed in rad55A
cells was not suppressed by SRS2 deletion (Fig 5A and 5B), the very high UV sensitivity of the
rad55A rev3A double mutant was partially suppressed by srs2A (Fig 5C). This suggests that the
Rad55-Rad57 complex protects Rad51 filaments against Srs2 also at UV-induced ssDNA gaps,
although Esc2- and Elgl-dependent mechanisms also regulate negatively Srs2 at sites of stalled
replication forks [67,68]. Additional studies are required to determine the interplay between
these regulating factors.

The increased UV-sensitivity of the rev3A rad55A srs2A triple mutant compared with the
rev3A single mutant (Fig 5C) clearly indicates that the Rad55-Rad57 complex plays a Srs2-in-
dependent role in UV-induced HR. We propose that the second role of this complex is to pro-
vide stability to Rad51 filaments; independently of the protection against Srs2. In agreement
with this conclusion, we found that in rad55A or rad57A mutants, srs2A-associated UV-sensi-
tivity was completely suppressed (Fig 5D and $4C). This indicates that in the absence of Srs2
activity, Rad51 stabilization by the Rad55-Rad57 complex would lead to lethal events, possibly
initiated by ssDNA gaps that could block replication fork restart. On the basis of the results of
single-molecule studies, it was proposed that the Rad55-Rad57 complex helps Rad51 filament
formation by acting as a chaperone [35], in agreement with our observations.

Remarkably, UV-induced HR frequency increased in rad55A cells upon Pol( or Poln dele-
tion (Fig 4). Therefore, the third role of the Rad55-Rad57 complex would be to allow HR to
outcomnpete the TLS polymerases. Rad51 filament stabilization by the Rad55-Rad57 complex
on ssDNA at the lesion site could prevent the recruitment of TLS polymerases by PCNA
because of structural constraints. In the absence of Rad55-Rad57, unstable Rad51 filaments
cannot prevent the loading of the TLS polymerases that inhibit HR and induce mutagenesis.
TLS polymerase depletion in rad55A mutants would allow some HR events to occur, but the
inherent instability of Rad5! filaments would make them rare and explain the low survival rate
of rev3A rad55A miutant cells. Our results clearly highlight that UV-induced lesions can be
channeled from HR to TLS and vice versa, when one pathway is inactivated. This provides fur-
ther support to a model in which HR and TLS can share common substrates [12,13].

Model for the activity of the Rad55-Rad57 complex in ssDNA gap repair

Our genetic data suggest three different and essential functions for the Rad55-Rad57 complex
in UV-induced interhomolog HR initiated at ssDNA gaps (Fig 7A). First, this complex is
required for Rad51 filament formation and stabilization that are essential for efficient strand
exchange at ssDNA gaps. The 5’ends of DSBs are resected to generate 3’ ssDNA that can
invade the homologous donor. Conversely, 3’ ssDNA is not directly available at ssDNA gaps.
Therefore, the Rad55-Rad57 complex may be required to form Rad51 filaments that can
invade without 3’ ssDNA extremities. Alternatively, the Rad55-Rad57 complex can be involved
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PolZ or Poln allows channeling UV-induced DNA lesions towards the HR pathway (bold arrow): (E) In the rad55A
rev3A and rad55A rad30A double mutants both the HR and the TLS pathways are impaired.
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in the 3’ end denaturation at the lesion site to generate a 3’ ended ssDNA by recruitment of a
DNA helicase. Second, the Rad55-Rad57 complex within Rad51 filaments counterbalances Srs2
activity through a mechanism that remains poorly understood [32,35]. Third, the Rad55-Rad57
complex could inhibit TLS polymerases by limiting their loading at the primer/template junc-
tion within ssDNA gaps, probably through the stabilization of Rad51 filaments (Fig 7B-7E).
This competition might be crucial to control mutagenesis resulting from gap-filling by Pol(, but
further studies will be required to understand how the access of HR and TLS are regulated at
the site of lesions and to determine the nature of the lesions that can only be managed by TLS,
as shown by the acute sensitivity of UV-irradiated rev3A mutant. Thus, in our model, Rad51 fil-
aments formed with the Rad55-Rad57 complex preserve the genome stability through ssDNA
gap repair by HR, but also through competition with TLS on common ssDNA gap substrates.

The interplay between HR and TLS in mammals

The interplay between error-prone and error-free lesion-bypass pathways is documented in E.
coli and yeast (the present study, [13,14]), and it has been recently investigated in mammals.
First of all, it was recently shown that BRCA-deficient tumors sensibility to cisplatin and syn-
thetic lethality with PARP inhibitors were associated with a BRCA default in preventing repli-
cation-associated gaps rather than in preventing DSBs [69,70]. More specifically, HR can be
triggered by PRIMPOL-dependent ssDNA gaps behind stalled replication forks [71]. More-
over, BRCA1- and BRCA2-defective breast cancer cells, display an increased somatic muta-
tional load specific of TLS polymerases [72-75]. Accordingly, a recent study found that
BRCA1/2-defective cancer cells rely much more on TLS for repair of PRIMPOL-dependent
ssDNA gaps [76]. In addition, similarly to PARP1 or DNA polymerase Pol6 inhibitors that are
used to treat HR-deficient cancers [77-79], the small molecule JE-RH-06 disrupts the interac-
tion between the TLS polymerases REV1 and Pol( and shows preferential cytotoxicity in
BRCA1-deficient cancer cells [76,80]. Thus, it would be interesting to determine whether the
association of cancer-associated RAD51 paralog mutations and TLS mutations leads to a syn-
ergic sensitivity to replication fork blocking lesions, as we observed in yeast in the rad55A
rev3A double mutant. If an acute sensitivity is found, one might expect a cytotoxicity associ-
ated with TLS polymerase inhibitors in RAD51 paralog-deficient cancer cells.

Materials and methods

Yeast strains, plasmids and media

The S. cerevisiae strains used in the present study are isogenic derivatives of FF18733 (his7-2,
leu2-3,112, lys1-1, trp1-289, ura3-52), JKM146 (hml:ADE1 MATalpha hmr:ADEL, arg5,6::
MATa-inc:HPH]1, ade3::GAL:HO) and W303 (ADE2 leu2-3,112 his3-11,15 trpl-1, ura3-1)
and are listed in S1 Table. Yeast cells were incubated at 30°C for all the experiments described.
Gene deletions were performed by PCR-mediated one-step replacement [81,82]. Mutants
were selected on YPD medium containing 300 mg/L geneticin (Sigma) or nourseothricin (clo-
NAT; Werner BioAgents). All deletions were confirmed by PCR amplification of genomic
DNA. All media were prepared as previously described [83].

Irradiation, cell survival assay, and measurement of DNA damage-induced
HR frequency

Cells in stationary phase and in exponential growth phase were used for irradiation with UV
and y-rays, respectively. UV irradiation was performed using a 264 nm source. Yeast cells were
irradiated with 30, 60, 90 and 120 J/m? (2 ]/m?/s dose rate). y-irradiation was performed using
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a GSR D1 irradiator (Gamma-Service Medical GmbH). It is a self-shielded irradiator with four
sources of *’Cesium. The total activity was 180.28 TBq in March 2014. As yeast cells resus-
pended in 1 mL of sterile H,O were irradiated in 1.5ml plastic microtubes, dosimetry was per-
formed using plastic microtubes with a cylindrical ionizing chamber 31010 (PTW, Freiburg,
Germany) following the American Association of Physicists in Medicine recommendations
[84]. Thisionizing chamber has a cavity of 0.125 cm® calibrated with '*’Cesium in air kerma
free in air and the reference number of our facility is 210382401. The polarity and the jon
recombination were measured for this '*’Cesium source. Each measurement was corrected
with the KTP factor to take into account the variations in temperature and atmospheric pres-
sure. Yeast cells were irradiated at 100, 200, 400 and 600 Gy (single doses) and with a 12 Gy/
min dose rate that takes the radioactive decrease into account.

Before (UV) or after (y-rays) irradiation, cells were plated at the appropriate dilution on
rich medium (YPD) to measure the survival rate, and on synthetic plates without arginine to
quantify the number of HR events between ARG4 heteroalleles. HR frequencies were deter-
mined by dividing the number of recombinant colonies growing on selective medium by the
number of unselected colonies subjected to the same dose of irradiation. The values obtained
were corrected by subtracting the number of recombinants on the non-irradiated plates. The
mean percentage from at least three independent experiments is presented.

Measurement of spontaneous heteroallelic HR

Rates of spontaneous HR between two heteroalleles of ARG4 were determined by fluctuation
tests using the method of the median [85]. The reported rates were obtained from three inde-
pendent experiments, each performed with nine independent 2-ml cultures started with less
than 200 cells and incubated at 30°C for three days. The significance of the rates is indicated
by the 95% confidence interval {85].

Measurement of UV-induced mutagenesis

UV-induced mutagenesis was measured with the CANI forward-mutation assay [59]. UV-
induced mutagenesis frequencies were obtained by dividing the number of colonies growing
on synthetic plates without arginine and containing l-canavanine (Sigma, 30 mg/l) (i.e., cana-
vanine-resistant, Cank, cells) by the number of cells that survived irradiation counted on rich
media YPD. The number of Can® colonies obtained after irradiation was corrected by sub-
tracting the number of spontaneous Can® colonies growing on non-irradiated plates.

Cell growth, synchronization and irradiation before microscopy

Cells were grown at 30°C in synthetic complete medium (Formedium). Before UV- and y-irra-
diation, growing cells were synchronized in G1 using 17 mg/ml o-factor for 180 min. They
were released from the G1 arrest by three consecutive washes with sterile H,O. Cells were
resuspended in 50 ml of sterile H,O and UV-irradiated in a glass plate of diameter 190 mm.
UV irradiation was performed using a 264 nm source. Yeast cells in water were irradiated with
60 J/m2 (2 J/m2/s dose rate) then resuspended in fresh complete medium. y-irradiation was
performed as described for survival studies. Cells were then resuspended in fresh complete
medium. Time-course experiment were started with yeast cultures adjusted to ODggg 0.5.

Microscopy

Live-cell images were acquired using a wide-field inverted microscope (Leica DMI-6000B)
equipped with Adaptive Focus Control to eliminate Z drift, a 100x/1.4 NA immersion
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objective with a Prior NanoScanZ Nanopositioning Piezo Z Stage System, a CMOS camera
(ORCA-Flash4.0; Hamamatsu) and a solid-state light source (SpectraX, Lumencore). The sys-
tem is piloted by MetaMorph software (Molecular Device).

YFP images were acquired at indicated time points after alpha factor block release and UV
or y-rays irradiation; 19 focal steps of 0.20 um were acquired with an exposure time of 100 ms
using a solid-state 500-nm diode and a YFP filter (excitation 470-510 nm and dichroic 495 nm;
Chroma Technology Corp.). A single bright-field image on one focal plane was acquired at each
time point with an exposure of 50ms. All the images shown are z projections of z-stack images.
Image analysis was achieved following processing with ImageJ software (National Institutes of
Health), using scripts written in Image] macro language. Bright-field and maximum intensity
projections of YFP images were merged, Rfal-YPD foci were then quantified in 2D.

Measure of DNA content by flow cytometry

1 ml of cells were resuspended in 70% Ethanol and kept at 4°C. Cells were centrifuged for 3
min at 7,000 RPM and washed once in PBS, resuspended in PBS with RNase A (0.5 mg/ml) for
2 hours at 50°C. Cells were centrifugated and resuspended in PBS with iodure propidium

(50 pg/ml) for one hour at room temperature. Cells were diluted 10-fold in PBS and cell aggre-
gates were dissociated by sonication. DNA content analysis was performed using LSRII flow
cytometer (BD Biosciences) and analyzed with the Flow]o software.

Survival following DSB formation

Cells were grown overnight in liquid culture medium containing lactate acid instead of glu-
cose. Survival following HO-induced DSB was measured as the number of cells growing on
galactose-containing medium divided by the number of colonies growing on YPD. The results
shown are the mean values of at least 3 independent experiments.

Supporting information

$1 Fig. Rad57 plays a major role specifically in UV-induced HR. (A) Survival, and (B) [Arg
+] recombinant frequencies in WT and rad57A diploid cells following UV radiation. (C) Sur-
vival and (D) [Arg+] recombinant frequencies in WT and rad57A diploid cells after y irradia-
tion. (E) Quantification of Rfal-YFP foci in WT and rad55A cells not irradiated or after UV
exposure in Gl-arrested cells. Error bars indicate SDs from three independent experiments.
(F) Representative images of Rfal-YFP WT and rad55A cells released from GI arrest and UV-
irradiated or not. Bright-field (BF) images are merged with YFP images. Scale bars are 2 pm.
FACS profiles for each corresponding time point are shown.

(TIE)

$2 Fig. y-rays-induced RPA foci in WT and rad55A strains. (A) Experimental scheme: Cells
arrested in GI phase with alpha-factor (oF) were release into the cell cycle. After one hour
from the release, cells were exposed to y-rays. Samples were collected every hour for four
hours. (B) Quantification of Rfal-YFP foci in WT and rad55A cells not irradiated or after y-
rays irradiation. Error bars indicate SDs from three independent experiments.

(TTF)

S$3 Fig. UV-induced RPA foci in the rev3A and rad55A rev3A strains. Representative images
of Rfal-YFP rev3A and rad55A rév3A cells after release from G1 arrest and UV irradiated or
not. Bright-field (BF) images are merged with YFP images. Scale bars are 2 um. FACS profiles
for each corresponding time point are shown.

(TIF)
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S4 Fig. Srs2 roles in the rad57A mutant exposed to UV radiation. (A) UV-induced [Arg+]
recombinant frequencies in rad57A srs2A diploid cells. (B) Close-up view of (A) to exclude the
hyper-recombinogenic phenotype of srs2A. (C) Survival curves of diploid cells following UV
radiation. The acute sensitivity to UV radiation of the diploid srs2A strain is suppressed by
rad57A (blue arrow).

(TIF)

S5 Fig. RPA foci in rad55A rev3A srs2A cells. Representative images of Rfal-YFP srs2A, rev3A
srs2A and rad55A rev3A srs2A cells after release from Gl arrest and UV irradiated or not.
Bright-field (BF) images are merged with YFP images. Scale bars are 2 pm. FACS profiles for
each corresponding time point are shown.

(TIF)

S1 Table. Saccharomyces cerevisiae strains.
(PDF)
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