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Abstract

The dynamics organization of the nuclear genome is essential for many biological pro-
cesses and is often altered in cells from diseased tissue. In the presence of double-strand
break (DSBs) in S. cerevisize and some mammalian cell lines, DNA mobility is dramati-
cally altered. These changes in DNA mobility act as a double-edged sword since they
promote homologous pairing in diploid yeast for example, but in some cases, they lead
to potentially mutagenic DNA repair event and are the source of chromosomal transloca-
tions. In this chapter, we will present the state of the art in the field of chromosomes
mobility in response to DNA damage. After introducing the importance of genome orga-
nization and dynamics, we will present in a clear and accessible manner several methods
used in the literature to measure and quantify chromatin mobility inside living cells. We
will then give an overview of the important findings in the field, both in yeast and in
mammalian cells.

Keywords: chromatin dynamics, DNA repair, homologous recombination,
global and local increased mobility, tracking

1. Introduction

1.1. Levels of chromatin organization

The eukaryotic genome is highly packaged into chromatin, a nucleoprotein complex com-
posed of DNA wrapped into nucleosomes. Chromatin displays several levels of organization
ranging from the 2-nanometers diameter of the DNA double helix to a few micrometers of
chromosome territories in the nucleus.
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2 Chromatin and Epigenetics

The primary chromatin structure consists in nucleosomes distributed along a DNA fiber simi-
lar to a “beads on a string” structure. For many years, it has been proposed that this structure
spontaneously folds into a thicker 30-nm fiber observed in vitro [1, 2]. However, several studies
failed to observe such a structure inside living cells, and this classical view has been revised
[3, 4]. More recently, a study of chromatin structure at super resolution in mammalian cells
proposed that nucleosomes associate along the chromatin fiber in heterogeneous groups of
varying sized named “nucleosomes clutches” [5]. These clutches are spaced by nucleosomes-
depleted regions, and the number of nucleosomes per clutch is very heterogeneous in a given
nucleus, arguing against the existence of a well-ordered chromatin fiber. The size of these
nucleosomes clutches is dependent on the differentiation state with differentiated cells con-
taining on average larger and denser clutches than stem cells [5]. The existence of nucleosomes
clutches remains to be confirmed, and future microscopy studies at super resolution will prob-
ably clarify the precise chromatin structure at this scale.

The secondary level of chromatin organization consists of “chromatin loops” formed by long-
distance interactions along the chromatin fiber [6]. These loops frequently link promoters and
enhancers, correlate with gene activation, and show conservation across cell types and species
[6]. The size of chromatin loops is around 100 kilobases long; however, their precise distribu-
tion along the genome and their dynamics remain unknown. At a larger scale, these chroma-
tin loops group together to form a larger level of chromatin organization named “Topological
Associated Domains” or TADs. TADs are continuous regions of enriched contact frequency,
corresponding to about 1 megabases of DNA, in which physical interactions occur relatively
frequently [7-9]. It has been proposed that TADs are formed through a dynamics process of
loop extrusion [10], and it has been proposed that cohesin and CTCF proteins are associated
with the dynamics formation of TADs and loops [11]. Chromatin organization in TADs is not
found in all organisms: for example, TADs appear to be absent in A. thaliana (genome size
135 Mb) [12, 13] but present in other plants [14]; in M. pneumonia, bacterial TAD-like domains
of 15-33 kb (named chromosomal interaction domains, CIDs) have been described [15]. In
Saccharomyces cerevisiae yeast, the primary level of organization appears to be shorter than
TADs, with domains of 1-5 genes forming compact gene crumples, or globules, rather than
loops [16], although the conclusion that TADs and loops are absent in budding yeast remains
contentious [17, 18].

The third level of chromatin organization corresponds to chromosomes compartments [19].
These compartments are constituted of several DNA megabases and regroup several TADs
sharing similar characteristics such as chromatin compaction, genes density, etc. The chromo-
some positioning inside the nucleus is not random and can be altered in cells from diseased
tissue [20].

Within these complex levels of organization, chromatin is generally constrained in its motion,
but large movements can occur in specific situations [21]. Indeed, chromatin movements
up to 1 pm have frequently been reported both in yeast and in mammalian cells [22-24].
Chromatin mobility plays an essential role in many biological processes such as transcrip-
tion, DNA repair [23, 25, 26], or differentiation [27]. Here, we will focus on the changes
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in chromatin mobility in response to DNA damage in both mammalian and Saccharomyces
cerevisiae yeast cells.

1.2. Studying chromatin dynamics in the context of DNA damage

Our genome is constantly damaged by a variety of exogenous and endogenous agents. These
DNA damages can result in missing or altered bases, bubbles due to deletion or insertion of
a nucleotide, linked pyrimidines, single or double strand breaks, or cross-linked strands [28].
Each human cell undergoes tens of thousands lesions per day, among them, 50 endogenous
double-strand breaks (DSBs) per cell cycle [29]. In contrast with their small numbers, DSBs are
the most cytotoxic and genotoxic, since both strands of the DNA double helix are simultane-
ously cut [30]. Failure to repair such lesions leads to genomic instability and/or cell death. In
higher eukaryotes, mutations in DNA repair genes lead to diseases such as Werner, Bloom,
and other cancer predisposition syndromes [31].

DNA repair is an essential process for genome integrity preservation. Chromatin dynamics have
mainly been studied following DSBs, the most deleterious form of DNA damage. Eukaryotic
organisms use two major mechanisms to repair DSBs: non-homologous end-joining (NHE])
and homologous recombination (HR). NHE] consists in directly ligating the two broken ends
with no or minimal end processing [32]. NHE] can occur throughout the cell cycle and is the
preferred pathway in mammalian cells.

In contrast to NHE], HR occurs primarily in S/G2 phase cells and uses the undamaged
homologous sister chromatid DNA sequence as a template for copying the missing infor-
mation. The genetics and biochemistry of DSB repair by homologous recombination have
been extensively investigated in vitro and in vivo [33-37]. In eukaryotes, HR is orchestrated
by mega-Dalton multiprotein complexes of 500-2000 proteins that co-localize with the
DSB [38]. These protein centers can be visualized in living cells as fluorescent foci using
fluorescently tagged HR proteins [38, 39]. Among the proteins occupying these centers are
the enzymes of the highly conserved Rad52 epistasis group, including Rad51, Rad52, and
Rad54 [40, 41]. When a DSB forms and the HR recombination pathway is chosen, the 5’
ends of the DNA break undergo resection by nucleases to yield 3’ single-stranded DNA
(ssDNA) tails on which the repair proteins polymerize [34, 42]. This repair protein-ssDNA
complex, called a nucleoprotein filament, then searches for homologous sequences among
neighboring double-stranded DNA (dsDNA) molecules. A common source for an intact
duplex DNA donor is the undamaged sister chromatid; however, homologous sequences
on either the homolog or on a different chromosome can be captured by the presynaptic
nucleofilament to perform inter-homolog recombination or ectopic recombination, respec-
tively. Once homology is found, the invading strand primes DNA synthesis on the homolo-
gous template, ultimately restoring genetic information disrupted by the DSB. The search
for a homologous dsDNA across the genome is a key step of HR; however, the pairing of
homologous sequences remains the most enigmatic stage of HR with implications reaching
beyond the range of DNA repair alone [43].
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Considerable progress has been recently made to understand the molecular basis of repair
pathway choice, pointing toward cell cycle stage and chromatin landscape as key determi-
nants for the choice of the repair pathway. Although chromatin packing may protect the
genome against DNA damage [44], multiple studies suggest that DNA repair processes
are less efficient in densely packed heterochromatin [45], leading to an accumulation of
mutations in these regions [46]. Recent findings also suggest that DSB occurring in tran-
scriptionally active genes displays dedicated repair mechanisms. Indeed, in contrast to the
rest of the euchromatic genome (intergenic and inactive genes), damaged active genes are
preferentially repaired by HR in G2 cells, thanks to a chromatin modification (H3K36me3)
dependent pathway [47], while in G1, they exhibit delayed repair and enhanced clustering
[48]. Such results thus highlight the major impact of the chromatin landscape on the DNA
repair processes.

Investigating the nature of DNA diffusion in the context of DNA repair is particularly relevant
to understand how cells maintain genome integrity. When a DSB occurs, the two broken ends
first need to stay in close proximity, both for NHE] and HR. Following this first step, chroma-
tin mobility probably differs depending on the repair pathway used. Since HR requires the
search for a homologous sequence, many studies investigated chromatin mobility in response
to DSB repaired by HR. In the following section, we will present several techniques that have
been used in the literature to investigate chromatin mobility.

2. Methods to quantify chromatin dynamics

2.1. Microscopy techniques to visualize chromatin mobility

During the last 15 years, powerful microscopy techniques have allowed the visualization of
chromatin mobility inside living cells. One method to image chromatin dynamics consists
in uniformly labeling chromatin, using for example fluorescently tagged histones, or DNA
intercalant. Local chromatin movements can then be investigated by FRAP (Fluorescence
Recovery After Photo-bleaching) or image correlation methods for example [49]. However,
this approach is limited in resolution. In the FRAP approach, the size of the laser spot used to
photo-bleach or photo-convert the tagged chromatin or labeled DNA probably encompasses
several megabases of DNA wrapped around thousands of nucleosomes. Another common
labeling approach uses repeated bacterial sequences (lac or tet operators) integrated into the
genome [50]. These lacO/tetO arrays are bound by Lacl/TetR proteins, which are fused to
fluorescent proteins (Figure 1A). These arrays are visible by microscopy as distinct spots
that can be tracked through time to measure the chromatin dynamics. Importantly, the lacO/
Lacl and tetO-TetR systems offer the possibility to fluorescently tag genomic loci at a defined
genomic locus. Another tagging method, consisting of the ParB-INT DNA labeling system,
has also been developed to fluorescently mark genomic loci [51]. To increase the resolu-
tion and have access the position and the dynamics of individual histones, a uniform chro-
matin labeling can be performed using photo-activable fluorophors. Such approach allows
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Figure 1. (A) Illustration of the lacO/Lacl-GFP system to fluorescently mark a specific genomic locus. (B) Single-
nucleosome image of a human HeLa cell nucleus expressing H2B-PA-mCherry. Each dot represents single nucleosome
[54]. (C) Representative trajectories of fluorescently labeled single nucleosome (50 ms per frame), with permission
from [54].

the visualization of chromatin organization at 20 nm resolution [52] or the measurement of
histones dynamics [53, 54] (Figure 1B). However, in contract with the previous approaches
(lacO, tetO arrays or ParB-INT DNA labeling system), a uniform chromatin labeling does
not give access to the DNA sequence to which a specific histone is bound to. To combine
the visualization of a single region of the genome at super resolution, a recent technique has
been developed, named Oligopaint FISH [55]. Overall, these different approaches allow us
to access different scales of chromatin organization and dynamics, from several megabases
to a single nucleosome.
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2.2. Quantification of chromatin loci mobility

Several theoretical studies have shown that the mode of diffusion of a moving object drasti-
cally changes the way it explores the available space. The time to reach a specific target can
dramatically change depending on the way a particle samples its surrounding environment
[56]. To quantify the mobility of a chromatin locus marked using a lacO/LacI system, the most
common method consists in measuring its position (x, y, z) over time and calculating its mean
square displacement (MSD) (Eq. (1)) [57]. The MSD curve represents the amount of space a
locus has explored in the nucleus (Figure 2A).

1 N-1-n
MSD(n - Ab == X
=0

(X = X)% + Yoo = Y2+ Zan = 2)] (1)

The shape of MSD curves then reveals the nature of DNA motion. Four main types of motion
have been described in the literature (Figure 2B): confined motion, anomalous sub-diffusion,
Brownian motion, and directive motion.

The simplest type of motion is Brownian diffusion: when a particle freely diffuses, its MSD
curve is linear with time and its motion is called “Brownian.” However, in living cells, DNA
motion is often slower than Brownian diffusion and is called “sub-diffusive” [58]. Several
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Figure 2. (A) Illustration of trajectories: from the left to the right, points are represented spaced by 1.At, 2.Atand 3.At and
(B) mean square displacement for normal anomalous and confined diffusion, with a representation of the corresponding
trajectories.
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types of sub-diffusive motion have been observed. When a chromosomal locus is confined
inside a sub-volume of the nucleus, the motion is called confined sub-diffusion and the MSD
exhibits a plateau. Confined motion has been observed and quantified in living cells, when
chromatin motion is examined during several minutes [23, 59, 60]. In that case, the MSD curves
can be fitted by MSD « L*(1 - ¢™*P*), where L is the plateau of the MSD curve (proportional
to the radius of confinement) and D is the diffusion coefficient.

When the force or structure that restricts the motion is not a simple confinement but is modu-
lated in time and space with scaling properties, the motion is called anomalous sub-diffusion
[58, 61]. In this case, sub-diffusive loci are constrained, but unlike confined loci, they can
diffuse without boundary and thus reach further targets if given enough time. For sub-diffu-
sive motion, the MSD exhibits a power law (MSD ~ At*), where a, the anomalous exponent,
is smaller than 1. The anomalous exponent « is linked to the degree of recurrence of DNA
exploration, that is, the number of times a DNA locus reiteratively scans neighboring regions
before reaching a distant position [62]. When «a is small, the locus explores recurrently the
same environment for a long time, while a large a indicates that the locus is able to explore
new environments often. The anomalous diffusion coefficient A represents the amplitude of
DNA motion; it is proportional to the diffusion coefficient only in the case of normal diffusion
(when a = 1), which is rarely observed in biological systems [58]. Finally, a moving particle
moves in a directive manner toward a target, and the motion is called directive.

The MSD is a standard statistical tool that describes a set of trajectories of similar objects.
However, numerous artifacts perturb this statistic. The localization accuracy can have a strong
impact on the MSD curve, even computed on simple Brownian motion [63]. Considering the
movement of a single photon emitter, the localization accuracy can be divided into:

i. The error in the determination of the accurate particle position due to convolution with
the point spread function (PSF) and the finite number of photons. This error is more
important for short acquisition times since the number of photons collected is small.

ii. The error due to the movement of the particle during the camera acquisition. This error is
more important with higher exposure times and is sometimes referred to as “motion blur.”

For 2D Brownian motion with a diffusion coefficient D, Michalet computed the formula of the
converged MSD including the corrections for localization accuracy (see Eq. (2)) [64]:

Dt, 4
MSD(t) = 4Dt + Gg 1+ 2] 73 DtE (2)
0
where o7 is the localization accuracy of an immobile particle; s’ is the variance of the PSF; ¢ is
the exposure time of the camera.
Dt
The term 4Dt is the theoretical MSD for simple Brownian motion. The term o7 (1 + S—f) accounts for

0

the motion blur of the particle along its path during acquisition. Since the localization accuracy
o is inversely proportional to the number of collected photons, we have o? « %E The motion

blur term therefore converges to a fixed value as the exposure time increases. The term 5 Dt,
accounts for the correlation between successive displacements due to the exposure overlap.

7
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For anomalous motion with a diffusion coefficient D, the MSD formula including the correc-
tions for localization accuracy is described in [65].

3. Increased mobility in response to DNA damage

3.1. Evidence of increased mobility in response to DSB

Most of the studies on chromatin mobility are based on the analysis of MSD curves calculated
from the trajectories of fluorescently labeled chromatin loci. Using this approach, the diffusion
coefficients reported in the literature varies from 5 x 10~° to 10~ pm?/s depending on the organ-
isms, the loci studied, and the type of damage [66, 67]. In several studies, chromatin undergoes
confined diffusion [22, 59, 68-71], while others have reported anomalous diffusion [69, 70,
72-75]. So far, no consensus has been reached to describe the nature of DNA motion prob-
ably because these studies have been performed using different microscopy techniques and
illumination settings. Indeed, multi time-scales observation of chromatin motion revealed that
chromatin is driven by different types of diffusion at each time scale [76-78]. As a consequence,
the type of diffusion depends on the time scale of observation. While comparing studies on
chromatin dynamics, it is thus important to compare studies performed at similar time scales.

Several studies have investigated DNA motion in the context of DNA damage. Since DSB is the
most deleterious type of damage in the cell, chromatin dynamics in the context of DNA repair
has been mainly investigated in response to DSBs. The changes in chromatin architecture and
dynamics following DSB have been studied mostly in yeast, Drosophila and mammalian nuclei.
In budding yeast, chromatin mobility has been investigated during the process of HR, when a
Rad52 focus is already formed at the damaged locus [23, 25]. In diploid, where a homologous
template is available, chromatin mobility is dramatically increased at the damaged site, allow-
ing the damaged locus to explore a nuclear volume 10 times larger [23]. Increased mobility
may facilitate homology search; however, haploid yeast cells, where no homologous template
is present, also exhibit increased mobility in response to DSBs [25]. Since the two broken ends
stay in contact during the process of HR repair [79], the current view is that the two broken
ends explore the nuclear space together.

Importantly, only induced DSB associated to Rad52 foci display increased mobility. Indeed, dur-
ing resection, the early stage of HR, a strong inhibition of chromatin mobility has been reported
in yeast, highlighting the importance of the stage of DNA repair in chromatin mobility changes
[51]. Finally, different types of damages have very different consequences on DNA mobility.
For example, in yeast, spontaneous DSBs occurring during DNA replication exhibit decreased
mobility [80]; DSBs induced by a protein-DNA adduct display no change in motion and campto-
thecin (CPT)-induced Rad52 foci display no increased mobility [25].

In mammalian cells, while several studies have reported increased chromatin mobility upon
DNA damage, others fail to observe significant changes. In HeLa cells, after a-particle-
induced DSBs, YH2AX foci are more mobile [81, 82]. Similarly, uncapped telomeres exhibit
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increased mobility in mouse cells, and this movement is dependent on the 53BP1 repair pro-
tein [83]. Movement of heterochromatic DSBs toward euchromatin was observed in mouse
embryo fibroblasts (MEFs), HeLa cells [84], and Drosophila cells [45]. It was proposed that
re-localization of heterochromatic DSBs close to euchromatin regions prevents rearrange-
ments between repetitive DNA sequences present in heterochromatin. Taken together, these
studies suggest that chromosome mobility increases significantly in the presence of DSBs.
By contrast, in other studies using MEFs [85], HeLa, or U20S cells [86], DSBs generated
by UV laser or y-irradiation did not significantly alter chromosome mobility. Only energy-
dependent local expansion of chromatin was observed around the initial damaged zone
immediately after DNA damage [85]. These contradictory observations in mammalian cells
probably result from variation between cell lines, the regions of chromatin damaged, and the
type of damage induced. Recent studies suggest that DSBs induced in active genes, naturally
enriched in the trimethyl form of histone H3 lysine 36 (H3K36me3), are repaired by HR
[87]. These DSBs are susceptible to exhibit increased mobility, while DSBs repaired by Non-
Homologous End Joining are rather immobile. Further systematic studies will be necessary
to confirm these observations.

3.2. Local versus global increased mobility

Changes in chromatin conformation have been extensively described around the site of dam-
age but an important question is whether these changes in chromatin mobility also affect
the rest of the genome. Interestingly, in budding yeast, increased chromatin mobility is not
an intrinsic property of the damaged locus. Indeed, in diploid yeast, after induction of four
random DSBs per nucleus by y-irradiation, undamaged loci explore a 2.4 times larger nuclear
volume than in the absence of irradiation [23]. Moreover, the global increased mobility is
dose-dependent since upon induction of approximately 20 DSBs, the chromosomes explore
almost the entire yeast nucleus [23]. Figure 3 illustrates the mobility observed for different
levels of y-irradiation in a diploid yeast cell. Global increased mobility is observed in haploid
yeast, although it required higher doses of damages and it has been tested with a different
type of DSBs (zeocin-induced DSBs) [88].

In mammalian cells, changes in mobility far from a damaged locus are not reported in the lit-
erature. Since mammalian nuclei are much larger than the yeast nuclei, but chromatin motion
exhibits very similar constrained (~0.5 pm of confined radius), it is likely that global mobility
is specific to organisms with small nuclei and is therefore not present in mammalian cells.

Importantly, most of these studies investigated chromatin mobility at one specific time scale.
However, when studying the diffusion of a specific locus, the time scale at which data are
collected reflects a specific spatial scale of the exploration studied. From nucleosomes to fiber,
the different scales of chromatin organization might exhibit different diffusion behaviors.
Using fast microscopy, a recent study investigated DNA mobility at several time scales, up
to 1000 times faster than previously observed [65]. These experiments revealed that DNA
motion following DNA damage is more complex than what had been previously described.
Chromatin dynamics therefore appears to be scale-dependent: in response to DNA damage,
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Figure 3. Examples of the dynamics of URA3 loci (chromosome V) in budding yeast as a function of the number of double-
strand breaks (DSBs) in the nucleus. The lines indicate a 2D projection of the trajectories of the two URA3 loci taken at
between 10- and 30-s time intervals for approximately 15 min. (A) In the absence of DSBs, the two homologous loci are
distant and explore only 3% of the nuclear volume. (B) In the presence of one to four DSBs induced on chromosomes
III, the mobility of the URA3 loci increases and each locus can explore 11% of the nuclear volume. (C) After about 20
random y-irradiation-induced DSBs per nucleus (200 Gy), URA3 loci explore almost the entire nuclear volume and their
trajectories overlap. The scale is 1 pm. These three examples illustrate that more DSBs in the nucleus induce greater DNA
mobility, thereby increasing the probability of collisions between loci (with permission from [66]).

chromatin is more mobile at large time scales but, surprisingly, its mobility is reduced at
short time scales, this effect being stronger at the damaged site. Such a pattern of dynamics
is consistent with a global chromatin stiffness that has been proposed to arise in response to
DNA damage [65, 89, 90]. These results underline the importance of performing multiscale
tracking to fully understand the complex dynamics of chromatin at each scale.

3.3. DSBs clustering

In addition to the increased chromatin mobility, several studies indicate that multiple DSBs
cluster together into a single “repair center.” Clustering of unrelated DSBs might be a con-
sequence of increased mobility, although such clusters of DSBs might promote transloca-
tions and their functions is not clear. In yeast, several DNA lesions collapse together into
the same repair focus, suggesting that these multiple DSBs are driven to a shared loca-
tion, in so-called “repair centers” or “repair factories” [91]. In mammalian cells, clusters
of radiation-induced foci have been observed in many independent studies [45, 81, 85, 86].
DSB clusters could be formed by collisions and fusion of several DSBs. One interesting
hypothesis is that repair foci have a higher viscosity than the rest of the nucleus, due to
their high concentration of repair proteins around the damaged site. It has been proposed
that several repair foci act as dynamic liquid droplets that are able to fuse together when
they collide [92].

3.4. Factors controlling local and global increased mobility

To investigate the mechanism of increased chromatin mobility in response to DSBs, sev-
eral studies have tested chromatin mobility in mutant cells [23, 25, 65, 81, 83, 88, 90, 93-95].
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These studies revealed that several genes involved in DSBs repair and chromatin remod-
eling are involved in chromatin mobility changes. In diploid yeast, Rad51, the central
protein of HR, is required for chromate in mobility [23], as well as for increased chro-
matin rigidity [65]. Several checkpoint proteins acting earlier than Rad51 nucleoprotein
filament formation are also essential for increasing the mobility of the damaged locus. For
example, Rad9, a protein containing a BRCT domain roughly equivalent to human MDC1,
BRCAI, and 53BP1, is also required for increased mobility at the damaged site in haploid
yeast [25]. MEC1 and SMLI1, but not RAD53 and Tell, are essential for increasing the
mobility of the damaged locus [23, 25, 66]. Interestingly, the activation of the checkpoint
protein Mecl at a specific locus is sufficient to promote increased mobility, even in the
absence of physical DSB [88]. Finally, in mouse cells, increased chromosome movements
are associated with uncapped telomeres, and this movement is dependent on the 53BP1
repair protein [83].

Another study proposed that centromere and telomere release following DSBs are at the
origin of chromatin changes in mobility. Strecker et al. found that a combined disruption
of telomeres and centromeres can reproduce chromatin mobility observed after a DSB [96];
they identified the Mecl-dependent phosphorylation of Cep3, a kinetochore component, as
an essential player in global increased chromatin mobility on DSBs.

More recently, it has been shown that molecular motors play an important role in DSBs mobil-
ity [93-95]. For example, in fly in human genomes, heterochromatin constitutes about 30% of
the genome [97], and “safe” repair of heterochromatic DSBs by homologous recombination
relies on the relocalization of repair foci to the nuclear periphery. During this process, nuclear
actin filaments form at repair sites to drive heterochromatin DSBs at the periphery and disas-
semble after relocalization [93]. Actin filaments act in concert with Smc5/6, Arp2/3, Arp2/3
activators Scar and Wash, nuclear myosins MyolA, Myo1B, and MyoV. Interestingly, in U20S
cells, ARP2/3-mediated actin polymerization enhances DSBs motion during homologous
recombination, increasing the clustering of repair foci [94]. In budding yeast, DNA-damaged
induced nuclear microtubule filaments (DIMs) form in response to endogenous or exogenous
DNA damage [95]. These DIM filaments, formed at repair sites, reach the nuclear periphery to
dive irreparable DSBs and disassemble after relocalization. Such DSBs motion is mediated by
the Rad9 DNA damage response mediator and the Kar3 kinesin motor. Another model impli-
cating microtubules has been proposed by Lawrimore et al. to explain the global increased
mobility observed in yeast in response to DNA damage: in their model, microtubules would
be responsible for a global chromatin shake-up that would be essential for global increase
mobility on DSBs [98].

In these different examples, DSBs mobility is promoted by molecular motors, and DSBs
exhibit a complex motion including mixture of directive and Brownian motions [93] or
nonlinear directive motion [95]. Overall, these recent studies revealed the essential role
of molecular motors in DSBs mobility to drive heterochromatic or irreparable DSBs to the
nuclear periphery or in clustering of multiple DSBs. Importantly, these mechanisms are
conserved through several organisms (human, Drosophila melanogaster, Xenopus laevis, and
budding yeast).

"
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3.5. Modifications of chromatin compaction in response to DSB and perspectives

In addition to chromatin mobility, many studies investigated the modulation of the chro-
matin compaction state both at a specific damaged site and throughout the genome. Several
studies showed a chromatin decondensation visible at the micrometer scale accessible by
conventional light microscopy [85, 99]. In the recent studies, super resolution imaging of a
lacO array before and after damage allows the visualization of chromatin decompaction at the
damaged site in haploid yeast [90, 100]. In mammalian cells, most of the studies report chro-
matin decondensation at the damaged site. However, it has been shown that following this
initial fast decondensation, the damaged chromatin area slowly recondenses to reach higher
compaction levels than before damage induction [101]. In addition, both chromatin expansion
and compaction occur at the same time but in different regions of the chromatin near the DSBs
[49]. Overall, chromatin changes in compaction are tuned in space and time upon DSBs, but
the precise role of each step remains to be elucidated.

An interesting way to interpret chromatin changes in dynamics and compaction upon DSBs
is to think in terms of mechanical properties of chromatin, such as chromatin stiffness (or per-
sistence length). As illustrated in Figure 4, the persistence length of a polymer is a mechanical
property that quantifies its stiffness. The persistence length is the length over which correla-
tions in the direction of the tangent are lost.

Changes in chromatin persistence length following DNA damage have been discussed,
however, with contradictories interpretations. While some studies suggest that chromatin is
more flexible following DSBs [100, 102, 103], other results indicate that chromatin is globally
stiffer upon DSBs [65, 90]. One proposed explanation for chromatin stiffening upon DSBs
could be the presence of negative charges due to H2A 5129 phosphorylation [90]. Further
studies will be required to solve to this open question and more generally to understand the
physical mechanisms underlying the modifications of chromatin dynamics in response to
DNA damage.

+~—
Lp L<Lp L>>Lp

Figure 4. Illustration of the persistence of a polymer, where Lp is the polymer persistence length and L is the polymer
length.

4. Conclusion

Thanks to recent advanced in fast and high-resolution microscopy, it became possible to
quantify chromatin mobility with unprecedented precision and to understand how chromatin
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explores the nuclear space. Following DSBs, chromatin mobility is dramatically altered in
budding yeast both at the site of DNA damage and genome wide. In mammalian cells, DSBs
mobility is strongly influenced by cell cycle stage, chromatin state, and repair pathway choice.
For example, while DSBs induced in pericentric heterochromatin during the S and G2 phases
of the cell cycle are more mobile and relocate to the nuclear periphery, DSBs generated during
the G1 phase remain stable. Changes of chromatin mobility upon DNA damage is an intrigu-
ing phenomenon, and over the last five years, several views to explain it have been proposed
in the literature. They can be grouped into two classes: (1) increase in chromatin motion is
due to intrinsic chromatin modifications which require chromatin remodelers, kinases, and
repair proteins involved in the DNA response machinery; (2) increase in chromatin motion
due to changes of external mechanical constraints that maintain chromatin and to the action
of molecular motors. It is likely that both mechanisms act in concert to drive differently dam-
aged chromatin depending on the type of damages, the chromatin state, or the cell cycle.

Several questions remain open: how changes in chromatin dynamics alter its organization at
the scale of TADs? Is there a global change in mechanical properties of the chromatin upon
DSBs, such as an increase in chromatin rigidity? In the future, it will be an exciting challenge
to investigate changes in chromatin organization and dynamics upon DNA damage com-
bining different approaches from live cell microscopy, super resolution imaging, and Hi-C.
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